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Summary

Tuberculosis is a worldwide health problem, and multidrug-resistant (MDR)
and extensively multidrug-resistant (XMDR) strains are rapidly emerging
and threatening the control of this disease. These problems motivate the
search for new treatment strategies. One potential strategy is immunotherapy
using cationic anti-microbial peptides. The capacity of l-isoleucine to induce
beta-defensin expression and its potential therapeutic efficiency were studied
in a mouse model of progressive pulmonary tuberculosis. BALB/c mice were
infected with Mycobacterium tuberculosis strain H37Rv or with a MDR clini-
cal isolate by the intratracheal route. After 60 days of infection, when disease
was in its progressive phase, mice were treated with 250 mg of intratracheal
l-isoleucine every 48 h. Bacillary loads were determined by colony-forming
units, protein and cytokine gene expression were determined by immuno-
histochemistry and reverse transcription–quantitative polymerase chain
reaction (RT–qPCR), respectively, and tissue damage was quantified by auto-
mated morphometry. Administration of l-isoleucine induced a significant
increase of beta-defensins 3 and 4 which was associated with decreased bacil-
lary loads and tissue damage. This was seen in animals infected with the
antibiotic-sensitive strain H37Rv and with the MDR clinical isolate. Thus,
induction of beta-defensins might be a potential therapy that can aid in the
control of this significant infectious disease.
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Introduction

Tuberculosis (TB) is a worldwide health problem. Reports by
the World Health Organization indicate that there are 8
million new cases and 1·6 million deaths yearly due to this
disease [1,2]. Moreover, Mycobacterium tuberculosis (Mtb) is
highly infectious. It has been reported that nearly one-third
of the world’s population is latently infected, but only
about 10% of these infected individuals will develop active
disease [2].

Although TB can be controlled and cured by chemo-
therapy, treatment requires at least four specific drugs and 6
months of therapy, which produce problems in compliance.
The consequence of this is disease relapse, and more impor-
tantly the development of multidrug-resistant (MDR) and
extensively multidrug-resistant (XMDR) strains. In the last
few years these strains have increased in frequency and now
afflict approximately 2 million people worldwide [3]. These

problems have motivated the search for new treatment
strategies. One such strategy is immunotherapy, which
requires a better understanding of the immune response
against Mtb. Innate immunity has been recognized as a sig-
nificant participant in the control of mycobacterial growth
[4]. In this regard, it is considered that lung epithelial cells
and macrophages are the first cells that encounter Mtb
during primary infection [4–6]. Interestingly, not only mac-
rophages but also bronchial cells can participate in the
elimination of bacilli because epithelial cells can produce
molecules of innate immunity such as b-defensins and
cathelicidins, which are small cationic anti-microbial pep-
tides [4,7–12]. Defensins contribute directly to defence
against pathogens by killing microbes and chemoattracting
and activating inflammatory cells in the infection site
[8,9,13–15]. Defensins are divided into three subfamilies:
a, b and q, that differ in the position of their disulphide
bridges. There are four different human b-defensins (HBD
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1–4) that are expressed largely in epithelial cells from dif-
ferent organs, and except for HBD-1, which is expressed
constitutively, all b-defensins are induced [16–18]. The
expression and up-regulation of these anti-microbial pep-
tides can be induced by pathogen-associated molecular
patterns such as lipopolysaccharides (LPS) or by some proin-
flammatory cytokines [tumour necrosis factor (TNF)-a,
interleukin (IL)-1b, interferon (IFN)-g] [19,20]. Interest-
ingly, recent reports demonstrated that amino acids such as
l-isoleucine or proteins such as albumin can induce the
expression of these peptides [18,21], and a small amount of
defensins can control infections efficiently in experimental
animal models [22].

In a murine model of progressive pulmonary tuberculosis,
we recently showed rapid and stable expression of murine
beta defensins (mBD) 3 and 4 by the bronchial epithelium
during the early phase of infection, when control of bacterial
growth is efficient. Then, during the late progressive phase of
the disease when uncontrolled bacillary proliferation occurs,
a pronounced decrease of both mBD was detected. These
observations provided circumstantial evidence that mBD-3
and mBD-4 provide significant control of bacterial growth
during the early phase of experimental tuberculosis [12]. To
confirm this, and to determine if mBD could be a novel form
of immunotherapy, we sought to determine whether it is
possible to reinduce expression of these anti-microbial pep-
tides with l-isoleucine during the late progressive phase of
experimental tuberculosis and, if so, whether induction of
mBD leads to control of bacterial growth.

