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The Slc11a1 (Nramp1) Gene Controls Efficacy of Mycobacterial
Treatment of Allergic Asthma1

Joost J. Smit,*† Henk Van Loveren,†‡ Maarten O. Hoekstra,§ Khalil Karimi,* Gert Folkerts,2*
and Frans P. Nijkamp*

Genes controlling antibacterial resistance may be important in the hygiene hypothesis, which states that lack of bacterial infections
during childhood would favor development of allergic disease. We, therefore, studied whether Nramp1 (Slc11a1) alleles, which
determine susceptibility (Nramp1s) or resistance (Nramp1r) to intracellular bacteria, affect the efficacy of heat-killed Mycobacte-
rium vaccae in the treatment of allergic asthma in a mouse model. Treatment of OVA-sensitized Nramp1s mice with M. vaccae
suppressed airway hyperresponsiveness, airway eosinophilia, Ag-specific IgE, and IL-4 and IL-5 production after OVA aerosol
challenge. In contrast, M. vaccae hardly affected these parameters in Nramp1r mice. In addition, The Nramp1 gene affected both
T cell-mediated responses to M. vaccae in vivo and the level of macrophage activation after stimulation with M. vaccae in vitro.
In conclusion, the efficacy of M. vaccae in preventing allergic and asthmatic manifestations in a mouse model is strongly affected
by Nramp1 alleles. These findings could have important implications for the future use of mycobacteria and their components in
the prevention or treatment of allergic asthma. A new link is described between genes, the environment, and the development of
allergy, in which the Nramp1 gene fine tunes the hygiene hypothesis. The Journal of Immunology, 2003, 171: 754–760.

T he prevalence of allergic asthma among children has risen
drastically during the last decades, especially in Western
societies. An attractive explanation for this rise is offered

by the hygiene hypothesis (1–3), which states that a lower level of
infections during childhood could cause the increased prevalence
of allergic diseases. One mechanism for this inverse correlation
between allergic disease and infection is through the balance of
Th1 and Th2 immune mechanisms. Because Th1 and Th2 re-
sponses are to a certain degree antagonistic, it is possible that
certain infections that predominantly evoke Th1 responses might
limit allergic Th2 responses (4, 5). In contrast, a massive Th2 shift
as seen in helminth infections is associated with protection against
the development of allergy and asthma (6). Additionally, the in-
cidence of Th1-mediated autoimmune diseases is increasing as
well (7). This suggests that both allergic and autoimmune diseases
are a result of disordered immunoregulation instead of a misbal-
ance in Th1 or Th2. Moreover, a common immunological and
environmental variable probably causes the recent increase in
these disorders (8, 9).

One such environmental variable might be mycobacterial expo-
sure. Several animal studies showed that vaccination with myco-
bacteria prevented or treated allergic and asthmatic manifestations

(10–13). Further support came initially from epidemiological stud-
ies that demonstrated that children that had been vaccinated with
bacille Calmette-Guérin (BCG)3 shortly after birth and responded
with positive tuberculin reactions at 6 and 12 years of age exhib-
ited reduced incidences of allergic symptoms and asthma com-
pared with vaccinated children with negative tuberculin reactions
(14). In contrast, several retrospective human studies hereafter
failed to demonstrate a negative correlation between BCG vacci-
nation during early childhood and the subsequent development of
atopy or asthma (reviewed in Ref. 15). Factors causing this ob-
served discrepancy may be the age at and frequency of vaccination
with BCG, the BCG strain used, and the varying natural exposure
to mycobacteria (includingMycobacterium tuberculosis). More
importantly, because the ability to mount a response to mycobac-
terial Ags is highly heritable (16), a genetic contribution to the
inverse relationship between mycobacterial infection and the de-
velopment of allergy and asthma is very plausible.

Interestingly, the immune response to intracellular bacteria, in-
cluding mycobacteria, is under control of the natural resistance-
associated macrophage protein 1 gene (Nramp1, recently desig-
nated Slc11a1) (17–19). In humans, association or linkage of
NRAMP1 with susceptibility to infectious diseases, but also atopy
and autoimmune disease, has been demonstrated (20, 21). The mu-
rine polymorphism ofNramp1 is apparent as either low (Nramp1s)
or high (Nramp1r) resistance of macrophages to the growth of
intracellular organisms. This has been related to the observation
thatNramp1r macrophages display faster and superior activation in
response to intracellular bacteria, bacterial products, and IFN-�
thanNramp1s macrophages (22, 23).

We previously demonstrated that heat-killedMycobacterium
vaccae is able to prevent and suppress features of allergy and
asthma in a mouse model).4 BecauseNramp1 controls the immune

*Department of Pharmacology and Pathophysiology, Utrecht Institute for Pharma-
ceutical Sciences, Utrecht University, Utrecht, The Netherlands;†Laboratory for Pa-
thology and Immunobiology, National Institute of Public Health and the Environ-
ment, Bilthoven, The Netherlands;‡Department of Health Risk Analysis and
Toxicology, Maastricht University, Maastricht, The Netherlands; and§Department of
General Pediatrics, Wilhelmina Children’s Hospital, University Medical Center, Utre-
cht, The Netherlands

Received for publication April 8, 2003. Accepted for publication May 14, 2003.

