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Susceptibility to Mycobacterium tuberculosis is characterized by excessive lung inflammation, tissue damage, and failure to con-
trol bacterial growth. To increase our understanding of mechanisms that may regulate the host immune response in the lungs,
we characterized dendritic cells expressing CD103 (�E integrin) (�E-DCs) and CD4� Foxp3� regulatory T (Treg) cells during M.
tuberculosis infection. In resistant C57BL/6 and BALB/c mice, the number of lung �E-DCs increased dramatically during M. tu-
berculosis infection. In contrast, highly susceptible DBA/2 mice failed to recruit �E-DCs even during chronic infection. Even
though tumor necrosis factor alpha (TNF-�) is produced by multiple DCs and macrophage subsets and is required for control of
bacterial growth, �E-DCs remained TNF-� negative. Instead, �E-DCs contained a high number of transforming growth factor
beta-producing cells in infected mice. Further, we show that Treg cells in C57BL/6 and DBA/2 mice induce gamma interferon
during pulmonary tuberculosis. In contrast to resistant mice, the Treg cell population was diminished in the lungs, but not in the
draining pulmonary lymph nodes (PLN), of highly susceptible mice during chronic infection. Treg cells have been reported to
inhibit M. tuberculosis-specific T cell immunity, leading to increased bacterial growth. Still, despite the reduced number of lung
Treg cells in DBA/2 mice, the bacterial load in the lungs was increased compared to resistant animals. Our results show that �E-
DCs and Treg cells that may regulate the host immune response are increased in M. tuberculosis-infected lungs of resistant mice
but diminished in infected lungs of susceptible mice.

Mycobacterium tuberculosis, the causative agent of pulmonary
tuberculosis (TB), remains a threat to global health and is a

leading cause of death from infectious disease in the world (60).
The murine model of pulmonary TB has demonstrated the critical
role of proinflammatory effector functions mediated by activated
macrophages (M�) and major histocompatibility complex
(MHC)-restricted T cell responses to control the infection and
ameliorate disease (10, 42). Following M. tuberculosis aerosol in-
fection, the differences in the ability to control bacterial growth,
lung lesions, and survival between various inbred mouse strains
are dramatic (2, 7, 27, 33, 44, 45, 59). It is interesting that M.
tuberculosis-susceptible mice can display lesions similar to those in
humans with active TB, including severe inflammation in infected
lungs and extensive tissue damage (2, 27). Many of the observa-
tions made to explain susceptibility to M. tuberculosis infection
using animal models have translated into human pulmonary TB,
and susceptibility to mycobacterial infection is dramatically in-
creased in, for example, immunocompromised patients (11, 19,
20, 34, 35, 41, 47). Still, the cause of naturally occurring suscepti-
bility to M. tuberculosis in seemingly healthy individuals is poorly
understood. Since the nature of the inflammatory response to M.
tuberculosis in mice correlates with lung damage and inability to
control the infection (reviewed in reference 7), we took advantage
of wild-type (WT) mice that are either resistant (C57BL/6 and
BALB/c) or susceptible (DBA/2) to M. tuberculosis infection (33,
44, 45). The mouse model allowed us to investigate immunoregu-
latory mechanisms in the lung tissue during pulmonary TB that
may balance proinflammatory reactions and that control the in-

fection and tolerogenic mechanisms induced to prevent tissue
damage and loss of function.

The CD103 (integrin �E) cell surface marker can be used to
identify a unique CD11b� CD11c� CD103� dendritic cell (�E-
DC) population located in the skin and at mucosal sites in the
intestine and lungs (reviewed in reference 13). The role of lung
�E-DCs in host immunity is not well characterized, especially
during bacterial infections. Still, �E-DCs seem to have a distinct
role in host immunity compared to proinflammatory CD103�

DCs in the lung tissue (3, 30, 58). Lung �E-DCs have migratory
properties and are able to take up antigens, including apoptotic
cells, that are transported to draining lymph nodes (LN) and
presented to MHC class I- or class II-restricted T cells (15, 16,
22, 46). Thus, �E-DCs in the lung mucosa are strategically
located and likely to influence the host immune response dur-
ing pulmonary TB.

In the present study, we show that M. tuberculosis-susceptible
mice display worse lung lesions and reduced ability to control M.
tuberculosis growth. We show that the number of lung �E-DCs
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increases dramatically in M. tuberculosis-infected resistant mouse
strains, while susceptible mice display a reduced number of �E-
DCs, but not other myeloid cell subsets, in response to M. tuber-
culosis infection. During early and chronic stages of M. tuberculosis
infection, lung �E-DCs have an anti-inflammatory cytokine pro-
file compared to other monocyte, DC, M�, and neutrophil subsets
in the infected lungs. We also report that M. tuberculosis changes
the functional potential of CD4� Foxp3� regulatory T (Treg) cells,
which induce gamma interferon (IFN-�) 6 to 10 weeks postinfec-
tion (p.i.). The change in functional potential precedes a dimin-
ished pool of Treg cells in the lungs, but not in the draining pul-
monary lymph nodes (PLN), of susceptible mice at week 12 p.i.

MATERIALS AND METHODS
Mice. Female C57BL/6NCrl, BALB/cNCrl, and DBA/2NCrl mice (6 to 9
weeks old) were purchased from Charles River (Germany). The animals
used in this study were housed under specific-pathogen-free conditions in
a biosafety level 3 animal facility at the Astrid Fagraeus Laboratory, Swed-
ish Institute for Communicable Disease Control. All animal experiments
were conducted in accordance with the Swedish Animal Welfare Act and
approved by the Swedish Institute for Communicable Disease Control
and by the Stockholm North Ethical Committee, Swedish Board of Agri-
culture (permit numbers N343/7 and N369/10). The health status of the
mice was monitored daily by animal care technicians or veterinarians to
ensure humane treatment.

M. tuberculosis aerosol infection. The clinical M. tuberculosis isolate,
strain Harlingen, used for the M. tuberculosis aerosol infections was kindly
provided by J. van Embden, National Institute of Public Health and the
Environment, The Netherlands, and originally characterized by Kiers et
al. (36). The bacteria were grown to mid-log phase in Sauton medium
supplemented with 8 �g/ml polymyxin B and 5 �g/ml amphotericin B at
37°C, aliquoted, and stored in medium containing 10% glycerol at
�80°C.

