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The hbhA Gene of Mycobacterium tuberculosis Is Specifically Upregulated
in the Lungs but Not in the Spleens of Aerogenically Infected Mice

Giovanni Delogu,1* Maurizio Sanguinetti,1 Brunella Posteraro,1 Stefano Rocca,2
Stefania Zanetti,3 and Giovanni Fadda1

Institute of Microbiology, Catholic University of the Sacred Hearth, Rome, Italy,1 and Institute of General Pathology,
Pathological Anatomy and Veterinary Obstetrics-Surgery Clinic2 and Department of Biomedical Sciences,3

University of Sassari, Sassari, Italy

Received 19 September 2005/Returned for modification 9 November 2005/Accepted 25 January 2006

We report that hbhA is differentially regulated during Mycobacterium tuberculosis infection. Upregulation was
observed in epithelial cell infection but not in macrophage infection and in the lungs but not in the spleens of
infected mice, and it was greater during the early steps of infection, when bacilli disseminate from the site of
primary infection.

The heparin-binding hemagglutinin (HBHA) is a 28-kDa,
methylated, surface-exposed protein that mediates the inter-
action of the tubercle bacilli with the host, acting as an adhesin
for nonphagocytic cells (19, 22). Methylation of the C-terminal
lysine residues affects both the biochemical and immunological
properties of the protein (3, 14, 17, 23, 29). Several experimen-
tal findings have implicated HBHA in the process of extrapul-
monary dissemination of Mycobacterium tuberculosis (22), a
major step in the development of the active form of the disease
(1). Recently, Menozzi et al. (18) have also shown that binding
of HBHA to proteoglycans induces epithelial transcytosis,
which may promote the systemic dissemination of M. tubercu-
losis. In light of these studies, it has been proposed that the
development of an HBHA-based vaccine may represent an
original and effective strategy to prevent the development of
the disease, and the results obtained in the mouse model of
tuberculosis (TB) have supported this hypothesis (20, 29). To
further investigate the role of HBHA in the biology of M.
tuberculosis, a comprehensive study, both in vitro and in vivo,
was carried out to evaluate hbhA gene expression during the
immunopathogenetic process of TB.

Expression of the hbhA, ftsZ, hsp70, and 16S rRNA genes
was assessed using total RNA by real-time reverse transcrip-
tase PCR (RT-PCR) with an i-Cycler iQ system (Bio-Rad
Laboratories, Hercules, Calif.) (26). Cells and tissues homog-
enates were resuspended in RNAlater solution (QIAGEN,
Hilden, Germany), and total RNA was extracted with an
RNeasy Protect minikit (QIAGEN) by mechanical disruption,
as previously described (11, 26). For each gene, a set of primer
pairs and a TaqMan probe were designed with Beacon De-
signer 2 (version 2.06) software (Premier Biosoft International,
Palo Alto, Calif.) and synthesized by MWG Biotech (Florence,
Italy) (Table 1). Each reaction was run in quadruplicate, and
amplification efficiencies for all genes were determined (21).
Because the PCR protocols worked with equal efficiencies,

relative mRNA expression levels of hbhA and hsp70 were nor-
malized for input RNA against the level of ftsZ or 16S rRNA
gene transcripts. The relative mRNA expression levels of the hbhA
and hsp70 genes in each sample were calculated using the com-
parative cycle time method (16). Comparison between the
categorical variables was performed by using the two-tailed
Student t test. A P value of less than 0.05 was considered
statistically significant.

To assess hbhA gene expression in axenic culture, M. tuber-
culosis strain Erdman (TMC 107) was grown in 7H9 liquid
medium supplemented with albumin-dextrose-catalase enrich-
ment (Microbiol, Cagliari, Italy) and Tween 80 (0.05%) at
37°C, and 2-ml aliquots were harvested at different time points
to assess colony counts and to isolate total RNA. The 16S
rRNA-normalized levels of ftsZ transcript remained constant
during the in vitro growth phase, while the 16S rRNA-normal-
ized amounts of hsp70 transcript increased at the stationary
phase (Fig. 1B). An �100-fold increase in the expression of the
hbhA gene relative to either the 16S rRNA (Fig. 1C) or ftsZ
(Fig. 1D) gene was observed, demonstrating that the hbhA
gene is strongly upregulated at the early stationary phase.