The costs of publication of this article were defrayed in part by the payment of page
charges. This article must therefore be hereby markedadvertisement in accordance
with 18 U.S.C. Section 1734 solely to indicate this fact.
1 Financial support was obtained for J.J.S. from The Netherlands Asthma Foundation
and the Dutch Scientific Organization (32.93.96.2).
2 Address correspondence and reprint requests to Dr. Gert Folkerts, Department of
Pharmacology and Pathophysiology, Utrecht Institute for Pharmaceutical Sciences,
Utrecht University, P.O. Box 80082, 3508 TB Utrecht, The Netherlands. E-mail ad-
dress: G. Folkerts@pharm.uu.nl

3 Abbreviations used in this paper: BCG, bacille Calmette-Guérin; DIG, digoxigenin;
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response to intracellular microorganisms such as M. vaccae, it is
likely to affect the efficacy of M. vaccae in treatment of allergic
disease. Therefore, in this study, we investigated the influence of
Nramp1 on the prevention of allergic asthma by heat-killed M.
vaccae (SRL172) in a mouse model.

Materials and Methods
Animals

Breeding pairs of wild-type BALB/cAnPt (Nramp1s) and congenic C.D2-
Vil6 (Nramp1r) mice were kindly provided by M. Potter (National Cancer
Institute, Bethesda, MD). The C.D2-Vil6 mouse was originally derived
from crossing a BALB/cAnPt and a DBA/2NPt (Nramp1r) mouse, which
was crossed back to BALB/cAnPt 23 times (24). Animals were maintained
under specific pathogen-free conditions in the animal facilities of the Na-
tional Institute for Public Health and the Environment (Bilthoven, The
Netherlands), provided with food and water ad libitum, and used when 5–6
wk of age. The Nramp1 status of the mice was regularly checked using
PCR technique, as described before (25). The experiments were approved
by the animal ethics committee of the National Institute of Public Health
and the Environment.

Reagents

Vials of heat-killed M. vaccae (SRL172, 10 mg or 1010 CFU/ml) were
kindly provided by SR Pharma (London, U.K.). Diff-Quick staining solu-
tions were purchased from Dade A.G. (Düdingen, Switzerland). OVA
(grade V), acetyl-�-methylcholine chloride (methacholine), BSA, and
o-phenylenediamine-dichloride substrate were purchased from Sigma-
Aldrich (St. Louis, MO). Aluminum hydroxide (AlumImject) was obtained
from Pierce (Rockford, IL). Digoxigenin (DIG), anti-DIG Fab coupled to
HRP, and protease inhibitor were purchased from Roche Diagnostics
(Basel, Switzerland). Anti-mouse IgE, biotinylated anti-mouse IgG1, and
biotinylated anti-mouse IgG2a were obtained from BD PharMingen (San
Diego, CA). Peroxidase-conjugated streptavidin (poly(HRP)) was pur-
chased from CLB (Amsterdam, The Netherlands). ELISA buffer contained
0.5% BSA, 2 nM EDTA, 136.9 nM NaCl, 50 nM Tris, and 0.05% Tween
20. RPMI 1640 and DMEM medium was supplemented with 10% FCS, 4
mM L-glutamine, 5 � 10�5 M 2-ME, 1 mM sodium pyruvate, 100 U/ml of
penicillin, 100 mg/ml of streptomycin, and 0.1 mM nonessential amino
acids, all obtained from Life Technologies (Breda, The Netherlands).

Sensitization and challenge

All mice were sensitized by two i.p. injections of 10 �g OVA adsorbed
onto 2.25 mg aluminum hydroxide in 100 �l saline on days 0 and 14. On
days 35, 39, and 42, mice were challenged by inhalation of either OVA or
saline aerosols in a Plexiglas exposure chamber for 20 min. The aerosols
were generated by nebulizing an OVA solution (10 mg/ml) in saline or
saline alone using a Pari LC Star nebulizer (Pari Respiratory Equipment,
Richmond, VA) driven by compressed air at a flow rate of 6 L/min. M.
vaccae-treated mice received a s.c. injection with 107 CFU (0.01 mg) heat-
killed M. vaccae in 100 �l saline on days 0 and 14, immediately before the
i.p. OVA/alum injection.

Determination of airway responsiveness

Airway responsiveness to inhaled nebulized methacholine was determined
24 h after the final challenge, in conscious, unrestrained mice using whole
body plethysmography (Buxco, Sharon, CT). The airway response was
expressed as enhanced pause (Penh), as described previously (26, 27).
Briefly, animals were placed in a whole body chamber to record differences
in pressure between this chamber and a reference chamber for calculation
of Penh values. After assessment of baseline Penh values for 3 min, mice
were subsequently subjected to aerosols of saline and increasing concen-
trations of methacholine (3.13, 12.5, 25, and 50 mg/ml saline) for 3 min.
Aerosols were generated by a Pari LC Star nebulizer, and each aerosol was
followed by 3 min of recording to assess the average Penh value from 10
or 5 valid breaths.

Bronchoalveolar lavage

After measurement of cholinergic airway responses, animals were sacri-
ficed and bronchoalveolar lavage was performed. For this purpose, lungs of
mice were lavaged once with 1 ml PBS at 37°C containing 5% BSA and
protease inhibitor and four times with 1 ml saline at 37°C. Lung lavage
cells of each mouse were collected after centrifugation, pooled, and resus-
pended in 150 �l saline. Total numbers of cells were determined using a
Bürker-Türk chamber (Omnilabo, Breda, The Netherlands). For differential

cell counts, cytospin preparations were made and stained with Diff-Quick.
Cells were differentiated into monocytes, eosinophils, lymphocytes, and
neutrophils by standard morphology. At least 200 cells per cytospin prep-
aration were counted, and the absolute number of each cell type was cal-
culated. The supernatant of the first lavage was separated and frozen at
�70°C until further analysis.