Materials and methods

Induction of b-defensins in type II pneumocytes by
l-isoleucine in vitro

To determine if l-isoleucine is able to induce b-defensin
production in lung epithelial cells in vitro, human type II
alveolar pneumocytes [A549; American Type Culture Col-
lection (ATCC) reference number CCL185] were first grown
in 75 cm2 culture flasks (Costar, Ontario, Canada) with
antibiotic-free RPMI-1640 medium (Gibco BRL, Grand
Island, NY, USA) supplemented with 10% fetal calf serum
(FCS) (HyClone Laboratories, Logan, UT, USA) at 37°C with
5% CO2. Then A549 cells were seeded into 24-well plates at a
concentration of 105 cells per ml of culture medium with 1%
of FCS and after 24 h they were stimulated with different
concentrations of l-isoleucine (3, 7, 12, 25, 50 and 100 mg/
ml) in the presence of 5% CO2 at 37°C. After 1, 6, 12 and 18 h
of incubation, A549 cells were collected and lysed in 350 ml
RLT buffer (Qiagen, Valencia, CA, USA) for each 105

cells and kept at -70°C until use. Published results have
shown that very high concentrations of the enantiomer
d-isoleucine are necessary to induce b-defensin production
[21]. Thus, we used selected concentrations of d-isoleucine
as negative control (50 mg/ml per well).

Human defensin-2 (HBD-2) gene expression was deter-
mined by real-time polymerase chain reaction (PCR) follow-
ing the method described previously [4], and protein
production by immunohistochemistry.

For immunohistochemistry, A549 cells were grown
to confluence (95%) on four-well chamber slides (Costar)
with F-10 medium. Subsequent to l-isoleucine stimuli, as
reported above, cells were fixed with formaldehyde 10% for
2 h and stored at 4°C in phosphate-buffered saline solution
(PBS). Slides were blocked with 5% goat serum for 20 min,
and incubated subsequently with 1 : 5000 dilution of HBD-2
antibody (Peptide International, Osaka, Japan) in 5% goat
serum at 4°C for 18 h. Slides were then developed with bio-
tinylated goat anti-rabbit immunoglobulin (Ig)G using
Vectastain ABC kit (Vector Laboratories, Burlingame, CA,
USA). Then, slides were counterstained with haematoxylin
and visualized with a light microscopy axiovert 200 m (Carl
Zeiss, Gena, Germany).

Induction of b-defensins in murine lung
by l-isoleucine

To test whether l-isoleucine induced b-defensin production
in vivo, we dissolved it in physiological saline solution obtain-
ing different concentrations from 25 mg/100 ml to 1 mg/
100 ml. These preparations were then administered to male
BALB/c mice by the intratracheal route. After 12, 18, 24 and
48 h animals were euthanized and their lungs removed imme-
diately for analysis of defensin production. As control, we
used the vehicle (saline solution) and selected concen-
trations of d-isoleucine (250 mg/100 ml). Due to the high
number of samples, conventional reverse transcription (RT)–
PCR was used to determine defensin expression. After the
mice were euthanized, lungs were removed, hilar lymph
nodes and thymus were eliminated and the tissue was frozen
immediately by immersion in liquid nitrogen. Three lungs,
right or left, from different mice were used to isolate mRNA
from each group at each time-point, and the cDNA from the
three mice was analysed separately. mRNA was isolated by use
of Trizol (Gibco BRL); cDNA was synthesized by use
of Maloney murine leukemia virus reverse transcriptase
(Gibco BRL) and priming with oligo dT. The PCR products
were electrophoresed on 6% polyacrylamide gels, and
molecular-weight standards with known DNA mass con-
centrations (low DNA mass ladder; Gibco BRL) were
run. The PCR products were then analysed by use of an
image-analysis densitometer linked to a computer program
(ID image-analysis software; Kodak Digital Science, Sn
Leandro, CA, USA). To determine, in nanograms, the quan-
tity of PCR product the computer program compared the
optical densities from the experimental samples with the
molecular-marker bands, the DNA content of which was
provided by the manufacturer. To correct for errors in the
quantity of starting material, the densitometer reading of the
glyceraldehyde-3-phosphate dehydrogenase (G3PDH) PCR
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product was used. Production of mBD was confirmed by
immunohistochemistry following the procedure described
below.