Expression of the hbhA gene in the intracellular environ-
ment was evaluated by infecting bone marrow-derived macro-
phages (BMM�) and A549 human pneumocytes with M. tu-
berculosis. BMM� were established in 24-well plates as
previously described (4) and were infected with M. tuberculosis
at a multiplicity of infection of 3:1. A549 type II human pneu-
mocytes were cultured in Dulbecco modified Eagle medium
containing 10% fetal bovine serum. A549 cells were cultured in
24-well plates and infected with M. tuberculosis (multiplicity of
infection, �5:1) when they reached a confluence of 60 to 70%.
Following infection, BMM� and A549 cells were incubated for
2 hours at 37°C and washed three times with antibiotic-free
medium, and then medium containing gentamicin at 50 �g/ml
was added to kill extracellular bacteria. At different time
points, the cells were washed three times with phosphate-buff-
ered saline (PBS) and resuspended in 0.5 ml of cell lysis solu-
tion (PBS containing 1% Triton X-100). Aliquots (0.4 ml) of
the lysates were harvested by centrifugation and used to isolate
total RNA, as described above.
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As shown in Fig. 2, on day 1 and, more significantly, on day
3 postinfection, an increase in hbhA mRNA levels was ob-
served in M. tuberculosis infecting A549 cells. Conversely, the
relative hbhA expression was lower and remained constant in
M. tuberculosis infecting BMM� (Fig. 2). These results indi-
cate that the hbhA gene is strongly upregulated in M. tubercu-
losis infecting type II human pneumocytes but not in M. tuber-
culosis infecting BMM�.

In vivo gene expression was investigated using the mouse
model of TB (2, 4). C57BL/6 female mice were obtained from
Harlan (Italy) and were maintained under barrier conditions
and fed commercial mouse chow and water ad libitum. All
animal experiments were performed using protocols approved
by the Catholic University Ethical Committee. Eight-week-old
mice were aerogenically infected using a Glas-Col chamber
with a low dose (�2 � 102 CFU/mouse) of the M. tuberculosis

FIG. 1. Expression of the hbhA gene by M. tuberculosis in axenic culture as determined by real-time RT-PCR. M. tuberculosis strain Erdman
was grown in liquid medium with gentle shaking at 37°C. (A) Growth curve as determined by CFU counting at the indicated time points. (B) 16S
rRNA-normalized levels of ftsZ and hsp70 transcripts at the different time points shown in panel A. (C and D) 16S rRNA (C)- and ftsZ
(D)-normalized levels of hbhA determined during in vitro growth. Three samples per time point were analyzed, and RT-PCR was carried out four
times on each sample. Error bars show standard deviations.

TABLE 1. Primers used in this study to amplify the gene and sequences of interest

