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Mycobacterium vaccae induces a population of
pulmonary CD11c" cells with regulatory potential in
allergic mice
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The hygiene hypothesis proposes that common, harmless microorganisms, present
throughout our evolutionary history, have helped to develop immunoregulatory mechanisms
that prevent inappropriate immune responses by the host. Using a mouse model of allergic
pulmonary inflammation, we report that treatment with an ubiquitous saprophytic mycobac-
terium, Mycobacterium vaccae, significantly reduces allergic inflammation by decreasing
type 2 responses such as eosinophilia and IL-4 expression. Rather than observing an
increase in type-1 cytokine expression, we found elevated production of IL-10 in the lungs
suggesting a role for regulatory T cells. Since induction of these cells may be dependent on
APC, we investigated the effects of M. vaccae treatment on pulmonary CD11c* cells.
Increased levels of IL-10, TGF-f and IFN-a mRNA were detected in CD11c* cells from M.
vaccae-treated allergic mice. We propose that M. vaccae-induced CD11c* cells have a
potential regulatory role at the site of inflammation through their secretion of immunomodu-

latory cytokines.
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1 Introduction

Allergic asthma has been defined as a disease of immu-
nodysregulation, where the pathology is a direct conse-
quence of excessive type-2 immune responses to aller-
gens in the lungs. Disease is associated with increased
secretion of type-2 cytokines such as IL-4, IL-5 and IL-
13, which among other things, promote enhanced IgE
levels, induce pulmonary eosinophilic inflammation and
increase mucus production in the airways [1]. The recent
dramatic rise in the prevalence of allergies in developed
countries was at first blamed on an imbalance of the
immune system which, lacking exposure to type-1i
inducing infections and hence a Th1 cytokine environ-
ment, was prone to develop extensive type-2 responses
to harmless allergens [2]. Upon closer inspection, how-
ever, it has become apparent that diseases associated
with excessive type-1 immune responses, such as type-
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1 diabetes, multiple sclerosis and inflammatory bowel
disease, have been rising simultaneously [2, 3]. Immuno-
pathologies characterized by inappropriate Th1 or Th2
responses to self-antigens, gut content or common aller-
gens, may be caused by a lack of regulatory immune
mechanisms such as defective regulatory T cells (Tregs)
in the host [4]. Indeed, severe deficiency in Tregs, as
seen in patients suffering from a genetic disorder charac-
terized by mutations in the transcription factor Foxp3,
which is required for Tregs development, results in a fatal
autoimmune and inflammatory syndrome in humans [5,
6]. Similar results have been observed in the Foxp3-
mutant scurfy mouse model, which suffers from a rapidly
lethal autoimmune syndrome [7-9].

Several theories have been put forward to explain the
increased prevalence of asthma and allergies in devel-
oped countries. The most widely accepted is Strachan’s
hygiene hypothesis [10], which in its most current form
proposes that the increase in asthma observed in devel-
oped countries is due to a decrease in exposure to once
common harmless organisms [11-13]. For example, sap-
rophytic mycobacteria, once ubiquitously found in mud
and water, have been present throughout our evolution-
ary history, and have played a critical role in shaping our
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immune system. In particular, they may instruct the
immune system on how to appropriately deal with aviru-
lent microbes. In contrast to virulent pathogens, which
require a prompt immune response, exposure to harm-
less microorganisms may trigger regulatory mechanisms
that prevent a potentially harmful immune response from
being mounted to these “Old Friends” [13, 14]. Once in
place, these mechanisms may also be used by the host
to prevent inappropriate responses to harmless anti-
gens. In effect, these “Old Friends” act as adjuvants for
induction of regulatory responses. For example, recent
studies have shown that childhood exposure to harmless
organisms such as routinely occur on farms, protects
against the development of severe symptoms of allergic
pulmonary inflammation [12, 15].