For aerosol infections, an M. tuberculosis aliquot was thawed at room
temperature, spun at 10,000 rpm for 5 min, and triturated through a
25-gauge needle to disperse bacterial clumps. The bacterial suspension
was diluted to 1 � 106 CFU/ml in sterile phosphate-buffered saline (PBS),
0.02% Tween 80, and placed in a nebulizer (MiniHeart Lo-Flo Nebulizer;
Westmed, Tucson, AZ). The animals were infected with a low dose of M.
tuberculosis via the respiratory route using a nose-only exposure system
(In-Tox Products, Moriarty, NM) calibrated to deliver 20 to 200 CFU into
the lungs. The animals were exposed to the M. tuberculosis-containing
aerosol for 20 min. In some experiments, the number of viable bacteria
that reached the lungs was determined on day 1 p.i. The aerosol infections
were performed in the biosafety level 3 animal facility at the Astrid Fa-
graeus Laboratory, Swedish Institute for Communicable Disease Control.

CFU determination. The mice were anesthetized by exposure to iso-
flurane and euthanized by cervical dislocation. Both lungs were used for
day 1 CFU determinations. For week 9 CFU determinations, only the right
lung was used. For the later time point, blood was removed from the lung
tissue by perfusing the heart with PBS, the tissue was aseptically removed,
and the lungs were mechanically homogenized in PBS by passing the
tissue through a steel mesh. Viable mycobacteria were quantified by plat-
ing the lung homogenates onto Middlebrook 7H11 agar plates. Colonies
were counted after 2 to 3 weeks of incubation at 37°C.

Histology. Lung tissue from naïve or M. tuberculosis-infected mice
was fixed in 4% paraformaldehyde and then embedded in paraffin. Five-
micrometer tissue sections were stained with hematoxylin and eosin using
a Shandon Varistain Gemini instrument or with Ziehl-Neelsen stain with
the Putt modification to visualize acid-fast bacilli. Lung sections from 3 to
5 individual mice per group in two separate experiments were picked
randomly and evaluated, blinded, for the relative size of the lung lesions,
cellular infiltration, and the presence of acid-fast bacilli in infected mice.

M. tuberculosis cell wall extract. The bacteria (H37Rv reference
strain) were grown in Middlebrook medium at 37°C. The bacteria were
centrifuged and heat killed at 70°C. The pellet was sonicated and freeze-
dried on acetone with cotton.

Preparation of single-cell suspensions. At the indicated time points,
single-cell suspensions were prepared from lungs and PLN. The mice were
euthanized, and blood was removed from the lung tissue by perfusing the
heart with PBS. The lungs and PLN were aseptically removed and placed
in RPMI 1640 medium. The lungs were cut into small pieces and incu-
bated in complete RPMI 1640 medium (supplemented with 10% fetal
calf serum, penicillin-streptomycin, L-glutamine, sodium-pyruvate, and
HEPES buffer, all from Sigma-Aldrich) containing 140 U/ml collagenase
type IV (Sigma-Aldrich) for 90 min at 37°C, 5% CO2. DNase I (Sigma-
Aldrich) was added to the cell suspensions at a final concentration of 200
U/ml during the last 10 min of the incubation. The digested lung tissue
was then passed through a steel mesh cup sieve (Sigma-Aldrich). Any
remaining erythrocytes were lysed using lysis buffer (H2O, 0.15 M NH4Cl,
1 mM KHCO3, 0.1 mM NaEDTA, pH 7.2 to 7.4), washed, and resus-
pended in RPMI 1640 medium. The cell suspension was passed through a
70-�m cell strainer (BD Falcon), washed, and resuspended in complete
RPMI 1640 medium.

Single-cell suspensions were obtained from PLN using collagenase
type IV and DNase I as described above. The PLN were then disaggregated
using the frosted ends of two glass slides, washed, and resuspended in
complete RPMI 1640 medium.

Total viable cells were enumerated using a hemocytometer and trypan
blue exclusion of dead cells. Lung cells and PLN cells from infected mice
were analyzed individually. PLN cells from naïve mice were pooled in each
experiment.

Flow cytometry. Staining for surface markers was done by resuspend-
ing 2 � 106 cells in fluorescence-activated cell sorter (FACS) buffer (PBS
with 1% [wt/vol] bovine serum albumin [BSA] and 2 mM NaN3). The
cells were incubated with purified anti-mouse CD16/CD32 (2.4G2; BD
Pharmingen) at 20 �g/ml for 15 min at 4°C to block nonspecific binding.
The cells were washed and incubated for 15 min at 4°C with primary
antibodies specific for surface markers, or appropriate isotype controls,
diluted in FACS buffer. The following allophycocyanin (APC)-, phyco-
erythrin (PE)-, PE-Cy7-, or peridinin chlorophyll protein (PerCP)-
conjugated or biotinylated anti-mouse monoclonal antibodies (MAbs)
were obtained from BD Pharmingen: anti-CD103 (M290), anti-CD11b
(M1/70), anti-CD19 (1D3), anti-Ly6G (1A8), anti-Ly6C (AL-21), anti-
CD3� (145-2C11), and anti-CD4 (RM4-5). Streptavidin-Pacific orange
was purchased from Invitrogen. The following fluorescein isothiocya-
nate (FITC)-, PE-, PE-Cy5.5-, APC-, Alexa Fluor 700-, or APC-Alexa
Fluor 750-conjugated or biotinylated anti-mouse MAbs were pur-
chased from eBioscience: anti-CD45.2 (104), anti-CD11c (N418),
anti-CD11b (M1/70), anti-CD19 (1D3), anti-CD8� (53-6.7), anti-
CD8� (H35-17.2), and anti-B220 (RA3-6B2). Anti-MHC class II (I-A/
I-E)-PerCP (M5/114.15.2) was purchased from Biolegend. The stained
cells were washed and fixed in freshly prepared 2% paraformaldehyde
in PBS for 2 h at 4°C. Fixed cells were washed and resuspended in FACS
buffer before analysis by flow cytometry.

For detection of inducible nitric oxide synthase (iNOS)-producing
cells, the fixed cells were permeabilized for 20 min at room temperature
using a Cytofix/Cytoperm kit from BD Biosciences. Intracellular iNOS
was detected using an anti-iNOS-FITC MAb (clone 6; BD Transduction
Laboratories) and compared to cells stained with a relevant isotype con-
trol MAb. The stained cells were washed and analyzed immediately by
flow cytometry.