Experimental model of progressive pulmonary
TB in BALB/c mice

The experimental model of progressive pulmonary TB has
been described in detail elsewhere [12,23,24]. Briefly, the
laboratory drug-sensitive Mtb strain H37Rv (ATCC no.
25618) and MDR strain (clinical isolate, resistant to all first-
line antibiotics) were grown in Middlebrook 7H9 broth
(Difco Laboratories, Detroit, MI, USA) supplemented with
0·2% (v/v) glycerol, 10% oleic albumin dextrose catalase
(OADC) enrichment (Difco) and 0·02% (v/v) Tween-80 at
37°C. Mid log-phase cultures were used for all experiments.
Mycobacteria were counted and stored at –80°C until use.
Bacterial aliquots were thawed and pulse-sonicated to
remove clumps [25].

Male BALB/c mice, 6–8 weeks of age, were anaesthetized
in a gas chamber using 0·1 ml per mice of sevofluorane and
infected through endotracheal instillation with 2·5 ¥ 105 live
bacilli. Mice were maintained in the vertical position until
spontaneous recovery. Infected mice were maintained in
groups of five in cages fitted with micro-isolators. Animal
work was performed in accordance with the national regu-
lations on Animal Care and Experimentation (NOM 062-
ZOO-1999).

Treatment of the infected mice with l-isoleucine

After 60 days of infection, survivor animals were allocated
arbitrarily into four groups of 20 animals each. l-isoleucine
treatment was started 60 days after infection, when advanced
progressive disease is well established. The experiments con-
ducted to determine in vivo the efficiency of mBD produc-
tion by l-isolucine showed that 250 mg/100 ml was the most
efficient concentration to induce mBD in non-infected mice.
Thus, we used this dose for the therapeutic experiments,
performing two separate experiments.

Six animals in each group were euthanized at 15, 30 and 60
days after starting treatment. The first group infected with
the drug-sensitive H37Rv strain received l-isoleucine
(250 mg/100 ml), dissolved in saline solution, every 48 h by
intratracheal instillation. A second group (controls) was
infected with H37Rv strain and received only the vehicle
(saline solution) by the same route and timing. The third
group was infected with the MDR strain, and received
l-isoleucine by the same route and schedule. The fourth
group was infected with the MDR strain but served as a
control, receiving only the vehicle. The efficiency of the
l-isoleucine treatment was determined by quantifying the
lung bacillary loads by counting colony-forming units
(CFU), extent of tissue damage by histopathology and auto-
mated morphometry and lung cytokine gene expression by
real-time RT–PCR.

Determination of CFU in infected lungs

Right or left lungs from three mice in each time-point in two
different experiments were used. Lungs were homogenized
with a polytron (Kinematica, Lucerne, Switzerland) in sterile
tubes containing 1 ml PBS, Tween-80 at 0·05%. Five dilu-
tions of each homogenate were spread onto duplicate plates
containing Bacto Middlebrook 7H10 agar (Difco) enriched
with oleic acid, albumin, catalase and dextrose-enriched
medium (Becton Dickinson, Sparks, MD, USA). The plates
were incubated at 37°C with 5% CO2. The number of colo-
nies was counted 21 days after plating.

Preparation of lung tissue for histology/morphometry
and mBD detection by immunohistochemistry

Right or left lungs from three different animals per time-
point and group were perfused intratracheally with ethyl
alcohol (J:T: Baker, Mexico City, Mèxico). Lungs were dehy-
drated and embedded in paraffin (Oxford Labware, St Louis,
MO, USA), sectioned and stained with haematoxylin and
eosin. The percentages of the lung surfaces affected by pneu-
monia were determined using an automated image analyser
(Q Win Leica, Milton Keynes, Cambridge, UK).