Gene Annotationa Forward primer Reverse primer Probeb

16S rRNA
gene

CAGGGCTTCACACATGCTACAAT GTATTCACCGCAGCGTTGCT Texas Red-TCTGCGATTACTAGC
GACTCCGACTTCACG-BHQ2

ftsZ Rv2150c CGGTATCGCTGATGGATGCTTT CGGACATGATGCCCTTGACG Texas Red-CGCCGACGAGGTGCT
GCTCAACG-BHQ2

hsp70 Rv0350 GTTGAGGTCCGTGCCACTTC ACTTGTCCACCAGCCAATCG 6FAM-TGGTCCCAGTCGTCGCC
GCCG-TAMRA

hbhA Rv0475 GCAGAGCTTCGAGGAAGTGTC AACGCCTCCTGGGTCAACTC 6FAM-CGCCTGGTCCACGTAGC
CTTCGG-TAMRA

a Annotation as indicated in the TubercuList (http://genolist.pasteur.fr/TubercuList/).
b 6FAM, 6-carboxyfluorescein; TAMRA, 6-carboxy-N,N,N�,N�-tetramethylrhodamine; Texas Red, product from Molecular Probes; BHQ2, Black Hole Quencher 2.
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strain (2). At different time points, five mice per group were
sacrificed, the spleens and the right lung lobes were homoge-
nized in PBS containing 0.05% Tween 80, and serial dilutions
were plated on 7H11/oleic acid-albumin-dextrose-catalase agar
plates to assess CFU per organ (4). One-milliliter aliquots of
lung and spleen homogenates per animal were centrifuged,
and the pellets were processed to isolate RNA. Right after
tissue removal, the lung left lobes were perfused and fixed with
neutral buffered paraformaldehyde, processed and stained
with hematoxylin-eosin and Ziehl-Nielsen stain, and analyzed
under light microscopy.

As shown in Fig. 3, during the first 2 weeks of infection M.
tuberculosis multiplies logarithmically in lung tissue, reaching a
peak of �6.8 log CFU/organ on day 28. Colonization of the
spleen was observed starting by day 14 and reached the max-
imum on day 28 after infection, following a logarithmic growth
curve similar to that seen in the lung tissue. Thereafter, M.
tuberculosis persisted in the lung and spleen tissues for a long
time (150 days).

Histopathological analysis of lung sections was found to be
consistent with that in previous studies (24). Lung sections
isolated from mice at day 14 after infection showed a cellular
infiltrate typical of the category 1 lesions described by Rhoades
et al. (24), with highly infected macrophages infiltrating the
alveolar septa (Fig. 3B). Some of these macrophages were
found in close contact with intact epithelial cells, which also
appeared to be infected with acid-fast bacilli (AFBs) (Fig. 3B).
A few more advanced type 2 lesions starting to organize in
granulomas could be detected scattered in the tissue (24).
Interestingly, most of the M. tuberculosis-infected cells were
detected in the periphery of the lesions, in close contact with
epithelial cells and lumen (Fig. 3C).

FIG. 2. Expression of the hbhA and hsp70 genes in the intracellular
environment. BMM� (squares) and A549 (circles) cells were infected
with the virulent M. tuberculosis Erdman strain. Cells were harvested at
different time points, and real-time RT-PCR was performed on the
extracted RNA. Gene expression levels were normalized against the
ftsZ gene transcripts. Three samples per time point were analyzed, and
RT-PCR was carried out four times on each sample. Error bars show
standard deviations. Comparisons were performed by using the two-
tailed Student t test. Asterisks indicate statistically significant differ-
ences (P � 0.05).

FIG. 3. Colonization of host tissues following aerogenic challenge
with M. tuberculosis strain Erdman (�100 CFU/mice). (A) Time
course of colonization of lung (filled squares) and spleen (empty
squares) tissues as assessed by CFU counts. (B and C) Histopatholog-
ical analysis of lung tissues isolated from infected mice at 14 days
postinfection. The left lobe of the lung was removed, fixed, and stained
with hematoxylin-eosin and Ziehl-Nielsen stain. Representative slides
are shown. Magnification, �1,000. Arrows indicate AFBs; arrowheads
indicate epithelial cells infected with AFBs.
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Figure 4A shows the ftsZ-normalized levels of hbhA in the
lung and spleen tissue at the time points indicated in Fig. 3.
hbhA gene expression was detected starting on day 7 in the
lung, while expression in the spleen could not be demon-
strated until day 14, although ftsZ and 16S RNA transcripts
were detected (data not shown). On day 14 following infec-
tion, ftsZ-normalized levels of hbhA in lung tissue signifi-
cantly increased (�40-fold). On day 28, relative expression
of the hbhA gene decreased, reaching an hbhA/ftsZ ratio of

1, which was maintained throughout the course of infection
(day 70 and day 150). Expression of the hbhA gene in the
spleen tissue remained low throughout the infection (hbhA/
ftsZ ratio of �0.05 to 0.2), and no significant variability was
observed at the different time points. Similar results were
obtained when 16S rRNA was used as the housekeeping
gene (Fig. 4B), indicating that ftsZ is a reliable housekeep-
ing gene in vivo. A comparative analysis of the hbhA gene
expression in M. tuberculosis infecting lung and spleen tis-