Determination of serum levels of OVA-specific Igs

Blood was withdrawn by heart puncture 24 h after the last allergen chal-
lenge to prepare serum for determination of Ab levels in serum by ELISAs
using microtiter plates from Nunc A/S (Roskilde, Denmark), ELISA buffer
for blocking and sample dilution, and PBS containing 0.05% Tween 20 for
washing between incubations. To determine OVA-specific IgE levels,
wells were coated overnight at 4°C with 1 �g/ml of anti-mouse IgE in PBS,
followed by blocking for 1 h and incubation of the wells with diluted serum
samples and duplicate dilution series of an OVA-specific IgE reference
serum, prepared as described previously (28), for 2 h. Hereafter, wells were
incubated for 1 h with 1 �g/ml of DIG-conjugated OVA, followed by
incubation with anti-DIG Fab coupled to HRP, according to manufacturer’s
instructions.

To assess OVA-specific IgG1 or IgG2a levels, wells were coated with
10 �g/ml OVA in PBS. After blocking, diluted serum samples or duplicate
dilution series of a reference standard serum obtained from multiply OVA-
boosted mice were added. Hereafter, wells were incubated with 1 �g/ml of
biotinylated anti-mouse IgG1, or 1 �g/ml of biotinylated anti-mouse IgG2a
for 2 h, followed by 1/10,000 diluted poly(HRP) for 1 h.

For color development, 0.4 mg/ml of o-phenylenediamine and 4 mM
H2O2 in PBS were used, and the reaction was stopped by adding 4 M
H2SO4. OD was read at 490 nm, using a Benchmark microplate reader
(Bio-Rad, Hercules, CA). Results were analyzed using Microplate Man-
ager PC software (Bio-Rad).

Determination of IL-4, IL-5, IL-10, and TGF1-� in lung lavage
fluid

Levels of IL-4, IL-5, and IL-10 in the lung lavage fluid were analyzed by
sandwich ELISA using Ab pairs and standards purchased from BD Phar-
Mingen, according to manufacturer’s instructions. Levels of TGF1-� were
analyzed using an ELISA kit (Biosource, Etten-Leur, The Netherlands),
according to the instructions of the manufacturer. The detection limit of the
ELISA for IL-4, IL-5, IL-10, and TGF1-� was 8, 32, 10, and 60 pg/ml,
respectively.

Measurement of delayed-type hypersensitivity (DTH)

For measurement of DTH to heat-killed M. vaccae, mice were injected s.c.
in the neck with 107 or 108 CFU (0.01 or 0.1 mg) heat-killed M. vaccae in
100 �l saline or saline alone on days 0 and 7. On day 21, mice were
anesthetized by an i.m. injection of a mixture of xylazin and ketamin, and
ear thickness of both ears was measured using a spring-loaded caliper
(number 293-561; Mitutoyo, Veenendaal, The Netherlands). Accordingly,
all mice were challenged intradermally with 15 �g heat-killed M. vaccae
in 20 �l saline in the left ear and saline alone in the right ear. Ear thickness
of both ears was measured after anesthesia, as described above, 24, 48, 96,
and 216 h after ear challenge. The ear swelling was defined as the differ-
ence in thickness between the left and right ear.

Culture and stimulation of murine macrophages

B10S and B10R cell lines (kindly donated by D. Radzioch, McGill Uni-
versity, Montreal, Canada) are bone marrow-derived macrophage lines ob-
tained from Nramp1s and Nramp1r congenic mice, respectively (29). These
cells were cultured in DMEM, washed, and plated at 5 � 105 cells/well in
a 24-well plate (Costar, Cambridge, MA). Cells were incubated with me-
dium alone or medium containing 107, 108, or 2.5 � 108 CFU/ml M.
vaccae for 48 h at 37°C with 5% CO2. After stimulation, the supernatant
of the different cultures was collected and frozen at �20°C until use.

Determination of TNF-� and nitrite in culture supernatants

TNF-� in the cell culture supernatant 48 h after stimulation was determined
using a commercially available ELISA kit (Biosource), according to the
instructions of the manufacturers. Nitrite (NO2

�) concentrations were mea-
sured using the Griess reaction (30).

Statistical analysis

All data are expressed as mean � SEM. The airway response curves to
methacholine and DTH responses were statistically analyzed by a general
linear model of repeated measurements, followed by post hoc comparison
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between groups. Data were log10 transformed before analysis to equalize
variances in all groups. Cell counts were statistically analyzed using the
Mann-Whitney U test. All other analyses were performed using Student’s
t test. A probability value p � 0.05 was considered significant.

Results
Nramp1 influences the inhibition of asthmatic features by
M. vaccae

First, we investigated the airway responses of OVA-sensitized
mice to increasing concentrations of methacholine 24 h after final
OVA or saline challenge (Fig. 1). Saline-challenged Nramp1s and
Nramp1r control mice showed similar shallow increases in Penh in
response to increasing doses of aerosolized methacholine. The
dose-response curves to methacholine of OVA-challenged mice of
both Nramp1s and Nramp1r mice were significantly higher than
those of the saline-challenged control mice. Treatment with 107

CFU heat-killed M. vaccae during OVA sensitization was able to
decrease the airway hyperresponsiveness significantly in the
Nramp1s mice. In contrast, treatment with M. vaccae did not re-
duce airway hyperresponsiveness in the Nramp1r mice.

Second, we examined the influx of inflammatory cells into the
lungs after OVA challenge. Cell counts in the lung lavage fluid
obtained 24 h after final challenge showed that in both strains
OVA challenge induced a significant increase in the total number
of cells in the lavage fluid compared with saline challenge (Fig. 2).
This increase in total number was mainly caused by an increase in

the number of eosinophils. No significant differences in eosinophil
numbers were observed between the nontreated OVA-challenged
Nramp1s and Nramp1r mice. Heat-killed M. vaccae drastically di-
minished the number of eosinophils in the Nramp1s mice, and to a
lesser extent in the Nramp1r mice. Similar results were obtained in
both strains for the other cell types, including monocytes and
lymphocytes.