Triggering mechanisms such as the induction of Tregs
through exposure to these “Old Friends” may be
exploited therapeutically to prevent the development of
imbalanced immune responses to common allergens or
self-antigens. In experimental models of pulmonary
inflammation, a saprophytic mycobacterium, Mycobac-
terium vaccae, has shown particular therapeutic poten-
tial. Treatment with M. vaccae significantly reduces
murine allergic pulmonary inflammation by inducing
CD4* CD45RB"" Tregs that secrete IL-10 and TGF-f [16,
17]. These cells are allergen-specific, and upon passive
transfer can protect recipient allergic mice from airway
inflammation by significantly reducing eosinophilia in the
lungs [17]. In clinical studies, treatment with M. vaccae
has shown encouraging results in human patients suffer-
ing from atopic asthma and atopic dermatitis [18, 19].

It remains to be determined whether M. vaccae influ-
ences the development of other cells with regulatory
functions. For instance, induction of Tregs is likely to be
dependent on APC triggered by certain external stimuli.
In this study we investigated whether M. vaccae acts on
pulmonary APC, such as CD11c" cells. Interest in these
cells was raised by recent reports suggesting that pul-
monary dendritic cells (DC) from mice exposed to respi-
ratory antigen produced IL-10. In the presence of this
cytokine, DC stimulate the development of CD4* Tregs
which also produce IL-10, mediate tolerance and pre-
vent the development of airway hyperreactivity and
asthma [20, 21]. We report that treatment with M. vaccae
significantly reduces pulmonary inflammation in the
lungs of allergic mice. This beneficial effect is not due to
increased type-1 cytokine expression. Rather, it corre-
lates with the development of CD11c* cells which pro-
duce high levels of immunoregulatory cytokines such as
IL-10, TGF-f and IFN-a. These results show that M. vac-
cae plays a critical role in CD11c* APC induction, which
may lead to the previously reported allergen-specific
Treg-mediated protection. This is the first study to show
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that exposure to a non-pathogenic organism such as M.
vaccae can induce CD11c* APC with regulatory poten-
tial.

2 Results

2.1 M. vaccae treatment inhibits pulmonary
cellular inflammation in allergic mice

Following sensitization with ovalbumin and alum, intra-
tracheal challenge with ovalbumin induced a dramatic
influx of cells in the lungs as measured by the number of
cells recovered in the bronchoalveolar lavage (BAL) fluid.
This cellular infiltrate was caused by the allergen chal-
lenge, as allergic mice challenged with saline showed no
symptoms of pulmonary inflammation. Allergen-
challenged allergic mice treated with M. vaccae showed
a significant reduction in the total cellular infiltrate com-
pared to mice treated with saline (Fig. 1A).

Allergic pulmonary inflammation was associated with a
large influx of eosinophils, neutrophils, lymphocytes and
monocytes/macrophages. We found that mice treated
with M. vaccae presented a significant reduction in the
number of eosinophils recovered in the BAL fluid. The
decreased eosinophilia did not result in neutrophilia or in
an increase of monocytes or macrophages at the site of
inflammation (Fig. 1B). These results suggested that pre-
treatment of allergic mice with M. vaccae significantly
reduced the severity of the cellular inflammation follow-
ing allergen challenge.

2.2 M. vaccae treatment reverses the localized
Th2 response associated with allergy without
switching to a Th1 response

Allergic inflammation is characterized by an excessive
type-2 response. We measured total IgE levels in allergic
mice and found that even though levels were signifi-
cantly increased compared to negative control mice,
there were no significant differences between treatment
groups (763+3 ng/ml in saline-treated compared to
7261 ng/ml in M. vaccae-treated mice, data represen-
tative of two separate experiments). Hence, we decided
to investigate the immune response at the site of inflam-
mation as this is most relevant for disease pathology.
Ovalbumin challenge in allergic mice induced a signifi-
cant increase in IL-4 mRNA levels in whole lung tissue,
compared to allergic mice challenged with saline
(Fig. 2A). To determine whether M. vaccae influences the
cytokine milieu developed in allergic mice we measured
mRNA levels of type-1 and type-2 cytokines. Treatment
with M. vaccae significantly lowered the amounts of IL-4
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Fig. 1. Treatment with M. vaccae reduces both the total number of cells recovered in the BAL fluid (A) and the influx of eosino-
phils, neutrophils, and monocytes/macrophages in the BAL fluid (B) of allergic mice challenged with ovalbumin. Animals were
treated with M. vaccae (black bar) or saline (white bar). Allergic mice were challenged with ovalbumin to induce pulmonary inflam-
mation. As negative control, saline treated allergic mice were challenged with saline (shaded bar). Data are expressed as mean
+ SEM of 4-8 mice per group. *p<0.01 compared with negative control. *0<<0.01 compared with saline-treated, ovalbumin-
challenged mice. These results are representative of at least three separate experiments.

