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Tuberculosis (TB) remains a major global health problem, and although multiple studies have addressed the relationship be-
tween Mycobacterium tuberculosis and the host on an immunological level, few studies have addressed the impact of host physi-
ological responses. Proteases produced by bacteria have been associated with important alterations in the host tissues, and a lim-
ited number of these enzymes have been characterized in mycobacterial species. M. tuberculosis produces a protease called
Zmp1, which appears to be associated with virulence and has a putative action as an endothelin-converting enzyme. Endothelins
are a family of vasoactive peptides, of which 3 distinct isoforms exist, and endothelin 1 (ET-1) is the most abundant and the best-
characterized isoform. The aim of this work was to characterize the Zmp1 protease and evaluate its role in pathogenicity. Here,
we have shown that M. tuberculosis produces and secretes an enzyme with ET-1 cleavage activity. These data demonstrate a pos-
sible role of Zmp1 for mycobacterium-host interactions and highlights its potential as a drug target. Moreover, the results sug-
gest that endothelin pathways have a role in the pathogenesis of M. tuberculosis infections, and ETA or ETB receptor signaling
can modulate the host response to the infection. We hypothesize that a balance between Zmp1 control of ET-1 levels and ETA/
ETB signaling can allow M. tuberculosis adaptation and survival in the lung tissues.

Tuberculosis (TB) remains a major global health problem. In
2012, an estimated 8.6 million people developed TB, and 1.3

million died from the disease (1). However, infection with Myco-
bacterium tuberculosis does not necessarily lead to TB disease. Less
than 10% of immunocompetent individuals that are infected will
progress toward active disease during their lifetimes (2). It is un-
known if infected individuals are able to eradicate the bacteria
following primary pulmonary infection. Although it is very well
known that the adaptive immune Th1 and Th17 responses are
important to control the disease, there is also evidence that sug-
gests that early innate as well as adaptive immune defense mech-
anisms play a role in M. tuberculosis elimination. There still is little
knowledge about the initial control of M. tuberculosis, although
early gamma interferon (IFN-�) production induced by cytokines
such as interleukin-12 (IL-12) and tumor necrosis factor alpha
(TNF-�) appears to be essential in initiating adequate immune
responses to control the disease (3–7).

Proteases produced by bacteria have been implicated as impor-
tant virulence factors (8), but only a few of these enzymes have
been characterized in mycobacteria. Recently, an endopeptidase
named Zmp1 with homology to human endothelin-converting
enzyme 1 was described as being required for M. tuberculosis vir-
ulence and survival in macrophages (9), but a direct mechanism of
action or a natural substrate remains unknown.

The endothelins are a family of 21-amino-acid vasoactive pep-
tides, of which 3 distinct isoforms are known. Endothelin-1
(ET-1) is the most abundant and the best-characterized isoform.
The endothelin precursor known as Big Endothelin (Big ET-1; 37
to 41 amino acids) is produced mainly by endothelial cells, and the
vasoactive peptides are generated after cleavage by the endothelin-
converting enzymes (ECE). Its activity contributes to endogenous
tonic vasomotor maintenance by homeostatically balancing the
vasodilation activity of NO. In addition, ET-1 also is produced by

many cell types and released during various injurious stimuli,
whereas atrial natriuretic peptide, prostacyclin, and nitric oxide
(NO) inhibit its synthesis and release (10, 11). ET-1 binds to two
distinct subtype receptors (ETA and ETB), which are presented in
several cell types. Imbalances in these systems are associated with
many diseases, including cardiovascular, pulmonary, and renal
system diseases and carcinogenesis, and have effects on the patho-
physiology of the immune system (12–14). In this regard, endo-
thelin receptor antagonists (ERA) are being used already to treat
some associated diseases (i.e., pulmonary hypertension), and sev-
eral antagonists are under clinical trials (15).

Although many studies have investigated these physiological
responses, there is little information linking endothelins and in-
fectious diseases. In Chagas disease, for example, data provided
evidence of a role for ET-1 in the pathogenesis of chronic cardio-
myopathy (16), because ET-1 cooperatively activates Trypano-
soma cruzi-mediated myocardial production of inflammatory me-
diators (17). Endothelin or ETR genes also are regulated during
HIV (18–20) and other viral infections (21, 22) and correlate with
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the severity of disease in patients with community-acquired pneu-
monia (23).

M. tuberculosis produces an endothelin-converting enzyme
homologue, but to our knowledge no work has directly addressed
if there is any impact on the endothelin pathway after M. tubercu-
losis infection; here, we show that Zmp1 from M. tuberculosis ap-
pears to have a role in host physiology, and this might contribute
to M. tuberculosis pathogenicity. We report that Zmp1 from M.
tuberculosis presents proteolytic activity that does not cleave Big
ET-1 to release ET-1 peptide but is able to degrade ET-1. By ap-
plying endothelin receptor antagonism, we show a role for ET-1 in
TB progression and inflammatory cell recruitment. In addition,
we show here that ETR antagonism increased the numbers of lung
lesions and increased bacterial burdens, whereas this could be re-
versed to some degree by an exogenous supply of ET-1.