The cells were passed through a 70-�m nylon mesh before they were
collected using a BD FACSAria (BD Biosciences) and analyzed using
FlowJo software (version 8.8.6; Tree Star). All electronic gates and quad-
rants were set after relevant isotype control MAbs.

Foxp3� Treg cells were identified at various time points after M. tuber-
culosis aerosol infection. After surface staining, the cells were washed,
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fixed, permeabilized, and stained for intracellular Foxp3 by using an anti-
mouse Foxp3-PE (MF23) MAb and mouse Foxp3 buffer set according to
the manufacturer’s instructions (BD Pharmingen).

In vitro stimulation of lung and PLN cells and intracellular-
cytokine staining. To examine the cytokine profile of myeloid cells,
single-cell suspensions were prepared from M. tuberculosis-infected mice
and kept in complete RPMI 1640 medium or stimulated with 100 ng/ml
Escherichia coli lipopolysaccharide (LPS) (Sigma-Aldrich) or 10 �g/ml M.
tuberculosis cell wall extract in the presence of 10 �g/ml brefeldin A
(Sigma-Aldrich) for 5 h at 37°C, 5% CO2.

Adherent cells were detached by incubating the cells in PBS, 2 mM
EDTA, for 10 min at 37°C, 5% CO2. The cells were stained for the indi-
cated cell surface markers, fixed in 2% paraformaldehyde, permeabilized,
and stained for intracellular cytokines: anti-tumor necrosis factor alpha
(TNF-�)-FITC (MP6-XT22) (eBioscience) and anti-transforming
growth factor beta (TGF-�)-APC (1D11) (R&D Systems) or relevant iso-
type controls. Stained cells were washed twice in permeabilization buffer
and once with FACS buffer and analyzed immediately.

For determination of cytokine production by CD4� Foxp3� T cells
and Treg cells, single-cell suspensions from total lungs and PLN were kept
in complete RPMI 1640 medium or stimulated with 50 ng/ml phorbol
12-myristate 13-acetate (PMA) (Sigma-Aldrich) and 10 �g/ml ionomycin
(Sigma-Aldrich) in the presence of 10 �g/ml brefeldin A for 4 h at 37°C,
5% CO2. The cells were then stained for the indicated lymphocyte surface
markers, fixed using 2% paraformaldehyde, permeabilized, and stained
for Foxp3 and IFN-� (XMG1.2 conjugated to PE-Cy7; eBioscience) or
relevant isotype controls.

RESULTS
Exacerbated lung lesions and higher bacterial burden in M.
tuberculosis-infected lungs of susceptible mice. At mucosal sur-
faces, the immune system has to balance inflammatory reactions
induced to eradicate potential harmful pathogens, such as M. tu-
berculosis, and at the same time avoid tissue damage and potential
loss of function of the affected organ. During active pulmonary
TB, the M. tuberculosis-induced lesions may erode the tissue as the
disease progresses, leading to destruction of the lung architecture
and scarring (12, 27).

We infected three groups of mice with a low dose (159 � 46
CFU [mean � standard deviation {SD}]; n � 4) of virulent M.
tuberculosis (Harlingen strain) via the respiratory route and con-
firmed the striking differences in lung lesions and ability to con-
trol bacterial replication between resistant (C57BL/6 and BALB/c)
and susceptible (DBA/2) inbred mice 9 weeks p.i. during chronic
M. tuberculosis infection (Fig. 1) (33, 44). Hematoxylin and eosin
staining showed that susceptible DBA/2 mice displayed larger le-
sions and more extensive loss of alveolar architecture (Fig. 1A) (4).
Intracellular acid-fast bacilli were clearly detectable in infected
lungs of all three mouse strains analyzed (Fig. 1B) (44). The ability
to control bacterial replication 9 weeks p.i. was investigated by
plating lung homogenates onto Middlebrook 7H11 agar plates
(Fig. 1B). A significantly higher bacterial burden was observed in
the lungs of BALB/c mice than in C57BL/6 mice (51). The bacte-
rial burden in highly susceptible DBA/2 mice was approximately
10-fold higher in the lung tissue than in C57BL/6 and BALB/c
mice (33, 44, 59).

By comparing WT inbred mouse strains that are either resis-
tant or highly sensitive to low-dose virulent M. tuberculosis aerosol
infection, we confirmed that susceptible mice have a more severe
inflammatory reaction in the lungs and reduced ability to control
bacterial growth (Fig. 1). Next, we asked how host immunity dif-
fers in animals that are resistant to M. tuberculosis infection com-

pared to naturally susceptible WT mice. Therefore, we investi-
gated the cellular infiltration in infected organs and the pro- and
anti-inflammatory properties of the host immune response dur-
ing pulmonary TB.

Inflammatory monocyte recruitment into M. tuberculosis-
infected lungs and M� activation are not defective in suscepti-
ble mice. Using a monocyte adoptive-transfer model, we have
directly shown that many of the M� and DC subsets that appear in
M. tuberculosis-infected lung tissue and draining PLN at the peak
of the host immune response are monocyte derived (56). To de-
termine if diminished monocyte recruitment may help explain
naturally occurring susceptibility to M. tuberculosis, we examined
the cellular infiltrate in resistant and susceptible lung tissue in
uninfected mice and at various time points after virulent M. tu-
berculosis aerosol infection (Fig. 2). The CD11b/CD11c expression
profile was determined on gated CD45.2� CD19� cells from naïve
and M. tuberculosis-infected mice (Fig. 2A and data not shown).
CD11b� CD11c� myeloid cells were then analyzed further. Re-
cruited neutrophils were defined as Ly6Cint (intermediate level of
Ly6C) Ly6G� cells and inflammatory monocytes as Ly6C� Ly6G�

cells (18, 56, 57). We found that the total number of lung cells
increased dramatically in response to M. tuberculosis infection and