These results clearly demonstrate that Nramp1 affects the effi-
cacy of M. vaccae in reducing asthmatic manifestations, as char-
acterized by airway hyperresponsiveness and eosinophilia.

Nramp1 affects the inhibition of the allergic immune response
by M. vaccae

We next examined whether Nramp1 influenced the inhibition of
Th2-mediated allergic manifestations by M. vaccae as well. First,
Ab levels of sera prepared from blood collected 24 h before (data
not shown) or after the final saline challenge of OVA-sensitized
Nramp1s and Nramp1r mice appeared similar (Fig. 3). OVA chal-
lenge, however, markedly increased serum levels of OVA-specific
IgE (Fig. 3A) compared with the saline-challenged animals, but to
a significantly lesser extent in the Nramp1r mice compared with
the Nramp1s mice. Treatment with M. vaccae decreased the levels
of IgE after OVA challenge only in the Nramp1s mice. OVA chal-
lenge of nontreated mice induced a comparable increase in the
levels of OVA-specific IgG1 and IgG2a in both strains, compared

FIGURE 1. Nramp1 affects the inhibition of airway hyperresponsiveness by killed M. vaccae. Airway response to increasing concentrations of nebulized
methacholine of OVA-sensitized Nramp1s or Nramp1r mice, 24 h after final respiratory aerosol challenge with saline (Sal) or OVA. Mice were sensitized
i.p. with OVA/alum on days 0 and 14 and challenged on days 35, 39, and 42. Mice of each strain were treated with 107 CFU heat-killed M. vaccae during
OVA sensitization on days 0 and 14 (�/OVA). On day 43, unrestrained plethysmography measurements were performed for 3 min after each exposure to
methacholine and expressed as Penh values. Data are represented as mean � SEM, n � 8; �, p � 0.05 compared with the saline-challenged control groups.
#, p � 0.05 compared with the �/OVA Nramp1s group.

FIGURE 2. Nramp1 influences the inhibition of airway eosinophilia by killed M. vaccae. Number of cells in lung lavage fluid obtained from OVA-
sensitized Nramp1s or Nramp1r mice, 24 h after final respiratory aerosol challenge with saline (Sal) or OVA. Mice were sensitized i.p. with OVA/alum
on days 0 and 14 and challenged on days 35, 39, and 42. Mice of each strain were treated with 107 CFU heat-killed M. vaccae during OVA sensitization
on days 0 and 14 (�/OVA). Cells were isolated by lung lavage on day 43 and differentiated in monocytes, lymphocytes, neutrophils, and eosinophils. Data
are represented as mean cell number � SEM, n � 8. �, p � 0.01 compared with the saline-challenged control groups. #, p �0.05 compared with the �/OVA
group of each strain.
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with the saline-challenged animals (Fig. 3, B and C). M. vaccae
treatment decreased the IgG1 response after challenge only in the
Nramp1s mice. No effect of M. vaccae was observed on the serum
levels of IgG2a after challenge.

Because Th2-type responses are crucial in the development and
maintenance of allergy and allergic asthma, we looked at the ex-
pression of Th2 cytokines in the lung and examined the levels of
the regulatory cytokines IL-10 and TGF1-�. Lung lavage fluid of
OVA-sensitized mice contained no detectable levels of IL-4, IL-5,
TGF1-�, and IL-10 after saline challenge (Fig. 4). OVA challenge
caused a significant increase in the levels of these cytokines in both
strains as compared with the saline-challenged controls. Lung la-
vage fluid of Nramp1r mice, however, contained one-half to one-
third the amount of IL-4, IL-5, and IL-10 as found in lavage fluid

of Nramp1s mice. In addition, M. vaccae treatment of Nramp1s

mice significantly reduced the levels of IL-4 and IL-5 and TGF1-�.
No effect of M. vaccae treatment on these cytokines was observed
in Nramp1r mice. Moreover, no effect of M. vaccae treatment was
observed on the levels of IL-10 in both strains. IFN-� was not
detectable in the lavage fluid, irrespective of treatment and mouse
strain (detection limit ELISA: 10 pg/ml; data not shown). To sum-
marize, these data show that Nramp1 strongly influences the re-
duction of Th2 responses and subsequent allergic responses in the
lung after M. vaccae treatment.

Nramp1 affects the T cell-mediated responses to M. vaccae

Next, to examine whether Nramp1 influenced T cell-mediated re-
sponses to heat-killed M. vaccae, we measured DTH responses to
these killed bacteria. Challenge with M. vaccae in the ear induced
a small background swelling in nonsensitized mice (�25 �m). A
significantly stronger ear swelling, however, was observed in M.
vaccae-sensitized mice compared with nonsensitized mice in both
strains (Fig. 5) that peaked at 24 h and resolved at 216 h. Sensi-
tization with 108 CFU M. vaccae resulted in a stronger DTH re-
sponse compared with 107 CFU M. vaccae. The DTH response
was markedly less in Nramp1r mice compared with the Nramp1s

mice. So, we demonstrated that T cell-mediated, cellular immune
responses were significantly affected by Nramp1.

M. vaccae strongly activates macrophages in vitro, which is
affected by Nramp1

Finally, because Nramp1 is almost exclusively expressed in mac-
rophages, we investigated the effect of heat-killed M. vaccae on
macrophage function in vitro. Nramp1r and Nramp1s macrophages
were stimulated for 48 h with increasing concentrations of M. vac-
cae. M. vaccae dose dependently activated Nramp1r macrophages,
as indicated by the production of NO (measured by NO2 concen-
trations) and TNF-� (Fig. 6). Interestingly, the production of NO
and TNF-� was considerably less in the Nramp1s compared with
the Nramp1r macrophages. Therefore, it was demonstrated that
Nramp1 controls the capacity of macrophages to become activated
by M. vaccae.