MATERIALS AND METHODS
Mice. Specific-pathogen-free 5- to 8-week-old C57BL/6 female mice from
the animal care facility of the Institute of Tropical Pathology and Public
Health at UFG or inducible nitric oxide synthase knockout (iNOS-KO)
mice from Universidade de São Paulo were maintained in isolators in
biosafety level 3 (BL3) cabinets with water and food provided ad libitum.
The temperature was maintained between 20 and 24°C, with the relative
humidity set between 40 to 70% and with 12-h light/dark cycles. The use
of mice was conducted in accordance with the guidelines of the Brazilian
Society of Animal Science Laboratory (SBCAL/COBEA). The work was
approved by CEUA-UFG (Comissão de Ética no Uso de Animais: Com-
mittee on the Ethics of Animal Experiments from Universidade Federal de
Goiás), numbers 229/11 and 27/14.

Bacterial strains and growth conditions. Mycobacterium tuberculosis
H37Rv was grown at 37°C in Middlebrook 7H9 broth or 7H11 agar sup-
plemented with 10% oleic acid-albumin-dextrose (OAD), 0.5% glycerol,
and 0.05% Tween 80. Escherichia coli strain XL1-Blue (Stratagene) was
used for cloning and plasmid propagation. E. coli BL21 (Invitrogen) cells
were used as expression-competent hosts. E. coli strains were maintained
in Luria-Bertani (LB) medium at 37°C with or without the addition of
kanamycin (50 �g/ml) or ampicillin (100 �g/ml) when required for plas-
mid selection. Solid medium was prepared by the addition of 1.5% agar to
the LB medium.

Molecular cloning and recombinant protein expression. The M. tu-
berculosis Zmp1 gene (Rv0198c; http://genolist.pasteur.fr/TubercuList)
was subcloned into PCR2.1 TOPO vector (Invitrogen) using a PCR-am-
plified product from the M. tuberculosis H37Rv genome. The recombi-
nant PCR2.1 vector was digested to release the gene. After agarose gel
elution, the released gene was ligated into the pET28a expression vector
(Novagen). The recombinant pET28a construct containing the Zmp1
gene had its sequence checked with a BI 3130 capillary DNA sequencer
(Applied Biosystems) and then was inserted into the expression host, E.
coli BL21. Bacteria containing the recombinant expression vector were
grown at 37°C. When the bacterial cells reached an optical density at 600
nm (OD600) of 0.6, the expression of the fusion protein was induced by the
addition of isopropyl-beta-D-thiogalactopyranoside (IPTG) to a final
concentration of 0.5 mM, and the incubation continued at 20°C for 16 h.
The bacterial cells were collected by centrifugation (10,000 � g for 5 min),
and the cells were suspended in 4 ml of binding buffer (5 mM imidazole,
0.5 M NaCl, and 20 mM Tris-HCl, pH 7.9). After sonication, cell lysate
was centrifuged (20,000 � g for 15 min), and the supernatant was applied
onto a resin column (Novagen) charged with NiSO4 and equilibrated with
binding buffer. Proteins were eluted with a concentration gradient of
imidazole (10 to 1,000 mM). Protein concentrations of the eluted frac-
tions were determined by Bradford protein assay. Proteins were dialyzed
against phosphate-buffered saline (PBS) and stored in 50% glycerol at
�20°C. The purity of protein was analyzed by Coomassie-stained 12%
SDS-PAGE gel.

Western blotting. H37Rv lysates and culture filtrate protein (CFP)
were prepared from cultures grown in Sauton medium that does not have
albumin enrichment present in Middlebrook media. Bacterial culture was
grown in 200 ml of Sauton liquid media to late log phase. Bacteria were
pelleted by centrifugation at 2,000 � g for 20 min. The bacterial pellet was
used to prepare H37Rv lysates by sonication. Supernatant was transferred
to a fresh tube and centrifuged again before being filtered through a
0.2-�m filter unit. Supernatant was concentrated by protein acetone pre-
cipitation (24) and solubilized in SDS-PAGE sample buffer. Samples were
resolved by 12% SDS-PAGE and transferred to a nitrocellulose mem-
brane. Membranes were blocked in 5% nonfat powdered milk in PBS and
probed with the anti-rZmp1 polyclonal serum produced in mice, fol-
lowed by the anti-mouse IgG-alkaline phosphatase secondary antibody
(Sigma-Aldrich). Antigen-antibody complex was detected via 5-bromo-
4-chloro-3-indolylphosphate-nitroblue tetrazolium liquid substrate sys-
tem (Sigma-Aldrich).