FIG 1 Lung lesions and bacterial burden in M. tuberculosis-infected mice. The
photomicrographs show representative sections of formalin-fixed paraffin-
embedded lung tissue stained with hematoxylin and eosin to determine lung
pathology (A) or with Putt’s stain to visualize acid-fast bacilli (B) from
C57BL/6 (left), BALB/c (middle), and DBA/2 (right) mice infected with aerosol-
ized virulent M. tuberculosis (9 weeks p.i.). (B, left) The arrows indicate examples of
rod-shaped bacteria or clusters of bacteria. Magnification, �100. (Right) CFU in
the lungs 9 weeks p.i. Lung lesions and the ability to control M. tuberculosis growth
were determined in two separate experiments, with 3 to 5 mice per group in each
experiment. The graph shows means � SEM from one representative experiment.
*, P � 0.05; ***, P � 0.001 by one-way ANOVA with Bonferroni posttest.
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was significantly higher in BALB/c mice than in C57BL/6 mice and
DBA/2 mice at weeks 3, 9, and 12 p.i. (Fig. 2B) (33, 56). In the
infected lung tissue of susceptible DBA/2 mice, the number of
recruited neutrophils increased rapidly and continuously during
the whole study period until 12 weeks p.i. (Fig. 2B). In compari-
son, neutrophil infiltration into the lung tissue of resistant
C57BL/6 mice remained low. Still, levels of neutrophil recruit-
ment into BALB/c and DBA/2 lungs were comparable, showing
that neutrophil infiltration per se does not cause increased suscep-
tibility to M. tuberculosis infection.

Following M. tuberculosis infection, Ly6C� inflammatory
monocytes are recruited to the lung tissue (23, 56). Our results

showed that there was no difference in the number of inflamma-
tory monocytes recruited to M. tuberculosis-infected C57BL/6 and
DBA/2 lungs (Fig. 2B). We also found that infected BALB/c lungs
contained the highest number of recruited monocytes of the
tested mouse strains 9 to 12 weeks p.i. (Fig. 2B). Our results sug-
gest that defective monocyte recruitment into infected lungs does
not explain increased susceptibility to M. tuberculosis in the mouse
model.

Inflammatory monocytes recruited to the M. tuberculosis-
infected lungs rapidly upregulate CD11c (56). The CD11b�

CD11c� subset in inflamed or M. tuberculosis-infected lung tissue
is a heterogeneous population, comprising both DCs and acti-
vated iNOS-producing M� (23, 32, 39, 56). We enumerated
CD11b� CD11c� myeloid cells in infected lung tissue to deter-
mine if susceptibility to M. tuberculosis can be explained by a re-
duced number of CD11b� CD11c� cells (Fig. 2C). In addition,
because CD11b� CD11c� cells are the main producers of iNOS,
an enzyme required for control of M. tuberculosis growth (42), we
determined the number of activated iNOS-producing M� in re-
sistant and susceptible lungs (Fig. 2C). Upon M. tuberculosis aero-
sol infection of C57BL/6, BALB/c, and DBA/2 mice, the number of
both CD11b� CD11c� cells and iNOS� M� increased during the
first 6 to 9 weeks p.i. before it reached a plateau and remained
relatively constant, or even declined in BALB/c mice, until week 12
p.i. We did not detect a significant difference in the number of
CD11b� CD11c� cells or iNOS� M� between the three mouse
strains tested. In conclusion, neither defective monocyte or neu-
trophil recruitment nor M� activation seems to explain the in-
creased susceptibility to M. tuberculosis in DBA/2 mice.

Diminished �E-DC population in the lungs of susceptible
mice during pulmonary TB. �E-DCs have a distinct role in host
immunity compared to proinflammatory CD103� lung DCs, in-
cluding the cytokine and chemokine profile and the ability to mi-
grate to the draining PLN for T helper cell activation or to cross-
present antigens to MHC class I-restricted CD8� T cells (3, 14, 16,
46, 58). We characterized and enumerated lung �E-DCs to delin-
eate their role in host immunity during pulmonary TB.

The �E-DC population in resistant and susceptible lung tissue
was examined by flow cytometry in uninfected mice and at various
time points after M. tuberculosis aerosol infection (Fig. 3). First,
the CD11b/CD11c expression profile was determined on gated
CD45.2� CD19� cells (Fig. 3A and data not shown). �E-DCs were
identified in the CD11b� CD11c� myeloid cell subset in C57BL/6,
BALB/c, and DBA/2 M. tuberculosis-infected lungs (Fig. 3A and
data not shown). In all three mouse strains analyzed, �E-DCs
expressed high levels of MHC class II and lacked expression of
Ly6C, a marker for less differentiated cells, such as inflammatory
monocytes, recruited to the M. tuberculosis-infected lung tissue
(Fig. 3A) (56, 57).

Following M. tuberculosis infection, the number of �E-DCs
increased early after infection (3 weeks p.i.) and remained high
during chronic infection (weeks 9 to 12 p.i.) in resistant C57BL/6
and BALB/c mice (Fig. 3B). In comparison, accumulation of �E-
DCs in susceptible mice was significantly reduced (Fig. 3B).

The increased number of �E-DCs in infected resistant mouse
strains and the low numbers of �E-DCs in susceptible mice sug-
gest that �E-DCs have a protective role in host immunity during
pulmonary M. tuberculosis.

Susceptible mice display reduced numbers of �E-DCs in the
draining PLN in response to M. tuberculosis infection. While

FIG 2 Neutrophil, inflammatory monocyte, DC, and M� populations in the
lungs of naïve and M. tuberculosis-infected mice. (A) Single-cell suspensions
were prepared from the uninfected or M. tuberculosis-infected lung tissues of
individual mice and stained for cell surface expression of CD11b and CD11c
(left), Ly6G and Ly6C (middle), or isotype control MAbs (right). Ly6C�

Ly6G� inflammatory monocytes and Ly6Cint Ly6G� neutrophils were identi-
fied within the CD11b� CD11c� gate (pregated on CD45.2� CD19� cells
[data not shown]). The plots show lung cells analyzed 12 weeks p.i. from one
representative experiment. (B) Graphs displaying the absolute numbers of
total lung cells (left), neutrophils (middle), and inflammatory monocytes
(right) in uninfected lungs and at various time points after M. tuberculosis
infection. (C) Graphs displaying the absolute numbers of CD11b� CD11c�

cells (left) in uninfected lungs and at various time points after M. tuberculosis
infection. iNOS-producing cells were identified in the CD11b� CD11c� sub-
set (right). The absolute number of myeloid cells was determined in 3 to 11
separate experiments with 2 or 3 mice per group in each experiment. The
results were pooled from all replicate experiments. The graphs show means �
standard errors of the mean (SEM). Statistically significant differences be-
tween the mouse strains are denoted as follows: *, P � 0.05; **, P � 0.01; ***,
P � 0.001 by one-way ANOVA with Bonferroni posttest.
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alveolar M� are considered to be the main target, DCs are infected
by the bacterium and have been suggested to disseminate live M.
tuberculosis via the lymphatics to the draining PLN, where the
MHC-restricted T cell response is initiated (6, 61, 62). A more
detailed analysis of the DCs that help spread M. tuberculosis in vivo
is currently lacking. Considering the tissue localization of �E-DCs
beneath the bronchial epithelial cell layer, their migratory poten-
tial and spreading of M. tuberculosis by infected DCs suggest that
�E-DCs are involved in bacterial dissemination and priming of M.
tuberculosis-specific CD8� T cells in the PLN (16, 46, 58, 62).
Therefore, we determined if �E-DCs are present in the PLN of
naïve mice after M. tuberculosis aerosol infection at the peak of the
immune response and during chronic infection (Fig. 4). MHC
class IIhi �E-DCs were identified in the CD11b� CD11c� gate in
naïve C57BL/6 mice and in C57BL/6, BALB/c, and DBA/2 mice 3
weeks p.i. (Fig. 4A and B) (46). After M. tuberculosis infection, the
total number of PLN cells seemed lower in DBA/2 mice, but due to
the high variability between experiments, we did not detect a sta-
tistically significant difference (by one-way analysis of variance
[ANOVA] with Bonferroni posttest) between the three mouse
strains analyzed. Enumeration of PLN �E-DCs showed that the
absolute number was significantly reduced in DBA/2 mice com-

pared to C57BL/6 mice at both 3 and 9 weeks p.i. (Fig. 4C). The
difference between C57BL/6 mice and BALB/c mice, and the dif-
ference between BALB/c mice and DBA/2 mice, was not statisti-
cally significant. Still, the trend was the same, with a higher num-
ber of �E-DCs in the more resistant BALB/c mice than in the
DBA/2 mice. The reduced number of �E-DCs in the draining PLN
may reflect reduced �E-DC migration from the M. tuberculosis-
infected lungs in susceptible mice.

�E-DCs have a skewed cytokine profile during pulmonary
TB. Sterile models of inflammation and in vitro studies have
shown that �E-DCs are functionally different from other DC
subsets found in the lung tissue, including the cytokine and
chemokine profiles and different roles in T cell activation (3,
14, 16, 46, 58).

To determine the functional potential of �E-DCs and other
myeloid cell subsets, including inflammatory monocytes, neutro-
phils, M�, and DCs, we investigated the cytokine profiles during
pulmonary TB (Fig. 5). Single-cell suspensions were prepared
from total lung tissue of C57BL/6, BALB/c, and DBA/2 mice 3 or
12 weeks p.i. with a low dose of aerosolized M. tuberculosis.
CD11b/CD11c profiling (gated on CD45.2� CD19� cells) (data
not shown) was used to identify the main myeloid cell subsets in

FIG 3 �E-DC populations in the lungs of naïve and M. tuberculosis-infected mice. (A) Groups of C57BL/6, BALB/c, and DBA/2 mice were infected with a low
dose of virulent M. tuberculosis via the respiratory route. Single-cell suspensions were prepared from infected lungs 12 weeks p.i. and stained for CD45.2, CD19,
CD11b, and CD11c (left and data not shown). �E-DCs were identified in the CD11b� CD11c� gate (pregated on CD45.2� CD19� cells [data not shown])
compared to an isotype control MAb (middle). The gated �E-DCs were examined for cell surface expression of Ly6C and MHC class II compared to isotype
controls (right). The plots show lung cells from one representative experiment. (B) Graph showing the absolute numbers of �E-DCs in uninfected and M.
tuberculosis-infected C57BL/6, BALB/c, and DBA/2 mice. Statistically significant differences between C57BL/6 and DBA/2 mice, or between BALB/c and DBA/2
mice, are indicated. At week 4 p.i., we also detected a statistically significant difference between C57BL/6 and BALB/c mice (**). The cell surface phenotype and
the absolute number of �E-DCs were determined in nine separate experiments with 2 or 3 mice per group in each experiment. The results were pooled from all
replicate experiments. The graphs show means � SD. *, P � 0.05; **, P � 0.01; ***, P � 0.001 by one-way ANOVA with Bonferroni posttest.
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the infected lung tissue after in vitro stimulation (Fig. 5A). The
percentage and absolute number of TNF-�- and TGF-�-producing
cells, as well as the mean fluorescence intensity of the cytokine stain-
ing in positive cells, were compared in four myeloid cell subsets (Fig.
5A and B). The CD11b� CD11c� population was divided into �E-
DCs and CD103� cells, which may contain alveolar M�; CD11b�

CD11c� cells (activated M� and DCs); and CD11b� CD11c� cells
(inflammatory monocytes and granulocytes) (23, 56).

TNF-� is a proinflammatory cytokine required for control of
M. tuberculosis growth in both humans and mice (20, 35). In re-
sponse to M. tuberculosis cell wall extract or LPS stimulation, sev-
eral of the myeloid cell subsets (alveolar M�, activated M� and
DCs, and inflammatory monocytes and granulocytes) contained a
high proportion of TNF-�-producing cells. In contrast, in re-
sponse to the same stimulation, �E-DCs remained essentially
TNF-� negative (Fig. 5A and B). Here, we show that of all the
myeloid cell subsets analyzed, �E-DCs in infected mice contained
the highest percentage of TGF-�-producing cells (Fig. 5B). Inter-
estingly, even though the absolute number of TGF-�-producing
�E-DCs was clearly reduced in M. tuberculosis-susceptible DBA/2
mice, �E-DCs in M. tuberculosis-infected DBA/2 mice contained a
significantly higher (P � 0.01 by one-way ANOVA with Bonfer-
roni posttest) frequency of TGF-�-producing cells 3 weeks p.i.