For immunohistochemical detection of mBD-3, 5-mm-
thick sections were mounted on silane-coated slides, depar-
affinized, the endogenous peroxidase quenched with 0·03%
H2O2 in absolute methanol and blocked with 2% human
serum dissolved in PBS. Lung sections were incubated for
18 h with goat anti-mouse mBD-3 (Santa Cruz Biotechnol-
ogy, Santa Cruz, CA, USA). After washing, sections were
incubated for 2 h with a donkey anti-goat IgG biotin-
labelled antibody. Bound antibodies were detected with
avidin–biotin peroxidase (Biocare Medical, Concord, CA,
USA) and counterstained with haematoxylin.

Expression of anti-microbial peptides and cytokines
determined by real-time RT–PCR

Three lungs, right or left, from two different experiments
were used for isolating RNA and synthesis of cDNA as
described previously [12]. Real-time PCR was performed
using the 7500 real-time PCR system (Applied Biosystems,
Foster City, CA, USA) and Quantitect SYBR Green Master-
mix kit (Qiagen, Hilden, Germany). Standard curves of
quantified and diluted PCR product, as well as negative con-
trols, were included in each PCR run. The primers used for
the real-time PCR analysis were: mBD-3: 5′- ATC CAT TAC
CTT CTG TTT GCA TTT C-3′ and 5′- TGT AGG TGG AGA
CAG CAG C-3′; mBD-4: 5′-CAC ATT TCT CCT GGT GCT
GCT-3′ and 5′-TGA TAA TTT GGG TAA AGG CTG CA-3′;
IFN-g: 5′-GGTGACATGAAAATCCTGCAG-3′ and 5′-CC
TCAAACTTGGCAATACTCATGA-3′; TNF-a: 5′-TGTGG
CTTCGACCTCTACCTC-3′, 5′-GCCGAGAAAGGCTGCT
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TG-3′; and glyceraldehyde-3-phosphate dehydrogenase
(G3PDH): 5′-GGC GCT CAC CAA AAC ATC A-3′ and
5′-CCG GAA TGC CAT TCC TGT TA-3′. The specificity of
each product was confirmed by PCR in agarose gels. The cell
cycling conditions used were initial denaturation at 95°C for
15 min, followed by 40 cycles each at 95°C for 20 s, 60°C or
58°C, respectively, for 20 s, and 72°C for 34 s. Quantities
of the specific mRNA in the sample were measured in
accordance with the corresponding gene specific stan-
dard. The mRNA copy number of each cytokine was
related to 1 million copies of mRNA encoding the
G3PDH gene.

Statistical analysis

Data from the qPCR assays as well as CFUs and histopathol-
ogy were analysed as follows. Kolmogorov–Smirnov normal-
ity tests were performed for each data set to choose the
appropriate group comparison test. For each treatment the
dependent variable was the expression, CFUs or variable of
interest compared among different time-periods, treatment
or not with l-isoleucine and the interaction of both in an
interaction model. Results that were significant overall with a
regular two-way analysis of variance (anova) (not repeated-
measures) were submitted to pairwise comparisons by Bon-
ferroni’s post-test. Two-sided P-values of < 0·05 were
considered statistically significant. Statistical analyses were

performed using the GraphPad Prism version 5·02 for
Windows (GraphPad Software, San Diego, CA, USA).

Results

Induction of b-defensin by l-isoleucine in the lung
epithelial cell line A549 in vitro

It has been demonstrated that l-isoleucine induces the pro-
duction of b-defensins efficiently in bovine kidney epithelial
cells in vitro, while its enantiomer d-isoleucine required
much higher concentrations to achieve this [21]. In order to
evaluate if there is a similar effect on human pulmonary
epithelial cells, we determined the expression of HBD-2 (of
which the homologue in mouse is mBD-3) by real-time
RT–PCR using the lung epithelial cell line A549. Our results
showed that the expression of this anti-microbial peptide
increased with the concentration and time of exposure to
l-isoleucine. The highest gene expression was seen after
exposure to 25 mg/ml of l-isoleucine for 18 h (Fig. 1a).
Immunohistochemistry confirmed the high production of
this anti-bacterial peptide induced by l-isoleucine at this
time-point (Fig. 1b). In order to confirm the specificity of
mBD production by l-isoleucine, A549 cells were incubated
during 48 h with 50 mg/ml of d-isoleucine. Figure 1c shows
that in these conditions d-isoleucine did not induce the
expression of HBD-2.