Enzyme activity assay. The endopeptidase activity of rZmp1 was as-
sayed by incubating 100 ng of purified enzyme with 20 �M ECE-1 fluo-
rescent substrate (Sigma-Aldrich) in PBS to a final volume of 100 �l.
Substrate hydrolysis was measured fluorometrically with a SpectraMax
M5 microplate reader with SoftMax Pro Data Acquisition & Analysis Soft-
ware (Molecular Devices) for 15 min at 25°C. Briefly, 100 �M Big ET-1
(Sigma-Aldrich) or 100 �M ET-1 (Sigma-Aldrich) was incubated with or
without 100 ng purified rZmp1 preparations in 100 �l PBS containing 5
�M ZnSO4. Samples were incubated at 37°C for 1 to 4 h, and the reactions
were stopped by cooling of the samples to �80°C. The cleavage of the
peptides was detected by matrix-assisted laser desorption-ionization
(MALDI) or liquid chromatography-electrospray ionization (LC-ESI)
sources with quadrupole time-of-flight analysis (Q-TOF) mass spectrom-
etry (MS) (Synapt; Waters). Samples were spotted (2 �l) in a target plate
and dried at room temperature. The peptides next were covered with 10
mg/ml of �-cyano-4-hydroxyciannamic acid in 50% acetonitrile and
0.1% trifluoroacetic acid and dried. The mass spectra were obtained in
positive reflectron mode on a MALDI-Q-TOF mass spectrometer (Syn-
apt). For LC-ESI-Q-TOF MS, the sample aliquots were diluted in water
(1:10). The peptides were separated in a nanoACQUITY (Waters) system
by using an analytical column (1.7-�m BEH130 C18; 100 �m by 100 �m)
in an acetonitrile gradient from 7% to 40% during 60 min. The spectra
were analyzed using MassLynx software (Waters).

M. tuberculosis infection and treatment with ET-1 and ETR antago-
nists. Mice were given, by intranasal instillation, 100-�l doses containing
1 �M solutions of BQ123 (ETA antagonist; n � 4), BQ788 (ETB antago-
nist; n � 4), ET-1 (n � 4; Sigma-Aldrich), or vehicle (0.2% dimethylsul-
foxide [DMSO] in PBS; n � 4) three times a week on alternate days for 4
weeks. After the first week of treatment, the mice were infected with 104

M. tuberculosis H37Rv intranasally. As a control, 100 �l of saline was given
(n � 4). The experiments were repeated three times. To enumerate the
viable bacteria in the mouse lungs, animals were euthanized 21 days after
infection. The anterior and middle right lung lobes were removed and
homogenized in 0.05% Tween 80 in PBS, and the tissue homogenates
were serially diluted in PBS and plated in duplicate onto Middlebrook
7H11 agar. The colonies were counted after 3 to 4 weeks of incubation at
37°C, and the results are presented as the mean log10 CFU per mouse.

Histopathology. The posterior left lung lobe was excised from all an-
imals, stored in 10% formalin, and then embedded in paraffin at different
times. From the paraffin-embedded tissue blocks, 3-�m sections were
prepared and stained with hematoxylin and eosin (H&E). The H&E-
stained lung sections were photographed using a microscope at �40 mag-
nification, and the area of lesions in the lung was determined using the
measurement tool in AxioVision software (Carl Zeiss). Three photo-
graphs were taken by lung lobe per mouse. Total lesion area was calculated
by the sum of all areas of lesions in a lung section per mouse.

Preparation of BAL fluid and lung cell suspensions. Cells were ob-
tained by slight modification of the method previously described (25).
Mice were euthanized, and the pulmonary cavities were opened. After
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severing the descending aorta, the blood in the lungs was cleared by per-
fusion through the heart right ventricle with 5 ml of PBS containing 50
U/ml of heparin (Sigma-Aldrich) until the lungs became whitish. Using
an 18-gauge needle, the trachea was cannulated and 1 ml of ice-cold 5 mM
EDTA in PBS was slowly injected into the lungs and then withdrawn. This
procedure was repeated twice, and a total of 1.5 ml of bronchoalveolar
lavage (BAL) fluid was collected. To obtain lung cell populations, the
right bottom lobe was aseptically removed and cut into small pieces. The
dissected tissue was incubated in RPMI medium 1640 (Gibco) supple-
mented with 1% glutamine (Sigma-Aldrich), 1% nonessential amino ac-
ids (Sigma-Aldrich), 1 mM sodium pyruvate (Sigma-Aldrich), and 1%
penicillin-streptomycin (Sigma-Aldrich) containing collagenase XI (0.7
mg/ml; Sigma-Aldrich) and type IV bovine pancreatic DNase (30 mg/ml;
Sigma-Aldrich) during 30 min at 37°C. Ten ml of RPMI medium contain-
ing 10% fetal bovine serum (FBS) (cRPMI) was added, and digested lungs
were further disrupted by gently pushing the tissue through a 70-�m
nylon screen. The single-cell suspension then was washed and centrifuged
at 1,000 � g. To lyse contaminating red blood cells, the cell pellet was
incubated during 5 min at room temperature with 2 ml of Gey’s solution
(NH4Cl and KHCO3). Cells then were washed with RPMI and resus-
pended in 1 ml of cRPMI. The amount of 105 cells from BAL fluid and 106

from lung were Fc blocked with 10% mouse serum and then stained for 30
min at 4°C with directly conjugated antibodies using the BD Cytofix/
Cytoperm kit according to the manufacturer’s instructions. The mono-
clonal antibodies specific for CD11c (N418), CD11b (M1/70), Gr1 (RB6-
8C5), and CD14 (Sa2-8) were purchased from BD Bioscience or
eBioscience as direct conjugates to fluorescein isothiocyanate (FITC),
phycoerythrin (PE), peridinin chlorophyll protein (PerCP), PerCP-cya-
nine 5.5, or allophycocyanin. Cell acquisition was performed with a dual-
laser flow cytometer (FACSCalibur and FACSVerse; BD Biosciences). The
data were analyzed using FlowJo software (TreeStar).