Discussion
In the present study, we demonstrated that heat-killed M. vaccae,
when administered during sensitization, is able to inhibit the in-
duction of important hallmarks of allergic asthma, such as airway
hyperreactivity, airway eosinophilia, allergen-specific IgE, and
lung lavage levels of IL-4 and IL-5 in Nramp1s mice. As treatment
of Nramp1r mice with M. vaccae did not lead to any reduction in
these manifestations of allergic asthma, with the exception to a
certain extent of airway eosinophilia, we concluded that Nramp1
strongly influences the efficacy of M. vaccae in treatment of aller-
gic asthma in a mouse model.

The present data are in line with previous studies, in which
mycobacterial components diminished the asthmatic response in
animal models (10–13). However, M. vaccae does not induce al-
lergen-specific Th1 responses, which down-regulate the allergic
Th2 response (13). Most likely, other mechanisms for the mode of
action of M. vaccae must be accounted for. Zuany-Amorim et al.
(31) clearly demonstrated that vaccination with heat-killed M. vac-
cae in mice induced allergen-specific CD4� cells, in particular T
regulatory CD4�CD25�CD45RBlow cells, which diminished al-
lergic inflammation. DTH reactions have shown to be absolutely
dependent on the presence of CD4� T cells (32, 33). By inducing
a DTH reaction after M. vaccae sensitization and challenge, we
investigated the effect of Nramp1 on the development of the CD4�

T cell-mediated response to M. vaccae. We demonstrated that the

FIGURE 3. The inhibition of IgE and IgG1 levels by M. vaccae treat-
ment is influenced by Nramp1. Levels of OVA-specific IgE (A), IgG1 (B),
and IgG2a (C) measured by ELISA in serum OVA-sensitized Nramp1s or
Nramp1r mice, 24 h after final respiratory aerosol challenge with saline
(Sal) or OVA. Mice were sensitized i.p. with OVA/alum on days 0 and 14
and challenged on days 35, 39, and 42. Mice of each strain were treated
with 107 CFU heat-killed M. vaccae during OVA sensitization on days 0
and 14 (�/OVA). Vertical bars indicate mean arbitrary units (AU) � SEM,
n � 8. �, p � 0.01 compared with the saline-challenged control groups.
#, p � 0.05 compared with the �/OVA Nramp1s group.
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lower DTH response was significantly lower in the Nramp1r mice
compared with Nramp1s mice. The lower T cell-mediated response
to M. vaccae most likely explains the inferior capacity of M. vac-
cae in reducing allergic manifestations in Nramp1r mice. Interest-
ingly, Nramp1r mice have lower Th2 responses, as measured by
Th2 cytokines and allergen-specific IgE, to merely OVA. Nramp1
generally affects the T cell-mediated immunity to several Ags, in-
cluding OVA, as suggested by other investigators (34).

Accordingly, we hypothesized that Nramp1 affects the develop-
ment of regulatory T cell responses after immunization with M.
vaccae as well. Analysis of splenocytes revealed a significant in-
crease in regulatory CD4�CD25�CD45RBlow cells in Nramp1s

mice after M. vaccae immunization compared with nonimmunized
mice, while M. vaccae vaccination did not increase the number of
this cell type in Nramp1r mice (data not shown). Although the
inhibition of asthmatic responses in mice by regulatory T cells was
reported to be mediated through IL-10 and TGF-� (31), we did not
observe an up-regulation of both IL-10 and TGF1-� after M. vac-
cae treatment. In contrast, TGF1-� levels were decreased after M.
vaccae treatment. However, both cytokines are indicative of Th2
feedback mechanisms after OVA-induced inflammation (35). Be-
cause the induction of Th2 responses was generally reduced in

Nramp1s mice after treatment, reduced feedback mechanisms are
likely to occur. Besides, the cytokine levels in the lung lavage fluid
may not account for cell-cell interactions and temporal responses.

Nramp1 is almost exclusively expressed in primary macro-
phages and in granulocytic lineages (36, 37). In addition, macro-
phages are primarily responsible for uptake and clearance of par-
ticulate Ags such as killed M. vaccae (38). Therefore, to provide a
mechanism for the observed phenomena caused by Nramp1, the
effect of Nramp1 on activation of macrophages by M. vaccae was
investigated. After incubation with M. vaccae, Nramp1r macro-
phages were strongly activated, while Nramp1s macrophages show
significantly less prominent activation, as indicated by production
of NO and TNF-�. How Nramp1 affects the macrophage activity
is demonstrated by several other investigators. The Nramp1 pro-
tein is a divalent cation (Fe2�, Zn2�, and Mn2�) transporter,
which mediates metal ion homeostasis in macrophages (39).
Nramp1s macrophages are less capable of releasing iron than
Nramp1r macrophages (40, 41), and in this way, high cytoplasmic
iron levels in Nramp1s macrophages cause the reduced capacity of
Nramp1s macrophages to become activated (42–44).

Because activation of macrophages, as mediated by Nramp1, is
necessary for clearance of mycobacteria or their components (23,

FIGURE 5. Nramp1 influences the DTH
responses to M. vaccae. Nramp1s and
Nramp1r mice were injected with 107 or 108

CFU heat-killed M. vaccae or saline (Con-
trol) on days 0 and 7. On day 21, ear thick-
ness of both ears was measured and mice
were challenged with heat-killed M. vaccae
in the ear. Hereafter, thickness of both ears
was measured 24, 48, 96, and 216 h after
challenge. Data are depicted as mean swell-
ing of the left ear compared with the control
right ear � SEM (n � 6). �, p � 0.01 com-
pared with the control group of both strains.