Fig. 1. Kinetics of human b-defensin 2 gene

expression in the lung epithelial cell line A549

after stimulation with different concentrations

of l-isoleucine. (a) A549 cells were stimulated

with l-isoleucine using the indicated

concentrations. At the indicated time-points the

cells were collected, the RNA was isolated and

the number of mRNA copies of b-defensin

was quantified by real-time reverse

transcription–polymerase chain reaction

(RT–PCR). All values are mean � standard

deviation of five different experiments. Asterisks

represent statistical significance when compared

with the control non-stimulated cells. (b)

Immunocytochemistry confirmed protein

production in the condition in which the cells

showed the highest b-defensin expression

(25 mg/ml for 18 h), while non-stimulated cells

do not show immunostaining (inset). (c) In

comparison with l-isoleucine, A549 cells

stimulated with 50 mg of d-isoleucine during

48 h did not induce human b-defensin 2 gene

expression. Asterisks represent statistical

significance when compared with the control

non-stimulated cells.
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Induction in vivo of b-defensins by l-isoleucine in the
lung of non-infected BALB/c mice

After the confirming in vitro that l-isoleucine induced
b-defensins efficiently in pulmonary epithelial cells, we
tested if the intratracheal instillation of this amino acid had
a similar effect in the lung of non-infected mice. We tested
multiple concentrations of l-isoleucine at several time-
points. Both mBD-3 and mBD-4 were induced efficiently
using this treatment (Fig. 2). The highest expression of
mBD3 was seen after 12 h of stimulation with 250 mg/100 ml
of l-isoleucine, while for mBD4 the peak was at 48 h with the
same concentration. In contrast with l-isoleucine, either
saline solution or 250 mg/100 ml of d-isoleucine instilled in
control animals induced significantly lower expression of
both mBD (Fig. 2).

Effect of intratracheal l-isoleucine administration
during late progressive tuberculosis produced by the
drug-sensitive strain H37Rv

Because 250 mg/100 ml of l-isoleucine administered by
intratracheal instillation induced b-defensin produc-
tion efficiently during 24 to 48 h, this concentration was
administered intratracheally every 48 h for 2 months. This

treatment was started after 60 days post-infection, when
advanced active TB was well established and production
of b-defensins decreased. In comparison with control mice,
animals treated with l-isoleucine showed significantly
higher expression of b-defensins 3 and 4 and lower lung
bacillary loads during the whole treatment (Fig. 3). Consis-
tent with these findings, after 4 weeks of treatment, histo-
logical examination revealed that the lung areas affected by
pneumonia were smaller than in control mice, and the bron-
chial epithelium in the lungs of treated mice showed strong
mBD-3 immunostaining (Figs 3 and 5).

Considering that b-defensins are chemotactic and
can activate T helper type 1 (Th1) cells and macrophages
[26,27], we determined the expression of IFN-g and TNF-a
in these animals. In comparison with control mice, there was
a significant increment of IFN-g and TNF-a expression in
the l-isoleucine-treated group (Fig. 3).

Effect of intratracheal l-isoleucine administration
during late progressive tuberculosis produced by
multidrug-resistant strain

Due to the emergence of MDR strains, and given the
improved course in l-isoleucine-treated mice infected
with the drug-sensitive H37Rv strain, we decided to study

Fig. 2. Effect on the b-defensin gene expression

in non-infected mice after the administration of

l-isoleucine. Groups of BALB/c mice received

the indicated amount of l-isoleucine by the

intratracheal route, and were euthanized at

different time-points and their lungs were used

to isolate total mRNA to determine the

expression of murine b-defensin 3 (a) and 4

(b). In comparison with l-isoleucine,

administration of 250 mg of d-isoleucine

or the vehicle saline solution (control group)

did not induce gene expression of b-defensin

3 (c) or b-defensin 4 (d). All values are

mean � standard deviation of five mice from

three independent experiments. Asterisks

represent statistical significance when compared

with the control group that received only the

vehicle (P < 0·005).
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whether this therapy has the ability to produce similar ben-
eficial effects on mice infected with a clinical isolate resistant
to all first-line antibiotics during late active disease. In com-
parison with control animals, MDR-infected mice treated
with l-isoleucine showed a significant increase of mBD-3
and 4 and lower lung bacillary loads (P < 0·01), compatible
with the participation of b-defensins in the control of bacil-
lary growth and supporting the beneficial effect of this
therapy (Fig. 4). Similarly, improved lung histopathology
was seen, with a significant decrease of pneumonia (Figs 4
and 5) at 60 days of treatment (P < 0·01). Determination of
cytokine gene expression by real-time PCR showed higher
IFN-g and TNF-a expression in the lungs of l-isoleucine-
treated animals (Fig. 4).