Statistical analysis. Statistical significance between groups was deter-
mined by the two-tailed unpaired Student’s t test or one-way analysis of
variance (ANOVA) with Dunnett’s posttest using Prism software, version
5.03 (GraphPad).

RESULTS
Zmp1, a secreted mycobacterial endopeptidase. Prior to testing
endopeptidase activity, the Zmp1 enzyme from Mycobacterium
tuberculosis was cloned into the prokaryotic expression vector
pET28a. The recombinant protein (rZmp1) was expressed and
purified by nickel affinity chromatography under nondenaturing
conditions. SDS-PAGE analyses revealed a strong band, with high
purity, corresponding to the expected size of approximately 76
kDa (Fig. 1A). The native protein in the cell extract of H37Rv and
also in the culture filtrate proteins (CFP) was identified by West-
ern blotting using anti-rZmp1 polyclonal serum produced in mice
(Fig. 1B). The presence of extracellular Zmp1 was not due to non-
specific bacterial lysis, because the culture supernatants were
probed for a mycobacterial cytoplasmic enzyme, Rv2213, which
was not detected (see Fig. S1 in the supplemental material). Thus,
despite having no signal sequence (9), protein Zmp1 was secreted
by the bacterium. In order to evaluate if the recombinant protein
remained functional, ECE-1 fluorescent substrate was used to
show that the enzyme was active (Fig. 1C) and lost its activity
when subjected to high temperatures.

Zmp1 does not generate ET-1 from Big ET-1. ECE-1 is in-
volved in proteolytic processing of Big ET-1 precursors, with an
estimated mass of 4,281 Da, to produce a biologically active ET-1
peptide with a mass of 2,491 Da. To test whether Zmp1 mediates
this same activity, the active recombinant protein was incubated
with the Big ET-1 peptide, and the reaction product was analyzed
by mass spectrometry. The spectrogram of intact peptide showed

a peak mass/charge (m/z) ratio of 4,281, which matches the ex-
pected Big ET-1 mass (Fig. 2A). Even after prolonged incubation,
the enzyme showed low activity, and the peptide remained largely
intact at 4,281 Da. Further analyses showed that no fragment was
observed by MALDI-Q-TOF MS evaluation (Fig. 2B). In addition,
using LC-ESI-Q-TOF MS, no peptide Big ET-1 cleavage with ET-1
release was observed (see Fig. S2 in the supplemental material).

Zmp1 cleaves endothelin peptide. Since the enzyme was not
able to generate ET-1 by Big ET-1 cleavage, we then investigated
whether rZmp1 instead is involved in the degradation of the ma-
ture peptide (ET-1). By LC-ESI-TOF MS analysis, the intact en-
dothelin peptide showed a peak with a retention time of 36 min,
831 m/z three times protonated (peptide charged with three H�

ions), and 1,246 m/z with two H� molecules, which corresponds
to the expected mass of 2,491 Da for ET-1 (Fig. 3A). After incuba-
tion of ET-1 with rZMp1, the peptide was hydrolyzed, resulting in
peptides of 1,470 and 431 Da. Therefore, there are at least two
cleavage sites between amino acid residues Y13-F14 and D18-I19
(Fig. 3B).

FIG 1 Zmp1 characterization. (A) Purification of recombinant Zmp1
(rZmp1). IPTG-induced rZmp1 was purified by nickel affinity chromatogra-
phy. The resin unbound fraction (NB), molecular mass marker (M), and elu-
tion with increasing imidazole concentrations ([Imidazole]) were analyzed by
12% reducing SDS-PAGE and stained with Coomassie brilliant blue. (B) Lo-
calization of Zmp1 by immunoblot analysis. For lane rZmp1, H37Rv total cell
lysate (H37Rv) and H37Rv culture filtrate proteins (H37Rv CFP) were probed
with rZmp1 polyclonal mouse antiserum. Arrowheads indicate the Zmp1 po-
sition at 76 kDa. (C) Activity of rZmp1. One hundred ng of purified rZmp1,
rZmp1 preheated for 10 min at 100°C (heat), or PBS was incubated with 20
�M ECE-1 substrate. Data shown represent the means 	 standard errors of the
means (SEM) of relative activity to maximum fluorescence emission (n � 3).
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Blocking endothelin receptor signaling during M. tuberculo-
sis infection causes increased severity of lesions and bacterial
loads in the lungs. Considering the production and secretion by
M. tuberculosis of an enzyme able to degrade endothelin, which
might affect lung capillary integrity, we looked to see the conse-
quences of lower ET-1 levels during M. tuberculosis infection in
the lungs. For this, we used the specific endothelin receptor antag-

onists (ERA) BQ123 (ETA antagonist) and BQ788 (ETB antago-
nist), which were administered by intranasal instillation, reducing
potential systemic effects. The administration of endothelin re-
ceptor antagonists in naive mice challenged with saline did not
alter lung morphology (Fig. 4A and B). However, when mice pre-
viously infected with M. tuberculosis were treated with ERA, a
significant increase in pulmonary lesions caused by infection was