FIGURE 4. The inhibition of Th2 re-
sponses after allergen challenge by M. vaccae
is influenced by Nramp1. Levels of IL-4 (A),
IL-5 (B), IL-10 (C), and TGF1-� (D) mea-
sured by ELISA in lung lavage fluid obtained
from OVA-sensitized Nramp1s or Nramp1r

mice, 24 h after final respiratory aerosol chal-
lenge with saline (Sal) or OVA. Mice were
sensitized i.p. with OVA/alum on days 0 and
14 and challenged on days 35, 39, and 42.
Mice of each strain were treated with 107 CFU
heat-killed M. vaccae during OVA sensitiza-
tion on days 0 and 14 (�/OVA). Data are rep-
resented as mean pg/ml � SEM, n � 8. �, p �
0.01 compared with the saline-challenged
control groups. #, p � 0.05 compared with the
�/OVA Nramp1s group. �d.l., Below detec-
tion limit.
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37), it is likely that clearance of M. vaccae is inferior and delayed
in Nramp1s mice. The natural defense to mycobacteria or their
components mediated through macrophages can be either impaired
(as in Nramp1s animals) or overcome by a high infectious dose. At
that stage, the acquired immunity becomes the main effector mech-
anism (45). After M. vaccae vaccination in Nramp1s mice, the
inferior clearance of M. vaccae in Nramp1s macrophages probably
resulted in a higher antigenic load available for professional pre-
senting cells, such as dendritic cells. Subsequently, the T cell-
mediated immune response was stronger in Nramp1s mice than
Nramp1r mice, as demonstrated by the higher DTH response to M.
vaccae. Consequently, it is likely that more regulatory T cell re-
sponses develop after M. vaccae vaccination in Nramp1s mice. The
antiasthmatic effect of M. vaccae is dependent on the induction of
regulatory T cells (31); the higher induction of these cells in
Nramp1s mice may explain the higher efficacy of M. vaccae to
reduce the allergic and asthmatic responses in these mice. To sum-
marize, we hypothesize that the low capacity of Nramp1s macro-
phages to become activated results in poor or prolonged M. vaccae
clearance. This may lead to the involvement of dendritic cells,
which subsequently will induce T cell-mediated responses. The
stimulation of a T cell response may include the induction of reg-
ulatory T cells, which possibly down-regulate the allergic and asth-
matic response. Nramp1r macrophages have a high capacity to
become activated, which results in good M. vaccae clearance. Sub-
sequently, little or no T cell-mediated responses will develop in
Nramp1r mice, including no induction of protective regulatory T
cells.

Other investigators already suggested that polymorphisms in the
genomic region of NRAMP1 are associated with risk of atopy in

BCG-vaccinated children (20). The current controversy about the
efficacy of mycobacteria and their components in the treatment of
allergic asthma in humans (46, 47) can be explained by the strong
influence of genetic factors, such as the NRAMP1 gene, on the
inverse relationship between infection and the development of al-
lergic disease. In conclusion, we have demonstrated that Nramp1
clearly affects the efficacy of heat-killed M. vaccae in diminishing
the allergic and asthmatic response in a mouse model. These find-
ings could have important implications for the future use of my-
cobacteria and their components in the prevention or treatment of
allergic asthma. Moreover, Nramp1 may be the key to the hygiene
hypothesis, providing a link between genes, the (bacterial) envi-
ronment, and allergy or asthma.

Acknowledgments
We thank our colleagues at SR Pharma and Dr. Danuta Radzioch for their
constructive comments. In addition, we thank Diane Kegler, Piet van
Schaaik, Dirk Elberts, Marcel Schijf, and Mirjam Kool for excellent bio-
technical assistance.

References
1. Gerrard, J. W., C. A. Geddes, P. L. Reggin, C. D. Gerrard, and S. Horne. 1976.

Serum IgE levels in white and metis communities in Saskatchewan. Ann. Allergy
37:91.

2. Strachan, D. P. 1989. Hay fever, hygiene, and household size. Br. Med. J. 299:
1259.

3. Rook, G. A., and J. L. Stanford. 1998. Give us this day our daily germs. Immunol.
Today 19:113.

4. Folkerts, G., G. Walzl, and P. J. Openshaw. 2000. Do common childhood infec-
tions ‘teach’ the immune system not to be allergic? Immunol. Today 21:118.

5. Cookson, W. O., and M. F. Moffatt. 1997. Asthma: an epidemic in the absence
of infection? Science 275:41.

6. Van den Biggelaar, A. H., R. van Ree, L. C. Rodrigues, B. Lell, A. M. Deelder,
P. G. Kremsner, and M. Yazdanbakhsh. 2000. Decreased atopy in children in-
fected with Schistosoma haematobium: a role for parasite-induced interleukin-10.
Lancet 356:1723.

7. Rook, G. A., and L. R. Brunet. 2002. Give us this day our daily germs. Biologist
49:145.

8. Yazdanbakhsh, M., P. G. Kremsner, and R. van Ree. 2002. Allergy, parasites, and
the hygiene hypothesis. Science 296:490.

9. Rook, G. A. 2000. Clean living increases more than just atopic disease. Immunol.
Today 21:249.

10. Erb, K. J., J. W. Holloway, A. Sobeck, H. Moll, and G. Le Gros. 1998. Infection
of mice with Mycobacterium bovis-bacillus Calmette-Guerin (BCG) suppresses
allergen-induced airway eosinophilia. J. Exp. Med. 187:561.