Discussion

Defensins are anti-microbial peptides that are considered as
a prototype family of mediators of innate immunity. They
have efficient anti-microbial activity on a broad spectrum of
organisms, including Mtb [26,27]. Besides direct bactericidal

activity, anti-microbial peptides also have immunoregula-
tory functions, such as chemotaxis [28], immature dendritic
cell activation [29] and activation of other immune cells
[30,31]. Mtb induces production of HBD-2 in lung epithelial
cells and it seems that these peptides could contribute to
bacteria killing [6]. In murine models, expression of mBD-3
and mBD-4 correlates with control of mycobacterial growth
in progressive pulmonary tuberculosis [12] and latent infec-
tion [10]. Our results confirm and extend these observations
by demonstrating that stimulating b-defensin production
during late active disease significantly increases control of
bacillary growth.

Both mBD-3 and mBD-4 are inducible mainly through
pathogen-associated molecular patterns (PAMPs) such as
lipoarabinomannan [4] or lipopolysaccharide (LPS) [32]
and proinflamatory cytokines [33,34]. However, none of
these molecules can be used as therapeutic inducers of
defensins because they can produce collateral toxic effects.
Conversely, administration of recombinant defensins is not
practical due to its high cost and the short half-life of the
peptides. Thus, the use of defensin inducers is an attractive

Fig. 3. Effect of l-isoleucine administration

during advanced disease in the lungs of mice

infected with drug-sensitive H37Rv strain. (a)

l-isoleucine administration (white symbols)

starting 60 days after infection increased

mBD3 and mBD4 (b) gene expression when

compared with control mice (black symbols).

(c) l-isoleucine treatment also decreased

pulmonary bacterial loads and (d) the area of

pneumonia. (e) In comparison with the control

group, l-isoleucine treatment increased the

expression of interferon-g and tumour necrosis

factor-a (f). Each point corresponds to the

mean and standard deviation of five mice group

in one representative experiment. Asterisks

represent statistical significance when compared

to the control non-treated group (*P < 0·05;

**P < 0·01).
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and low-cost immunotherapeutical alternative. Interestingly,
Fehlbaum and coworkers showed that the essential amino
acid l-isoleucine induces b-defensin production efficiently
in Madin–Darby bovine kidney epithelial cells through a
chiral receptor or enzyme and nuclear factor (NF)-kB/rel
species activation, after reaction with a recognition site in an
isoleucine-inducible defensin promoter [21]. Here we dem-
onstrate that lung epithelial cells (type II pneumocytes)
stimulated with l-isoleucine also produce high amounts of
b-defensin. Furthermore, l-isoleucine caused no cytotoxic-
ity even at concentrations as high as 1 mg/ml (data not
shown). Similar results were obtained in vivo after intratra-
cheal instillation of this essential amino acid in non-infected
mice. In contrast, in the tested concentration of 50 mg/ml or
250 mg/100 ml, d-isoleucine did not induce b-defensin pro-
duction, respectively, in in-vitro and in-vivo experiments,
supporting the specificity of l-isoleucine. Thus, l-isoleucine
can be considered as a novel immunostimulant with very
limited toxic activity and low cost, which are important
attributes considering that TB is a devastating disease in
poor countries.