message in lung tissue, compared to treatment with
saline (Fig. 2A). As the decrease in IL-4 may be due to an
increased type-1 environment, IFN-y and IL-12 mRNA
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Fig. 2. Treatment with M. vaccae reduces IL-4, but not IFN-y
and IL-12 message (A) and does not alter expression levels
of IL-10 and TGF- message (B) in whole lung tissue of aller-
gic mice. Animals were treated with M. vaccae (black bar) or
saline (white bar). Mice were challenged with ovalbumin to
induce pulmonary inflammation. As negative control, saline
treated allergic mice were challenged with saline (shaded
bar). Data are expressed as mean + SEM of 4-8 mice per
group. *p<0.01 compared with negative controls. *p<0.05
compared with saline-treated, ovalbumin-challenged mice.
These results are representative of at least three separate
experiments.
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levels were measured in whole lung tissue. We found no
significant increase in the message level for either IFN-y
or IL-12 regardless of treatment (Fig. 2A). Similar results
were obtained for IL-12 and IFN-y message in cells
recovered in the BAL fluid (data not shown). These find-
ings suggested that the less predominant type-2
response at the site of inflammation in mice treated with
M. vaccae was not caused by a switch to a type-1 cyto-
kine environment.

2.3 M. vaccae treatment leads to an increase in
IL-10 secretion into the BAL

To determine whether the decrease in IL-4 mRNA in the
lungs correlated with an increase in immunoregulatory
cytokines, we measured IL-10 and TGF-f mRNA levels
in whole lungs. We found that both cytokines were
expressed to similar levels and detected no significant
differences between saline and M. vaccae-treated ani-
mals (Fig. 2B). We measured protein levels of these two
cytokines in the BAL fluid. Whereas we found no evi-
dence of any changes in TGF-f protein levels regardless
of treatment (1095+70 pg/ml in saline-treated compared
to 1330+225 pg/ml in M. vaccae-treated mice, data rep-
resentative of two separate experiments) we found that
M. vaccae treatment did significantly increase IL-10 pro-
tein levels in the BAL fluid of allergic mice (Fig. 3).

2.4 M. vaccae treatment induces the
development of a population of CD11c* cells,
characterized by increased expression of
immunoregulatory cytokines at the site of
inflammation

Due to the large and varied cellular populations found in
whole lungs, data on cytokines expression may be diffi-
cult to interpret. Thus we focused on CD11c* cells,
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Fig. 3. Treatment with M. vaccae significantly alters IL-10
protein levels in the BAL fluid of allergic mice. IL-10 protein
levels are increased in the BAL fluid of M. vaccae treated
animals (black bar) compared to those in the BAL fluid of
saline treated mice (white bar). Data are expressed as mean
+ SEM of 4-8 mice per group. *p<0.05 compared with
saline-treated, ovalbumin-challenged mice. These results
are representative of at least three separate experiments.

which are known to produce IL-10 and are reported to
play a critical role in the induction of Tregs [20, 21]. To
determine whether treatment with M. vaccae effects the
cytokine expression of CD11c* cells, we isolated CD11c*
cells from mice treated with either saline or M. vaccae
and compared their cytokine expression. In addition to
IL-10 and TGF-f, we determined IFN-a expression as
this cytokine is characteristic of DC with regulatory func-
tions [22, 23]. We found that M. vaccae treatment signifi-
cantly increased the expression of not only IL-10 and
TGF-f but also of IFN-oo mRNA in CD11c"* cells (Fig. 4).
To confirm a specific effect of M. vaccae on immunoreg-
ulatory cytokines, we measured IL-12 expression in the
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CD11c* population. No significant difference was
reported in IL-12 levels, regardless of treatment (Fig. 4).