11. Herz, U., K. Gerhold, C. Gruber, A. Braun, U. Wahn, H. Renz, and K. Paul. 1998.
BCG infection suppresses allergic sensitization and development of increased
airway reactivity in an animal model. J. Allergy Clin. Immunol. 102:867.

12. Hopfenspirger, M. T., and D. K. Agrawal. 2002. Airway hyperresponsiveness,
late allergic response, and eosinophilia are reversed with mycobacterial antigens
in ovalbumin-presensitized mice. J. Immunol. 168:2516.

13. Zuany-Amorim, C., C. Manlius, A. Trifilieff, L. R. Brunet, G. Rook, G. Bowen,
G. Pay, and C. Walker. 2002. Long-term protective and antigen-specific effect of
heat-killed Mycobacterium vaccae in a murine model of allergic pulmonary in-
flammation. J. Immunol. 169:1492.

14. Shirakawa, T., T. Enomoto, S. Shimazu, and J. M. Hopkin. 1997. The inverse
association between tuberculin responses and atopic disorder. Science 275:77.

15. Gruber, C., and K. P. Paul. 2002. Tuberculin reactivity and allergy. Allergy 57:
277.

16. Jepson, A., A. Fowler, W. Banya, M. Singh, S. Bennett, H. Whittle, and
A. V. Hill. 2001. Genetic regulation of acquired immune responses to antigens of
Mycobacterium tuberculosis: a study of twins in West Africa. Infect. Immun.
69:3989.

17. Vidal, S., M. L. Tremblay, G. Govoni, S. Gauthier, G. Sebastiani, D. Malo,
E. Skamene, M. Olivier, S. Jothy, and P. Gros. 1995. The Ity/Lsh/Bcg locus:
natural resistance to infection with intracellular parasites is abrogated by disrup-
tion of the Nramp1 gene. J. Exp. Med. 182:655.

18. Skamene, E., E. Schurr, and P. Gros. 1998. Infection genomics: Nramp1 as a
major determinant of natural resistance to intracellular infections. Annu. Rev.
Med. 49:275.

19. Blackwell, J. M. 1996. Structure and function of the natural-resistance-associated
macrophage protein (Nramp1), a candidate protein for infectious and autoim-
mune disease susceptibility. Mol. Med. Today 2:205.

20. Alm, J. S., C. B. Sanjeevi, E. N. Miller, P. Dabadghao, G. Lilja, G. Pershagen,
J. M. Blackwell, and A. Scheynius. 2002. Atopy in children in relation to BCG
vaccination and genetic polymorphisms at SLC11A1 (formerly NRAMP1) and
D2S1471. Genes Immun. 3:71.

21. Karupiah, G., N. H. Hunt, N. J. King, and G. Chaudhri. 2000. NADPH oxidase,
Nramp1 and nitric oxide synthase 2 in the host antimicrobial response. Rev.
Immunogenet. 2:387.

FIGURE 6. Nramp1 affects NO and TNF-� production after M. vaccae
stimulation. B10R (Nramp1r) and B10S (Nramp1s) macrophages were in-
cubated for 48 h with medium (control) or medium with increasing con-
centrations of heat-killed M. vaccae (1 � 107, 1 � 108, and 2.5 � 108

CFU/ml). After incubation, the supernatant of the different cell cultures
was collected and analyzed for nitrite (NO2

�) concentrations (A), using the
Griess reaction, or TNF-� (B) concentrations by ELISA. Data are repre-
sented as mean �M or pg/ml � SEM, respectively, n � 4. �, p � 0.01
compared with B10S macrophages.

759The Journal of Immunology

 at B
iblioteca B

iom
edica, U

niv. di R
om

a on A
pril 27, 2014

http://w
w

w
.jim

m
unol.org/

D
ow

nloaded from
 

http://www.jimmunol.org/


22. Wyllie, S., P. Seu, and J. A. Goss. 2002. The natural resistance-associated mac-
rophage protein 1 Slc11a1 (formerly Nramp1) and iron metabolism in macro-
phages. Microbes Infect. 4:351.

23. Blackwell, J. M., and S. Searle. 1999. Genetic regulation of macrophage activa-
tion: understanding the function of Nramp1 (�Ity/Lsh/Bcg). Immunol. Lett. 65:
73.

24. Mock, B. A., D. L. Holiday, D. P. Cerretti, S. C. Darnell, A. D. O’Brien, and
M. Potter. 1994. Construction of a series of congenic mice with recombinant
chromosome 1 regions surrounding the genetic loci for resistance to intracellular
parasites (Ity. Lsh, and Bcg), DNA repair responses (Rep- 1), and the cytoskeletal
protein villin (Vil). Infect. Immun. 62:325.

25. Araujo, L. M., O. G. Ribeiro, M. Siqueira, M. De Franco, N. Starobinas,
S. Massa, W. H. Cabrera, D. Mouton, M. Seman, and O. M. Ibanez. 1998. Innate
resistance to infection by intracellular bacterial pathogens differs in mice selected
for maximal or minimal acute inflammatory response. Eur. J. Immunol. 28:2913.

26. Hamelmann, E., J. Schwarze, K. Takeda, A. Oshiba, G. L. Larsen, C. G. Irvin,
and E. W. Gelfand. 1997. Noninvasive measurement of airway responsiveness in
allergic mice using barometric plethysmography. Am. J. Respir. Crit. Care Med.
156:766.

27. De Bie, J. J., M. Kneepkens, A. D. Kraneveld, E. H. Jonker, P. A. Henricks,
F. P. Nijkamp, and A. J. van Oosterhout. 2000. Absence of late airway response
despite increased airway responsiveness and eosinophilia in a murine model of
asthma. Exp. Lung Res. 26:491.