To determine if the functional potential of �E-DC changes
during the course of M. tuberculosis infection, we investigated the
cytokine profile of �E-DCs in chronically infected mice (Fig. 5C).
Similar to week 3 p.i., �E-DCs in C57BL/6, BALB/c, and DBA/2
mice remained TNF-� negative 12 weeks p.i. Also, even though
the total number of TGF-�� �E-DCs was significantly reduced
(P � 0.001 by one-way ANOVA with Bonferroni posttest) in
DBA/2 mice, the �E-DC subsets in all three mouse strains tested
contained similar high frequencies of TGF-�-producing cells in
chronically infected mice. Accordingly, �E-DCs display an anti-
inflammatory cytokine profile in M. tuberculosis-infected lungs
compared to other myeloid cell subsets, a phenotype that was
conserved between resistant and susceptible mouse strains and
that was maintained during the course of the infection.

These results support an anti-inflammatory role for �E-DCs in
host immunity during pulmonary TB.

Diminished Foxp3� Treg cell population in M. tuberculosis-
infected lungs of susceptible mice. Excessive inflammatory reac-
tions, including T cell activity, at mucosal surfaces can be detri-
mental to the host, resulting in tissue damage and loss of function
of the affected organ. We determined if failure to recruit �E-DCs
in M. tuberculosis-infected susceptible mice correlated with a re-
duced number of Treg cells in the infected lung tissue. Single-cell
suspensions were prepared from M. tuberculosis-infected (3 or 12
weeks p.i.) C57BL/6, BALB/c, and DBA/2 lungs (Fig. 6A) and PLN
(Fig. 6B). The cells were stained for cell surface expression of
CD19, CD4, and CD8� (Fig. 6 and data not shown). After fixation,
the cells were permeabilized and stained for intracellular expres-
sion of the transcription factor Foxp3. Foxp3 was not detected in
CD8� T cells in the infected lungs or PLN (Fig. 6). Foxp3 expres-
sion is unique to Treg cells, and Foxp3 mRNA levels are the same in
uninfected lungs of C57BL/6 and DBA/2 mice (21, 40). Also, we
observed the same number of Treg cells in naïve C57BL/6 and
DBA/2 lung tissue (data not shown). In agreement with previous
findings, the CD4� T cell population in the lungs of C57BL/6
mice, and in BALB/c mice, contained a significant proportion
of Treg cells that increased as the infection progressed (54). In
contrast, the frequency of Treg cells was dramatically reduced in
the CD4� T cell population early after M. tuberculosis infection
at the peak of the immune response (3 weeks p.i.), and they
were essentially absent from the chronically infected DBA/2
lungs (12 weeks p.i.).

Surprisingly, despite the difference in the CD4� Treg cell
compartment in the M. tuberculosis-infected lungs of resistant
and susceptible mice, no difference in the percentages or abso-

FIG 4 �E-DC populations in the PLN of naïve and M. tuberculosis-infected
mice. (A) Single-cell suspensions were prepared from pooled PLN from five
naïve C57BL/6 mice and stained for CD45.2, CD19, CD11b, and CD11c (left
and data not shown) and for CD103 and MHC class II (right). �E-DCs were
identified in the CD11b� CD11c� gate (pregated on CD45.2� CD19� cells
[data not shown]) compared to an isotype control MAb. Gated �E-DCs were
examined for cell surface expression of MHC class II (filled histograms) com-
pared to an isotype control MAb (open histograms). (B) Groups of C57BL/6,
BALB/c, and DBA/2 mice were infected with a low dose of virulent M. tuber-
culosis via the respiratory route. �E-DCs in the PLN were identified and ana-
lyzed as described for panel A. The plots show PLN cells analyzed 3 weeks p.i.
from one representative experiment. (C) Graph showing the absolute number of
PLN cells 3 to 12 weeks p.i. (left). The bar graphs show the absolute number of
�E-DCs in M. tuberculosis-infected PLN 3 weeks (w3) or 9 weeks (9w) p.i. The cell
surface phenotype and the absolute number of �E-DCs in the PLN were deter-
mined in three separate experiments with 2 or 3 mice per group in each experi-
ment. The results were pooled from all replicate experiments. The graphs show
means and SEM. ***, P � 0.001 by one-way ANOVA with Bonferroni posttest.

CD103� Lung Dendritic Cells and Tuberculosis

March 2012 Volume 80 Number 3 iai.asm.org 1133

http://iai.asm.org


Leepiyasakulchai et al.

1134 iai.asm.org Infection and Immunity

http://iai.asm.org


lute numbers of Foxp3� Treg cells was found in the draining
PLN 3 or 12 weeks p.i. In all three mouse strains tested, the
frequency and absolute numbers of PLN Treg cells increased
over time (Fig. 6B).

In summary, our results show that the reduced number of
TGF-�-producing �E-DCs in M. tuberculosis-susceptible mice
correlates with the diminished pool of Foxp3� Treg cells during the
peak of the immune response (week 3 p.i.) and in chronically
infected lung tissue.

Increased IFN-� production by Treg cells in resistant and sus-
ceptible mice in response to M. tuberculosis infection. The ab-
sence of Treg cells in chronically M. tuberculosis-infected suscepti-
ble lung tissue is reminiscent of the dramatically reduced number
of Treg cells found in the gut following lethal oral infection with
Toxoplasma gondii, which is another T helper 1-inducing patho-
gen (48). The reduction in Treg cell numbers in T. gondii-infected
mice was accompanied by the induction of IFN-� in the remain-
ing Treg cells (48). We therefore investigated if the functional po-
tential of lung Treg cells changed in response to M. tuberculosis

infection (54). The data presented in Fig. 7 show that M. tubercu-
losis infection influenced the cytokine profile of Treg cells in
C57BL/6 and DBA/2 mice 6 to 10 weeks p.i. CD4� Foxp3� T cells
and Treg cells in naive and M. tuberculosis-infected lungs were
stimulated polyclonally and analyzed for IFN-� production. T
cells from naïve mice kept in medium alone or stimulated with
PMA and ionomycin contained few IFN-�-producing cells (Fig. 7
and data not shown) (48). Similar to CD4� Foxp3� T cells, a large
fraction of the stimulated Treg cells in the lungs and PLN produced
IFN-� at 6 to 10 weeks p.i. We did not find any significant dif-
ferences in the percentages of IFN-�-producing CD4� Foxp3�

T cells or Treg cells between C57BL/6 and DBA/2 mice (Fig. 7B
and C). After determining the absolute number of IFN-�-
producing Treg cells in the lungs, we observed a statistically
significantly higher number in C57BL/6 mice at weeks 6 and 10
p.i. (Fig. 7C). In the PLN, the absolute number of IFN-�-
producing Treg cells was significantly higher in C57BL/6 mice
only at week 6 p.i. Among CD4� Foxp3� T cells, we did not
observe any significant differences in the PLN but did find a