3 Discussion

The effects of treatment with M. vaccae in an animal
model of allergic pulmonary inflammation were evalu-
ated. In accordance with previous studies, we report that
this treatment dramatically ameliorates classic symp-
toms of allergic inflammation by reducing total cellular
infiltration and eosinophilia in the lungs of allergic mice.
The beneficial effects of M. vaccae are not dependent on
an increase in type-1 cytokines, rather they correlate
with production of IL-10. In addition, we describe a pop-
ulation of pulmonary CD11c* cells that express high lev-
els of the immunoregulatory cytokines IL-10, TGF-f and
IFN-a following treatment. This is the first report to show
that a preparation of heat-killed mycobacteria induces
the development of a specific population of APC consid-
ered to have regulatory functions.

M. vaccae improves the pulmonary inflammation
induced by allergen challenge in allergic mice. The
decrease in type-2 responses exemplified by the
reduced pulmonary eosinophilia, is not associated with
an increase in type-1 responses in the lungs. We report
no changes in the expression levels of IL-12 and IFN-y
mRNA regardless of treatment. This confirms previous
work by Zuany-Amorim and colleagues who showed in a

TGF-p
3 x1lJ‘z‘|
2 1104]
1x10%
nL: -t
CD11c+ CD11c-
IL-12
1.5 x10°
1.0x10°
0.5 x10° l
0
CD11c+ CD11c-

Fig. 4. Treatment with M. vaccae increases expression levels of IL-10, TGF-f3 and IFN-o. but not IL-12 mRNA from CD11c* cells
separated from lung tissue of allergic mice. Animals were treated with M. vaccae (black bar) or saline (white bar). Mice were chal-
lenged with ovalbumin to induce pulmonary inflammation. Lungs were pooled and CD11c* cells separated by positive selection.
RT-PCR analysis was done in duplicate and data expressed relative to the housekeeping gene GAPDH. BD, below detection
limit. These results are representative of at least three separate experiments.

© 2004 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

www.eji.de



Eur. J. Immunol. 2004. 34: 631-638

similar model that the beneficial effects of M. vaccae are
independent of IFN-y [16]. Hence, rather than affecting
the Th1/Th2 balance, M. vaccae regulates the allergic
host immune responses through the induction of Tregs
[17]. Indeed, passive transfer of M. vaccae-induced
CD4* CD45RB"" cells prevents development of allergic
responses in mice [17]. We were not surprised by the fail-
ure of M. vaccae to reduce total IgE levels in allergic mice
soon after treatment. Other groups have made similar
observations [16, 24]. The lack of effect on IgE may be
explained by a recent study showing the prolonged sur-
vival of memory plasma cells in specific areas of the
bone marrow and spleen [25]. Hence, changes in IgE lev-
els may only be observed during longer follow up peri-
ods.

Our data support previous reports showing that M. vac-
cae treatment is associated with the preferential produc-
tion of immunoregulatory cytokines such as IL-10, TGF-j3
and, as reported here, IFN-a [17, 24]. Despite an
increase in IL-10 protein levels in the BAL fluid of M.
vaccae-treated mice, no significant changes in IL-10 and
TGF-f mRNA were detected in whole lung of allergic
mice. This inconsistency may be due to the more varied
and heterogeneous cell types found in lung tissues com-
pared to BAL fluid. Hence, the similar mRNA levels
detected in whole tissue may mask significant differ-
ences in specific cell populations. It is vital, therefore, to
determine the effects of M. vaccae on defined cell popu-
lations at the site of inflammation. Since induction of
Tregs might depend upon specific APC, we focused our
attention on pulmonary CD11c* cells. Previous studies
have shown that following intra-nasal exposure to anti-
gen, these cells express high levels of IL-10 mRNA. The
presence of IL-10 influences T cell development as
antigen-specific CD4" T cells cultured in vitro in the pres-
ence of CD11c* cells acquire a Treg phenotype. Further
work has also showed that adoptive transfer of IL-10-
producing CD11c* cells induces unresponsiveness in
recipient mice. Thus, there is convincing evidence to
suggest that these cells play a critical role in the regula-
tion of the immune responses in the lungs [21, 26].