When BALB/c mice are infected by the intratracheal route
with a high dose of the drug-sensitive H37Rv strain, there is
an early high production of b-defensins and Th1 cytokines
which, together with high levels of TNF-a, temporarily
controls the infection. After 4 weeks of infection, there is a
decrease in the levels of b-defensins, IFN-g and TNF-a.
Gradually, pneumonic areas prevail over granulomas. Exten-
sive pneumonia plus a high burden of bacteria cause death
[24]. We started the treatment with l-isoleucine after 8 weeks
of infection, when active disease was in course and the
expression of b-defensins was very low. This treatment effi-
ciently restored high expression of mBD-3 and -4, and there
was a simultaneous decrease in lung bacillary loads and
tissue damage. This is compatible with the view that the
re-establishment of b-defensin production permitted sig-
nificant control of bacillary growth. This could be attribut-
able to its direct anti-microbial activity [35], or to blockage
of bacterial DNA replication [36], or to its well-known prop-
erty of immune cell activation [36–38], including produc-
tion of Th1 cytokines [29], which we confirmed by the high
IFN-g expression observed in l-isoleucine-treated animals.

Fig. 4. Effect of l-isoleucine administration

during advanced disease in the lungs of mice

infected with a multidrug-resistant strain. (a)

l-isoleucine administration (white symbols)

starting 60 days after infection increased

mBD3 and (b) mBD4 gene expression when

compared with control mice (black symbols).

(c) l-isoleucine treatment also decreased

pulmonary bacilli burdens, and after 60 days of

treatment the lung surface affected by

pneumonia (d) when compared with the

control group. l-isoleucine treatment increased

the expression of interferon-g (e) and tumour

necrosis factor-a (f). Each point corresponds to

the mean and standard deviation of five mice

group in one representative experiment.

Asterisks represent statistical significance when

compared to the control non-treated group

(*P < 0·05, ** P < 0·01).
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Moreover, alveolar macrophages can take external defensins
and use them as anti-microbial effectors to eliminate intra-
cellular mycobacteria [37,38]. Thus, several b-defensin-
dependent mechanisms could explain the observed control
of murine tuberculosis produced by treatment with
l-isoleucine. However, at this stage we cannot assess formally
the possible roles of other mediators or biological effects that
might be caused by l-isoleucine.

Another important problem in the control of TB is the
emergence of MDR strains. Approximately 400 000 new
cases of MDR Mtb emerge worldwide each year, and this
form of TB has been identified as a significant problem in
every region under World Health Organization surveillance.
Treatment of MDR strains is resource-intensive and usually
requires a combination of second-line drugs that are more
expensive, more toxic and less effective than drugs used in
standard therapy. Our results showed that intratracheal
administration of l-isoleucine in mice infected with MDR
bacilli during the advanced phase of infection reduced sig-
nificantly lung bacillary loads and tissue damage. Similarly to

H37Rv strain-infected mice, 1 month after treatment the
expression of IFN-g and TNF-a was higher than in control
mice. Thus, l-isoleucine administration was also able to
stimulate the production of protective cytokines during
MDR progressive disease, reducing disease severity as
occurred with the drug-sensitive H37Rv strain infection.

In conclusion, our results show that repeated intrapulmo-
nary administration of l-isoleucine induced b-defensin pro-
duction in vivo, and that this correlated with improved
protective immunity and higher resistance to mycobacterial
infection when administered during late progressive disease
induced by drug-sensitive or drug-resistant virulent
mycobacteria. Although this treatment was not completely
curative, these results suggest that continuous administra-
tion of l-isoleucine by the respiratory route is a potential
therapy that might aid the control of this significant infec-
tious disease. Moreover, there are efficient devices for deep
administration of aerosols to human lungs that might reach
the infected areas more reliably than the simple intratracheal
injection used here.

Fig. 5. Representative lung histopathology and

immunohistochemistry after 2 months of

treatment with l-isoleucine and in a control

non-treated mouse. (a) Very low expression of

mBD3 in the bronchial epithelium (arrows) in

the lung of control mouse after 4 months of

infection with H37Rv strain. (b) In contrast,

there is strong mBD3 immunostaining in the

bronchial epithelium (arrows) and in some

macrophages in the lung of the mouse infected

with strain H37Rv and treated with

l-isoleucine. (c) The control animal shows

extensive pneumonia after 4 months of

infection with drug-sensitive strain H37Rv.

(d) In comparison, the l-isoleucine treated

mouse shows less lung surface area affected

by pneumonia (arrow). (e) Representative

micrograph showing extensive pneumonia

after 4 months of infection with the

multidrug-resistant clinical isolate, while the

L-isoleucine-treated mouse shows less lung

consolidation (f).
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