FIG 2 Hydrolysis of Big Endothelin-1 by rZmp1. (A) MALDI-Q-TOF spectrum of Big Endothelin-1 peptide (Big ET-1). (B) MALDI-Q-TOF spectrum of
rZmp1-hydrolyzed Big ET-1 peptide. The arrowheads indicate the peaks of interest, with 4,281 m/z corresponding to Big ET-1 with a mass of 4,281 Da.
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FIG 3 Hydrolysis of ET-1 by rZmp1. (A) LC-ESI-Q-TOF-MS spectrum of ET-1 peptide. Peaks of 831 m/z three times protonated (triply charged ion, 3H�) and
1,246 m/z two times, corresponding to ET-1 at 2,491 Da. (B) LC-ESI-Q-TOF-MS spectrum of rZmp1-hydrolyzed ET-1 peptide. Peak of 735 m/z two times
protonated (2H�) with a retention time of 9.47 min and corresponding to a 1,470-Da fragment. The inset shows a peak with a 18.18-min retention time and 431
m/z with one H�. Arrows over ET-1 sequence indicate cleavage sites for rZmp1. The arrowheads indicate the peaks of interest.
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observed (1.975 mm2) compared to the level for the infected
(0.288 mm2) group treated with vehicle (Fig. 4E). The main his-
tological differences were bronchiolar and perivascular infiltrates
with high concentrations of lymphocytes (Fig. 4D), with regions
of necrosis and the presence of cells with large nuclei and bulky
cytoplasm (Fig. 4D, inset) present in infected mice that received

the antagonist treatment. These alterations were not observed in
the group treated with vehicle alone (Fig. 4C). In addition, there
was a significant increase in the bacterial load (
0.5 log) in the
lungs of mice that received treatment with antagonists (Fig. 4F).

The ETRs’ antagonism effects in early M. tuberculosis infec-
tion are iNOS independent. It has been well described in the lit-

FIG 4 Effects of endothelin receptor antagonism in C57BL/6 (A to F) and iNOS-KO (G to L) mice during early M. tuberculosis infection. (A to D and G to F)
Representative lung (posterior left lobe) photomicrographs of mice treated with vehicle (A and G) or with ERA (BQ788 and BQ123) (B and C) after 21 days of
treatment and M. tuberculosis H37Rv-infected mice treated with vehicle (C and I) or ERA (D and J) at 21 days postinfection and under treatment. Black
arrowheads indicate lymphocytic infiltrate. Insets show the magnification of lesion area with necrosis (N), cells with large lateral nuclei (white arrow), and very
long cytoplasmic processes (black arrow) and neutrophils (open arrowhead). Scale bars correspond to 200 �m. (E and K) Results of the quantification of the
inflammatory lesion area sizes (left bottom lobe) from C57BL/6 (E) and iNOS-KO (K) mice infected with M. tuberculosis and treated with vehicle or ERA (BQ123
and BQ788). (F and L) Bacterial burden of lung (anterior and middle right lobes) from C57BL/6 (F) and iNOS-KO (L) mice infected with M. tuberculosis H37Rv
at 21 days postinfection, treated with vehicle or ERA. Data shown represent means 	 SEM, n � 3. *, P � 0.05; **, P � 0.01 (both by t test).
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erature that a regulatory balance exists between nitric oxide and
endothelin (26) and that, during the inflammatory process, such
as in the lungs, the main source of NO is provided by iNOS (27).
Thus, the effect of the ERA treatment in M. tuberculosis-infected
mice could be mediated by changes in the expression and activity
of iNOS. To analyze this possibility, iNOS knockout mice were
treated with ERA and infected with M. tuberculosis. The animals
were evaluated 21 days postinfection. At this time point, iNOS
knockout mice (iNOS-KO) showed lung abnormalities similar to
those of wild-type mice (C57BL/6). There were no pathological
changes in the lung of mice treated with ERA (Fig. 4H) compared
to the vehicle group (Fig. 4G). Again, endothelin receptor antag-
onism increased lung inflammatory reactions to M. tuberculosis
infection that changed from a lesion size of 0.745 mm2 in the
vehicle group to 3.327 mm2 in the ERA-treated animals (Fig. 4K).
Perivascular and peribronchial inflammatory infiltrates (Fig. 4J),
increased areas of necrosis, and the presence of cells with large
nuclei and long cytoplasmic processes were observed in ERA-
treated inflammatory reactions (Fig. 4J, inset). Large numbers of
neutrophils also were observed. Nonetheless, this difference was
not caused by ERA treatment (Fig. 4I and J, insets). The increased
bacterial load (
0.9 log) caused by ERA treatment also was ob-
served in the knockout mouse group (Fig. 4L).