28. Hessel, E. M., A. J. Van Oosterhout, C. L. Hofstra, J. J. De Bie, J. Garssen,
H. Van Loveren, A. K. Verheyen, H. F. Savelkoul, and F. P. Nijkamp. 1995.
Bronchoconstriction and airway hyperresponsiveness after ovalbumin inhalation
in sensitized mice. Eur. J. Pharmacol. 293:401.

29. Radzioch, D., T. Hudson, M. Boule, L. Barrera, J. W. Urbance, L. Varesio, and
E. Skamene. 1991. Genetic resistance/susceptibility to mycobacteria: phenotypic
expression in bone marrow derived macrophage lines. J. Leukocyte Biol. 50:263.

30. Green, L. C., D. A. Wagner, J. Glogowski, P. L. Skipper, J. S. Wishnok, and
S. R. Tannenbaum. 1982. Analysis of nitrate, nitrite, and [15N]nitrate in biolog-
ical fluids. Anal. Biochem. 126:131.

31. Zuany-Amorim, C., E. Sawicka, C. Manlius, A. Le Moine, L. R. Brunet,
D. M. Kemeny, G. Bowen, G. Rook, and C. Walker. 2002. Suppression of airway
eosinophilia by killed Mycobacterium vaccae-induced allergen-specific regula-
tory T-cells. Nat. Med. 8:625.

32. Cher, D. J., and T. R. Mosmann. 1987. Two types of murine helper T cell clone.
II. Delayed-type hypersensitivity is mediated by TH1 clones. J. Immunol. 138:
3688.

33. Black, C. A. 1999. Delayed type hypersensitivity: current theories with an his-
toric perspective. Dermatol. Online J. 5:7.

34. Soo, S. S., B. Villarreal-Ramos, C. M. Anjam Khan, C. E. Hormaeche, and
J. M. Blackwell. 1998. Genetic control of immune response to recombinant an-
tigens carried by an attenuated Salmonella typhimurium vaccine strain: Nramp1
influences T-helper subset responses and protection against leishmanial chal-
lenge. Infect. Immun. 66:1910.

35. Umetsu, D. T., J. J. McIntire, O. Akbari, C. Macaubas, and R. H. DeKruyff. 2002.
Asthma: an epidemic of dysregulated immunity. Nat. Immun. 3:715.

36. Govoni, G., S. Gauthier, F. Billia, N. N. Iscove, and P. Gros. 1997. Cell-specific
and inducible Nramp1 gene expression in mouse macrophages in vitro and in
vivo. J. Leukocyte Biol. 62:277.

37. Forbes, J. R., and P. Gros. 2001. Divalent-metal transport by NRAMP proteins at
the interface of host-pathogen interactions. Trends Microbiol. 9:397.

38. Van Rooijen, N. 1992. Macrophages as accessory cells in the in vivo humoral
immune response: from processing of particulate antigens to regulation by sup-
pression. Semin. Immunol. 4:237.

39. Blackwell, J. M., T. Goswami, C. A. Evans, D. Sibthorpe, N. Papo, J. K. White,
S. Searle, E. N. Miller, C. S. Peacock, H. Mohammed, and M. Ibrahim. 2001.
SLC11A1 (formerly NRAMP1) and disease resistance. Cell. Microbiol. 3:773.

40. Biggs, T. E., S. T. Baker, M. S. Botham, A. Dhital, C. H. Barton, and V. H. Perry.
2001. Nramp1 modulates iron homoeostasis in vivo and in vitro: evidence for a
role in cellular iron release involving de-acidification of intracellular vesicles.
Eur. J. Immunol. 31:2060.

41. Mulero, V., S. Searle, J. M. Blackwell, and J. H. Brock. 2002. Solute carrier 11a1
(Slc11a1; formerly Nramp1) regulates metabolism and release of iron acquired by
phagocytic, but not transferrin-receptor-mediated, iron uptake. Biochem. J. 363:
89.

42. Lafuse, W. P., G. R. Alvarez, and B. S. Zwilling. 2000. Regulation of Nramp1
mRNA stability by oxidants and protein kinase C in RAW264.7 macrophages
expressing Nramp1 (Gly169). Biochem. J. 351:687.

43. Zwilling, B. S., D. E. Kuhn, L. Wikoff, D. Brown, and W. Lafuse. 1999. Role of
iron in Nramp1-mediated inhibition of mycobacterial growth. Infect. Immun. 67:
1386.

44. Weiss, G. 1999. Iron and anemia of chronic disease. Kidney Int. Suppl. 69:S12.
45. Pelletier, M., A. Forget, D. Bourassa, P. Gros, and E. Skamene. 1982. Immuno-

pathology of BCG infection in genetically resistant and susceptible mouse strains.
J. Immunol. 129:2179.

46. Gruber, C., L. Nilsson, and B. Bjorksten. 2001. Do early childhood immuniza-
tions influence the development of atopy and do they cause allergic reactions?
Pediatr. Allergy Immunol. 12:296.

47. Krishna, M. T., and S. S. Salvi. 2002. Could administration of bacille Calmette-
Guerin vaccination at birth protect from the development of asthma and allergic
diseases in the western world? Has this question been adequately investigated?
Pediatr. Allergy Immunol. 13:172.

760 Nramp1 CONTROLS MYCOBACTERIAL TREATMENT OF ASTHMA

 at B
iblioteca B

iom
edica, U

niv. di R
om

a on A
pril 27, 2014

http://w
w

w
.jim

m
unol.org/

D
ow

nloaded from
 

http://www.jimmunol.org/