We found that M. vaccae-induced CD11c* cells express
high levels of IL-10, TGF-p and IFN-a mRNA. These
cytokines play a significant role in the differentiation and
effector function of Tregs [22, 27, 28]. In particular, IL-10
and TGF-f not only reciprocally stimulate production of
the other but may also modulate each other’s functions
[29, 30]. It has been hypothesized that in the presence of
IL-10 and TGF-f murine T cells become non-responsive
and acquire the capacity to suppress T cell responses
[27, 31, 32]. Suppression is mediated either by expres-
sion of tolerogenic molecules on the T cell surface, for
example CTLA-4, or through the production of immuno-
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suppressive cytokines such as IL-10 and TGF-f3 [33-35].
IFN-a has recently been shown to also have immuno-
modulatory properties. This cytokine upregulates IL-10
production by DC and may act in synergy with this cyto-
kine to promote the generation of T cells with immuno-
suppressive properties [22, 23, 36]. In addition, it can
promote survival of suppressive T cells by preventing
deletion of anergic cells [37].

The role of APC in the lungs, and particularly CD11c*
cells, is complex. Under certain conditions pulmonary
DC induce strongly inflammatory responses to allergen
and may be involved in the pathology associated with
asthma [38]. In spite of these observations it has become
apparent that DC play a largely immunoregulatory role in
the lungs. They may directly modulate pulmonary
immune responses by production of indoleamine 2,3-
dioxygenase (IDO). This enzyme has been shown to sup-
press T cell responses through tryptophan depletion,
which results in the production of toxic catabolites [26,
39]. Moreover, DC residing in mucosal surfaces may
preferentially acquire a tolerogenic phenotype and main-
tain tolerance to allergens by providing a cytokine envi-
ronment promoting Treg induction [21, 36, 40]. Our data
support this second hypothesis by identifying a popula-
tion of CD11c* cells which express high levels of IL-10,
TGF-f and IFN-a following treatment with M. vaccae.

In the future we wish to confirm the central role played by
CD11c” cells in the induction of Tregs. We are currently
investigating whether M. vaccae-induced CD11c"* cells
confer a Treg phenotype to naive CD4" T cells from
DO11.10 transgenic mice. Alternatively, CD11c* cells
may act as regulatory cells themselves. Thus, by passive
transfer into the lungs of recipient allergic mice, we may
be able to determine whether these cells directly improve
the symptoms of pulmonary inflammation induced by
challenge. Further characterization of CD11c* APC role
in the immune response is vital. Several distinctive sub-
types have already been identified and have shown a
variety of functions [38, 41-43]. It is of interest to address
further the role of M. vaccae in the induction of CD11c*
cells.

Heat-inactivated M. vaccae has been used in clinical
studies of asthma [18] and eczema [19]. Results were
encouraging and larger phase Il trials are now in prog-
ress. It remains to be determined whether the effects in
human patients depend on changes in APC phenotype
and Treg induction. A therapeutic role for M. vaccae is
compatible with the current version of the hygiene
hypothesis, suggesting that the simultaneous rise in
immunoregulatory disorders in the developed countries
is attributable to a failure of Treg functions, and not to a
Th1/Th2 imbalance.
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4 Materials and methods

4.1 Mice

Female 6-8-week-old BALB/c mice were purchased from
Harlan (Oxon, GB) and were housed under standard condi-
tions. All experimental protocols complied with the Home
Office 1986 Animals Scientific Act.

4.2 Antigens and M. vaccae suspension

Ovalbumin was obtained from Sigma (grade V; Dorset, GB).
Sterile vials of a heat-killed suspension of M. vaccae were
provided by SR Pharma (London, GB). The product was
manufactured to Good Manufacturing Practice and is cur-
rently being tested in phase Il clinical trials.

4.3 Murine model of allergic pulmonary inflammation

Mice were treated s.c. on day-21 with either M. vaccae
(0.1 mg in 100 wl saline) or with saline alone. All mice were
immunized i.p. on days 0 and 12 with 10 ug ovalbumin in
100 wl alum (Serva, Heidelberg, Germany). On days 19 and
21, mice were challenged intratracheally (i.t.) with either
saline (negative control) or ovalbumin. Where indicated,
3 weeks prior to treatment animals received two further
ovalbumin and alum injections 12 days apart. Animals were
killed 48 h after the last allergen challenge by i.p. injection of
pentobarbitone sodium (240 mg/kg). The trachea was can-
nulated and the BAL fluid was collected by injecting three
times 0.3 ml of RPMI (Invitrogen, Paisley, GB) to which 50 U/
ml penicillin and 50 mg/ml streptomycin (Invitrogen) were
added. The number of cells recovered in the fluid was deter-
mined using a Neubauer chamber.