Different cell populations expressing Gr1 are increased by
ETR antagonism during M. tuberculosis infection. Since the le-
sions and bacterial burden observed in the ERA-treated M. tuber-
culosis-infected mice were not associated with iNOS activity, we
hypothesized that ERA treatment could affect the phenotype or
cell migration to the infected lungs, consequently modulating the
immune response by increasing suppressor cells and increasing
the bacterial load. Mouse cells with a Gr1� myeloid-derived sup-
pressor cell (MDSC) phenotype may have the morphology of var-
ious cell types, such as granulocytes, dendritic cells, monocytes, or
macrophages, that expand during cancer, inflammation, and in-
fection and that have a remarkable ability to suppress T-cell re-
sponses (28). Thus, we decided to question whether these cells
were involved in the ERA treatment outcome. To access this het-
erogeneous population using flow cytometry, cells were defined
according to the expression of the Gr1 marker. Cells expressing
low levels of Gr1 (Gr1low) were gated as R1, cells expressing inter-
mediate levels (Gr1int) were gated as R2, and cells expressing high
levels of the Gr1 marker were defined as Gr1high and gated as R3
(see Fig. S3 in the supplemental material).

Although ERA treatment alone did not change the proportions
of Gr1� cells in the lungs of C57BL/6 or iNOS-KO mice (Fig. 5),
the infection with M. tuberculosis affected only some of these cell
populations, depending on the mouse background. M. tuberculo-
sis infection alone did not change the population of Gr1low cells in
C57BL/6 mice, whereas ERA-treated animals showed a decrease in
the percentage of Gr1low cells compared to the naive vehicle-
treated mice (Fig. 5A). In the absence of NO, M. tuberculosis in-
fection causes a small decrease of Gr1low cells in both vehicle- and
ERA-treated mice (Fig. 5B). The association of ERA treatment
and infection directly affects the Gr1int cells, because C57BL/6 and
iNOS-KO mice showed an increase in this population, almost
tripling its proportion in C57BL/6 mice (Fig. 5C and D). In order
to further characterize those cells, the Gr1low cells were evaluated
for the expression of CD11c and CD14, and it was observed that
these cells were CD11c and CD14 positive, which probably iden-
tifies them as monocytes and/or macrophages. The Gr1int cells

expressed low levels of CD14 and were negative for CD11c, which
indicates the presence of MDSC in lungs of ERA-treated mice (see
Fig. S4 in the supplemental material). Basically the same changes
were observed in cells obtained from BAL fluid of these mice, with
the exception of Gr1low cells, which had no significant changes (see
Fig. S5).

Additionally, ERA treatment also enhanced the Gr1high cells in
C57BL/6-infected mice (Fig. 5E), while in iNOS-KO mice the in-
fection induced an increase in these populations that was further
improved with ERA treatment (Fig. 5F). This cell phenotype
marker was associated with neutrophils (i.e., expressing low to
intermediate levels of CD14 and CD11c negative) (see Fig. S4 in
the supplemental material), which were observed at high levels in
iNOS-KO mice (Fig. 4, insets).

Endothelin-1 reduces the progression of lesion severity and
plays different roles through ETA and ETB receptors. As noted
above, the ETR antagonism caused changes in the response to M.
tuberculosis. Thus, we decided to analyze the consequences of in-
creased endothelin-1 during infection and the role of each recep-
tor separately. For this, infected C57BL/6 mice were supplied with
exogenous endothelin-1 peptide, while BQ123 (ETA antagonist)
and BQ788 (ETB antagonist) were administered separately, all by
intranasal instillation. Lung M. tuberculosis infection at 21 days
postinfection presented some perivascular/peribronchial inflam-
matory foci and moderate alveolar damage area (Fig. 6A). Further,
infected mice treated with ET-1 showed a reduction in the number
and size of the inflammatory reactions, with little alveolar damage
compared to the mice treated with vehicle (Fig. 6B and E). Al-
though ET-1-treated mice presented the best histological findings,
no difference was seen in the bacterial loads in the lungs compared
to the controls (Fig. 6F). The group that received the ETA antag-
onist BQ123 showed an increase of lung lesion area with more
intense inflammatory foci, diffuse alveolar damage, pulmonary
edema, and some necrosis (Fig. 6C and E), but again there was no
increase in the bacterial load (Fig. 6F). In contrast, blockade of
ETB by treatment with BQ788 had no effect on the number or size
of lesions (Fig. 6D and E) compared to M. tuberculosis-infected
animals treated with vehicle; however, we did observe an increase
in lung CFU in these animals (Fig. 6F). Simultaneous ETA and
ETB antagonism (ERA) induced an increase in lesion area and
bacterial load in the lungs of infected mice (Fig. 4 and 6E and F).