FIG 5 �E-DC cytokine profile in M. tuberculosis (Mtb)-infected mice. Three mouse strains (C57BL/6, BALB/c, and DBA/2) were infected with a low dose of
aerosolized virulent M. tuberculosis. Three or 12 weeks p.i., total lung cells were kept in medium or stimulated with LPS or M. tuberculosis cell wall extract. (A)
The cell surface was stained for CD45.2 and CD19 (data not shown) and for CD11b, CD11c, and CD103 (top left). TNF-� and TGF-� production was compared
between �E-DCs; CD11b� CD11c� CD103� cells, which may contain alveolar M�; CD11b� CD11c� cells, which contain both activated M� and DCs; and
CD11b� CD11c� cells, which are monocytes and granulocytes right and bottom (left). The plots show M. tuberculosis cell wall extract-stimulated lung cells from
uninfected mice or lung cells analyzed 3 weeks p.i. from one representative experiment. FSC, forward light scatter. (B) Bar graphs showing the percentages
(top two rows), absolute numbers (middle two rows), and mean fluorescence intensity (MFI) (bottom two rows) of TNF-�- or TGF-�-producing �E-DCs in
week 3 p.i. compared to the myeloid cell subsets shown in panel A. (C) Lung cells from C57BL/6, BALB/c, and DBA/2 mice were prepared 12 weeks p.i. as
described above and analyzed for TNF-� and TGF-� production. The functional potential of �E-DCs was determined in four separate experiments with 2 or 3
mice per group in each experiment. The results were pooled from all replicate experiments. The graphs display means and SEM.

FIG 6 Treg cell populations in the lungs and PLN of M. tuberculosis-infected mice. C57BL/6, BALB/c, and DBA/2 mice were infected with a low dose of
aerosolized virulent M. tuberculosis, and the presence of Treg cells in the infected lungs (A) and PLN (B) was analyzed three (w3), or 12 weeks (w12) p.i. The bar
graphs show the percentages of Treg cells among CD4� cells and the absolute numbers of Treg cells in infected lungs (A) and PLN (B) of C57BL/6, BALB/c, and
DBA/2 mice at the indicated time points after infection. The contour plots display Foxp3 expression in gated CD4� cells (left) and in gated CD8� cells (right)
(week 12 p.i.; both T cell subsets were pregated on CD19� cells [data not shown]) compared to an isotype control. The Foxp3� Treg population was analyzed in
three separate experiments with five mice per group in each experiment. The plots show lung cells and PLN cells analyzed 12 weeks p.i. from one representative
experiment. The results were pooled from all replicate experiments. The graphs display means and SEM. *, P � 0.05; **, P � 0.01; ***, P � 0.001 by one-way
ANOVA with Bonferroni posttest.
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significantly higher number of IFN-� producers in the lungs of
C57BL/6 mice at week 6 p.i. (Fig. 7C).

In summary, our results show that Treg cells in resistant and
susceptible mice acquire the ability to produce IFN-� in response
to M. tuberculosis infection.

DISCUSSION

During pulmonary TB, disease progression in mice infected via
the respiratory route is in many respects similar to human disease,

including gradual progression of lung pathology, while other or-
gans are less affected even though the bacteria can disseminate
there from the lung tissue (2, 27). Animal models have proven
useful in identifying factors important for control of mycobacte-
rial growth, including proinflammatory mediators, like TNF-� or
IFN-� and the IFN-� receptor (11, 19, 20, 34). Many of these
findings have translated into human disease, and there are several
studies demonstrating the importance of TNF-�, IFN-�, and the
IFN-� receptor in the human immune response against mycobac-

FIG 7 Cytokine production by Treg cells during M. tuberculosis infection. Total lung cells and PLN cells were isolated from naïve or M. tuberculosis-infected
C57BL/6 and DBA/2 mice and stimulated polyclonally in vitro. (A) Plots showing identification of lung CD4� Foxp3� T cells and Treg cells (left) (pregated on
CD4� CD19� cells [data not shown]). The gated cells were analyzed for intracellular cytokines using the gate set after the isotype control (right). The plots show
stimulated lung cells analyzed 10 weeks p.i. from one representative experiment. (B) Plots showing stimulated lung Treg cells (left) and PLN Treg cells (right) from
naïve mice or cells analyzed 10 weeks (w10) p.i. from one representative experiment. (C) Graphs showing the percentages (top) and absolute numbers (bottom)
of IFN-�-producing Treg cells and Foxp3� CD4� T cells in uninfected and infected lung tissue (left) or in the PLN (right). The functional potential of Treg cells
was determined in two separate experiments with 2 or 3 mice per group in each experiment. The results were pooled from all replicate experiments. The graphs
display means � SEM, and a t test was used to determine statistical differences between C57BL/6 and DBA/2 mice at the various time points.
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terial infections, including M. tuberculosis (35, 41, 47). Still, sus-
ceptibility to M. tuberculosis in otherwise seemingly healthy indi-
viduals is poorly understood. In the present study, we took
advantage of WT inbred mouse strains to increase our under-
standing of naturally occurring susceptibility to low-dose aerosol
infection with virulent M. tuberculosis. Comparisons between dif-
ferent inbred WT mouse strains have identified numerous fea-
tures of the host immune response that may help explain in-
creased susceptibility to M. tuberculosis infection (2, 4, 6, 7, 27, 33,
44, 45, 59). For example, even though increased M. tuberculosis
dissemination in the lung tissue has been shown to characterize
susceptible mice (4), early M. tuberculosis dissemination from the
lungs to the PLN may support a more robust M. tuberculosis-
specific T cell response in resistant animals (6), and these T cells
may localize more efficiently within the resistant lung tissue to
help control the infection (59). The lungs pose a particular prob-
lem for the immune system trying to eradicate invading microor-
ganisms, such as M. tuberculosis. While innate and adaptive im-
mune effector functions are required for control of M. tuberculosis
growth, excessive immune activation can lead to tissue damage
and loss of function. Hence, a balance between inflammatory and
tolerogenic immune reactions must be maintained at mucosal
surfaces. This is illustrated by the extensive infiltration of lympho-
cytes and mononuclear cells into the lungs of Foxp3-deficient
mice that lack Treg cells (37). Here, we show that lung cells with
anti-inflammatory effector functions are significantly reduced
during chronic infection in M. tuberculosis-susceptible mice.