Cytospins of each BAL sample was performed (Shandon
Scientific, Cheshire, GB) and stained with Wright Giemsa
Stain (Sigma). A differential count of 200 cells was per-
formed using standard morphological criteria. The remaining
BAL fluid was centrifuged and supernatant collected and
stored at —20°C for cytokine analysis. Cells were pooled
based on treatment and used for PCR analysis.

4.4 Cytokine analysis

Cytokine levels in the BAL fluid were measured using com-
mercially available ELISA Kits (R&D Systems, Oxon, GB).
Antibody pairs and protein standards for IL-10 and IL-12
were used according to the manufacturer’s instructions.

4.5 CD11c cells separation

Lungs were pooled in groups based on treatment and
digested with collagenase D (75 U/ml, Boehringer, Brack-

© 2004 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Eur. J. Immunol. 2004. 34: 631-638

nall, GB) for 1 h at 37°C. Tissue was forced through a 70-um
sieve and red blood cells removed by hypotonic lysis. Cells
were separated with CD11¢c microbeads by positive selec-
tion, according to the manufacturer’s instructions (Miltenyi
Biotec, Bergisch-Gladbach, Germany). Briefly, cells were
incubated in cold buffer (0.5% BSA in PBS) with CD11c
microbeads for 15 min at 4°C. Cells were applied onto a
MS+ separation column. Both the positive fraction enriched
for CD11c* cell and the negative fraction were collected.
Cells were stored at —-80°C until further analysis.

4.6 PCR analysis

RNA was extracted using a commercially available kit
RNeasy, (Qiagen, Crawley, GB) according to manufacturer’s
instructions. Briefly, whole tissue was disrupted using a
homogenizer and placed through an RNA-binding column.
CD11c-negative and -positive fractions were passed
through a shredder column. cDNA was obtained from eluted
RNA with the Omniscript kit (Qiagen, GB), using Oligo-dT
and Rnasin (Promega, Southampton, GB). Samples were
stored at —20°C.

4.7 Quantitative real-time PCR

cDNA samples were analyzed using the ABI7000 real-time
PCR machine (Applied Biosystems, Warrington, GB) and
Quantitect Sybr Green Master Mix (Qiagen). Primers for
GAPDH (forward: CATTGTGGAAGGGCTCATGA, reverse:
GGAAGGCCATGCCAGTGAGCQC), IL-10 (forward: TTTGAAT-
TCCCTGGGTGAGAAG, reverse: ACAGGGGAGAAATCGAT-
GACA), TGF- (forward: ACAGGGCTTTCGATTCAGCGC,
reverse: CCCTTGGGCTCGTGGGGTCCT), IL-4 (forward:
CGTCCTCACAGCAACGGAGA, reverse: GCAGCTTATC-
GATGAATCCAGG), IL-12 (forward: GACATCATCAAACCA-
GACCCG, reverse: TTACACCCCTCCTCTGTCTCCTT), IFN-
vy (forward: GGTGACATGAAAATCCTGCAGA, reverse:
CCTCAAACTTGGCAATACTCATGA), and IFN-a (forward:
CTCTGTGCTTTCCTGATGGT, reverse: AGAGAGGGAGT-
CTCCTCATT) were designed using Primer Express software
(Applied Biosystems). Primers were obtained from Eurogen-
tec (Romsey, GB). Standards for each gene were set up
using a PCR amplicon, and were serially tenfold diluted. The
standard curve generated was used to extrapolate the copy
number obtained from each sample. All genes were normal-
ized to GAPDH.

4.8 Statistical analysis

Results are expressed as the mean + SEM. Data were sub-
jected to a normality test to ensure a normal distribution.
One-way ANOVA or Student’s t-test were used to determine
statistically significant differences between the groups. A p
value of less than 0.05 was considered significant.
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