DISCUSSION

In this study, we characterized Zmp1, a metalloprotease belonging
to the M13 family, as an enzyme secreted by M. tuberculosis that is
able to cleave ET-1. In mass spectrometry analyses, no ET-1 re-
lease from Big ET-1 was observed after Zmp1 incubation. In con-
trast, Zmp1 efficiently hydrolyzed the mature ET-1 peptide. We
then showed that the blockade of ET-1 activity by antagonism
during M. tuberculosis infection resulted in an increased number
and severity of lung lesions, as well as increases in bacterial bur-
den. These events could be reduced somewhat by the exogenous
delivery of the ET-1 peptide.

Zmp1 was previously described in M. tuberculosis (9, 29) and in
other bacteria, including Streptococcus parasanguis (30, 31) and
Porphyromonas gingivalis (32), as a protease with activity on small
biologically active peptides, but no activation on endothelins was
seen. In P. gingivalis, the protease showed activity against Big En-
dothelin (33), but the results were controversial, and ET-1 gener-
ation could not be confirmed by enzyme-linked immunosorbent
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assay (ELISA). Here, we found that the mycobacterial enzyme
Zmp1 does not act as an ECE that converts Big ET-1 into ET-1
mature peptide (Fig. 2) but instead appears to act by hydrolyzing
ET-1 (Fig. 3). Like other oligopeptidases (34), Zmp1 seems to be
active on peptides with less than 30 amino acids, and this prefer-
ence for peptides also is confirmed by the solved X-ray crystallo-
graphic structure of Zmp1, which reveals that the active site is
located at the bottom of a hydrophobic channel, likely impairing
access of large macromolecular substrates in the proximity of the
reaction center (35), which may explain its low activity against the
large Big ET-1 peptide. Cleavage sites found in the ET-1 peptide

(Fig. 3) were in accordance with the previously identified cleavage
pattern for Zmp1 on other substrates (29), showing a preference
for phenylalanine and isoleucine amino acid residues at the P1=
position. In addition, the C-terminal as well as the N-terminal
intramolecular loop structure is especially important for endothe-
lin activity; thus, an enzymatic system might exist as a physiolog-
ical mechanism for converting ET-1 to biologically inactive forms
(36, 37). Further, proteases of pathogenic bacteria, fungi, and pro-
tozoa have been described to hydrolyze many human bioactive
peptides (38–40).

A previous report has indicated that Zmp1 mediated the arrest

FIG 5 Cellular changes in the lungs by ET-1 receptor blockade during early M. tuberculosis infection. Shown are the percentages of lung cells in uninfected (naive)
or M. tuberculosis (H37Rv)-infected mice at 21 days postchallenge with vehicle or endothelin receptor antagonist BQ123 and BQ788 (ERA) treatment. Propor-
tion of Gr1low cells in C57BL/6 (A) or iNOS-KO (B) mice, Gr1int cells from C57BL/6 (C) or iNOS-KO (D), and Gr1high cells as a percentage in C57BL/6 (E) or
iNOS-KO (F) mice. Data shown represent means 	 SEM, n � 3. *, P � 0.05; **, P � 0.01; ***, P � 0.001; differences from the naive vehicle treatment group were
determined by one-way ANOVA with Dunnett’s posttest.
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of phagosome maturation (41), and genetic inactivation of the
Zmp1 gene generated an attenuated strain that triggered the acti-
vation of the inflammasome, resulting in increased IL-1� secre-
tion normally preempted in the M. tuberculosis wild-type strain
(9). In addition, ET-1 is an important mediator of IL-1� inflam-
matory response (42). Complementary to our findings for enzy-
matic peptide hydrolysis (Fig. 3), these data suggest a role for
Zmp1 in the mycobacterial virulence that may involve ET-1 sig-
naling.

As observed here, when mice treated with BQ123 were infected
with M. tuberculosis, increased lung lesions occurred, which may
be explained because the blocked receptor (ETA) is a primary
vasoconstrictor and a growth-promoting receptor (13). Thus,
ETA blocking may have promoted vasodilation that facilitated the
perfusion and infiltration of inflammatory cells, inducing more
tissue damage during M. tuberculosis infection (Fig. 4 and 6).
However, this inflammatory process could not control M. tuber-
culosis infection, so no bacterial load decrease was observed in the
lung (Fig. 6).

ERA treatment increased the number of Gr1high cells. Neutro-
phils (Fig. 4 and 5) were present at higher levels during the chronic
stage of murine tuberculosis (43), as were Gr1int cells, suggesting a
Gr1� myeloid-derived suppressor cell phenotype. Based on pre-
vious experiments showing that Gr1int MDSC cells diminished the
T-cell protective responses in a murine TB model (44, 45), our
results corroborate these findings to a certain degree, particularly
because M. tuberculosis-infected animals treated with ERA
showed a diminished ability to control the infection. Further, ETR
signaling could modulate recruiting or phenotype changes of
these MDSC cells.