Recent studies using the mouse model have shown that Treg

cells are able to inhibit the antigen-specific T cell response during
pulmonary TB and reduce the ability of the immune system to
control bacterial growth (38, 54, 55). Also, in TB patients, the
number of Treg cells increases in infected tissues and isolated Treg

cells are able to suppress antigen-specific T cell responses in vitro
(8, 24, 25, 53). However, the exact role of Treg cells during pulmo-
nary TB is not fully characterized. For example, while Scott-
Browne reported that Treg cell depletion reduces bacterial growth
early after M. tuberculosis infection (54), Quinn et al. found that
inhibition of Treg cell activity in vivo prior to M. tuberculosis infec-
tion increased the frequency of IFN-�- and IL-2-producing cells
but had no effect on bacterial growth or lung lesions early after
infection (52). Similarly, Ozeki et al. demonstrated that depletion
of Treg cells early after M. tuberculosis infection increased IFN-�
production by CD4� T cells and reduced the bacterial load. Inter-
estingly, this effect was not observed if the Treg cells were depleted
at later stages of the infection, suggesting different roles for Treg

cells at early and later stages of pulmonary TB (50). Shafiani et al.
used a different approach to investigate how Treg cells influence M.
tuberculosis-specific T cell immunity and bacterial growth early
after M. tuberculosis infection (55). While the authors observed an
increase in the lung CFU and a reduced number of M. tuberculosis-
specific T cells in animals receiving adoptively transferred Treg

cells, the effects on the M. tuberculosis-specific T cell response was
transient, and the effects on bacterial growth after day 35 p.i. were
not determined (55). Our data show that M. tuberculosis infection
induces IFN-� production by Treg cells by weeks 6 to 10 p.i. (Fig.
7). Even though we did not examine Treg cell function at earlier
time points, a possible explanation for the temporary effects ob-
served by Shafiani et al. could be a change in the functional poten-
tial of the transferred cells in M. tuberculosis-infected recipients
over time. The cytokine profile of Treg cells in the lungs of M.

tuberculosis-infected mice has been addressed by others (54).
Scott-Browne et al. did not observe IFN-� production by Treg cells
in response to M. tuberculosis infection. An explanation for the
different findings may be found in how the cells were stimulated
prior to intracellular-cytokine staining. We based our protocol on
the work published by Oldenhove et al. and used PMA and iono-
mycin, while Scott-Browne et al. used anti-CD3 plus anti-CD28
stimulation (48, 54). Another explanation could be the use of
different strains of M. tuberculosis, which can affect T cell function
and lung pathology, depending on bacterial virulence (17, 49). We
used the clinical M. tuberculosis isolate strain Harlingen, which, at
least in in vitro-infected M�, seems to be more virulent than the
laboratory strain H37Rv used by Scott-Browne et al. and Carow et
al. (5, 54).

M. tuberculosis-specific T cells are first detected in the PLN, but
only after live bacteria have disseminated there from the lungs (6,
61). Even though the exact phenotype of the DCs that transport
the bacteria to the PLN is not known, the majority of the infected
cells in the PLN are CD11b� CD11c� at days 14 to 28 p.i. (62).
Interestingly, Mycobacterium bovis BCG has also been suggested to
disseminate in infected DCs (26). In the PLN, some of the BCG-
infected DCs were reported to be CD11b negative, similar to �E-
DCs (26). Since lung �E-DCs are migratory and are able to prime
T cells in the PLN, perhaps M. tuberculosis-infected �E-DCs, or
�E-DCs that have taken up infected cells undergoing apoptosis,
are involved in initiating the adaptive T cell response during pul-
monary TB (16).

Instead of observing an increased percentage of Treg cells in
infected susceptible lung tissue, which could help explain the in-
crease in the bacterial burden, we found that the frequency of Treg

cells was significantly reduced 3 weeks p.i., and they were almost
completely absent in chronically infected mice (Fig. 6). Thus,
Foxp3� Treg cell activity is less likely to explain the failure of the
immune system in DBA/2 mice to control bacterial growth in the
lungs at later stages of the infection. Despite the differences in
the infected lungs, the frequency of Foxp3� Treg cells in the CD4�

T cell compartment in the PLN was not significantly different
between the three mouse strains tested (Fig. 6). Therefore, the
absence of Treg cells in the chronically infected DBA/2 lungs was
not due to systemic failure to generate Treg cells in this susceptible
mouse strain during chronic TB.

Why do Treg cells not localize in the infected susceptible lungs?
Because �E-DCs in the gut-associated lymphoid tissue are able to
influence both priming and homing of MHC-restricted T cells
and to induce Treg cells to dampen overly aggressive immune re-
sponses (1, 9, 29, 31), we speculate that �E-DCs are analogues of
their gut counterparts and play a role in host immunity during
pulmonary TB by influencing Treg cell biology in the lungs. �E-
DCs have been shown to produce the chemokine CCL22 under
steady-state conditions and during allergic airway inflammation
(3). CCR4, the receptor for CCL22, is expressed on Treg cells and
induces Treg cell migration (28). Moreover, a large fraction of lung
�E-DCs are TGF-�� during TB (Fig. 5), and TGF-� is important
for peripheral Treg cell function and homeostasis (43). The re-
duced number of �E-DCs in M. tuberculosis-infected DBA/2 mice
may therefore negatively affect Treg recruitment or maintenance
in the lungs.

�E-DCs have been shown to be Ly6C� monocyte derived un-
der steady-state conditions (30). Our data show that monocyte
recruitment is not defective in susceptible mice (Fig. 2B). Instead,
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our results suggest that monocyte differentiation is altered in the
M. tuberculosis-infected DBA/2 lung tissue. While the number of
�E-DCs was reduced in infected susceptible mice, the number of
CD11b� CD11c� cells and the number of iNOS-producing M�
were not (Fig. 2C) (33). In summary, changes in monocyte differ-
entiation in M. tuberculosis-infected lung tissue likely explain the
reduced number of �E-DCs in susceptible mice during pulmo-
nary TB.

In conclusion, our results identify differences among �E-DCs
and Treg cells in M. tuberculosis-resistant and -susceptible inbred
mice that may increase our understanding of immune regulation
during pulmonary TB.
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