In contrast, ETB antagonism led to higher bacterial burdens
but no overt histological changes (Fig. 6). These responses could

be explained by the distinct ETR subtype functions in vascular and
inflammatory responses, because both ETA and ETB receptors act
on vascular smooth muscle and mediate ET-1-induced vasocon-
striction (46). However, in pulmonary endothelium, ETB recep-
tors mediate the generation of NO or the opening of ATP-sensi-
tive potassium channels, and NO promotes vasodilation (47, 48).
Thus, ETB antagonism could induce vasoconstriction and prevent
inflammatory cell infiltration in lung tissue. In addition to the
vascular tone functions of ETB in the lungs, this receptor also acts
as a clearance receptor, capturing blood-circulating ET-1 and
leading to the clearance of the peptide in pulmonary tissue (47,
49). In immune responses, results with knockout mice (50) and
ETR antagonists (51) suggest that the proinflammatory effects of
ET-1 are mediated by the ETB receptor, including fever (42, 52).
Therefore, BQ788 can act as an anti-inflammatory mediator by
directly blocking ETB receptor proinflammatory effects and also
decreasing lung uptake of ET-1 from the circulation, leading to
lowered ET-1 lung activity and, in turn, allowing increasing bac-
terial burdens in the lung tissues. In addition, we have demon-
strated that the exogenous administration of ET-1 can reduce M.
tuberculosis infection lesions (Fig. 6). On the other hand, using
whole-genome microarray gene expression analysis, ET-1 gene
expression was associated with the severity of M. tuberculosis in-
fection (53). Whether the increase of ET-1 expression was to
counteract the effect of the M. tuberculosis inflammatory response
or is a consequence of the infection needs to be further investi-
gated.

Similarities in the responses of iNOS knockout and C57BL/6
mice to ERA (Fig. 4 and 6) corroborate the classic ET-1 signaling
pathway, where ET-1 stimulates NO production by activation of
endothelial NO synthase (eNOS) instead of iNOS (54, 55). How-
ever, iNOS knockout-infected mice showed increased neutrophil

FIG 6 ET-1 promotes different responses through A and B receptors during M. tuberculosis infection. (A to D) Representative lung sections (left bottom lobe)
with HE stain of M. tuberculosis-infected mice treated with vehicle (A), ET-1 (B), ETA antagonist BQ123 (C), or ETB antagonist BQ788 (D) at 21 days
postinfection and under treatment. Indicated are perivascular/peribronchial inflammatory infiltrate (black arrowhead), alveolar damage (open arrowhead), and
lesion area with necrosis (N). Scale bars represent 200 �m. Also shown are results of the quantification of the inflammatory lesion area sizes (E) and bacterial
burden of lung (anterior and middle right lobes) from infected mice treated with vehicle, ET-1, BQ123, BQ788, and ERA (BQ123 and BQ788) at 21 days
postinfection and under treatment (F). Data shown represent means 	 SEM, n � 3. *, P � 0.05; **, P � 0.01; ***, P � 0.001; differences from vehicle treatment
were determined by one-way ANOVA with Dunnett’s posttest.
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content (Fig. 4, insets, and 5) and a tendency for higher numbers
of CFU and larger lesions (Fig. 4). ERA significantly increased the
neutrophil population during M. tuberculosis infection only in
wild-type mice (Fig. 5). iNOS deficiency in septic mice facilitated
the infiltration of neutrophils into pulmonary tissue from the pul-
monary microvasculature, and the transendothelial neutrophil
migration was attenuated by the specific presence of iNOS in neu-
trophils (56). In our murine tuberculosis model, iNOS also ap-
pears to play a role in neutrophil infiltration and endothelin sig-
naling that specifically affects the neutrophil iNOS. Bacterial
burden and lung injury pattern in iNOS-KO mice agree with the
literature data from murine models of tuberculosis, showing a
more susceptible phenotype (57). However, the antimycobacte-
rial activity of NO in vivo and whether NO is critically involved in
the host defense against Mycobacterium tuberculosis in humans is
controversial (27). Nevertheless, our data suggest a vascular
mechanism of control for M. tuberculosis. Thus, it may be that NO
acts in this M. tuberculosis control mechanism and in neutrophil
migration rather than as a bactericidal agent. Further, ET-1 could
be involved in decreased oxygen tension or hypoxia described in
granulomas undergoing caseous necrosis and characterized by a
lack of vascularity in human tissue (58). Therefore, more studies
must be carried out in other models, because hypoxia usually is
not found in the TB mouse models (59, 60).

In summary, our results show that M. tuberculosis produces
and secretes an enzyme with ET-1 cleavage activity and may act as
a virulence factor. These data demonstrate a possible role of Zmp1
in mycobacterium-host interactions. Moreover, endothelin path-
ways have a role in the pathogenesis of M. tuberculosis infections,
and ETA or ETB receptor signaling can modulate the host re-
sponse against bacilli. Thus, a balance between Zmp1 control of
ET-1 levels and ETA/ETB signaling can allow M. tuberculosis ad-
aptation and survival in lung tissue.
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