FIG. 4. Expression of the hbhA gene in the lung and spleen tissues of mice aerogenically challenged with the virulent M. tuberculosis Erdman
strain as determined by real-time RT-PCR. ftsZ-normalized (A) and 16S rRNA-normalized (B) levels of hbhA were determined at the time points
shown in Fig. 3. Five mice per time point were sacrificed, and RT-PCR was carried out four times on each sample. Error bars show standard
deviations. Comparisons were performed by using the two-tailed Student t test. Asterisks indicate statistically significant differences (P � 0.05).
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sues indicates that overall expression of hbhA is 10 to 40
times higher in the lung than in the spleen.

A major finding of this study is that the hbhA gene is spe-
cifically upregulated by M. tuberculosis in the lung but not in
the spleen during the early steps of infection, when bacilli are
actively multiplying in host tissues. Expression of the hbhA
gene was calculated relative to 16S rRNA, whose expression
remains constant in macrophages and host tissues (13, 28), and
to the ftsZ gene. FtsZ is a protein involved in bacterial cell
division, and its intracellular concentration remains constant
regardless of doubling time or growth rate (25, 31). We rea-
soned that normalization of hbhA transcripts to those of the
ftsZ gene would provide a further control to assess tissue-
specific upregulation during active bacillus multiplication. In-
deed, the results obtained in this study demonstrate that ftsZ is
a reliable housekeeping gene.

Upregulation of the hbhA gene in the lung is tissue specific
and cannot be simply associated with bacterial multiplication.
The increase in hbhA expression is rather substantial in com-
parison to that observed for other M. tuberculosis genes known
to play an important role in TB pathogenesis, for example,
Esat-6, fbpABC, sodC, acr, icl1, mbtA, and others (5, 12, 27, 28,
30). hbhA upregulation appears to be quantitatively much
more remarkable than what has been seen, for instance, for the
fbpA and fbpB genes (27, 28).

It should be noted that upregulation of the hbhA gene
occurs when bacilli are actively multiplying in the lung tissue
and the cellular immune response has not yet contained the
infected areas. Histopathological analysis of lung tissue car-
ried out on day 14 indicated that AFBs reside primarily in
early cellular infiltrates in the alveolar septa, infecting mac-
rophages or epithelial cells. At this time of infection, M.
tuberculosis can also be detected in the forming granulomas,
mostly at the periphery of the lesions, where it is more likely
to escape into the blood system and disseminate. Con-
versely, analysis of infected lung tissue at later time points
indicates that AFBs infect macrophages residing primarily
in the inner parts of the lesions, in areas tightly confined by
wedges of lymphocytes.

Dissemination of the tubercle bacilli from the site of pri-
mary infection is a major step in TB pathogenesis (1). The
current hypothesis is that inhalation of bacilli establishes
primary lesions in the lungs that cannot be contained by
either the innate or the slowly emerging acquired immune
response. Multiplying bacteria escape from the primary le-
sion through a process of hematogenous dissemination that
leads to the formation of secondary lesions that appear to be
more favorable for the development of lesion reactivation
(10, 15). Because HBHA has been clearly implicated in the
process of dissemination of M. tuberculosis (19, 22), the
results of this study suggest that M. tuberculosis promotes
hbhA expression when the bacteria can easily escape from
the forming lesions to the bloodstream. Because the hbhA
gene is upregulated within A549 pneumocytes, it is possible
that HBHA is important not only for adherence to and
invasion of epithelial cells (22) but also for escape from
these cells into the bloodstream.

The results of this study may also have more practical ap-
plications. Improved recombinant Mycobacterium bovis bacille
Calmette-Guérin (BCG) strains expressing M. tuberculosis an-

tigens are among the most promising vaccine candidates (7, 8,
9), and intranasal administration of a recombinant BCG vac-
cine has been shown to induce a strong immune response in
the lung that resulted in greater protection than systemic ad-
ministration (6). BCG strains expressing recombinant antigens
under the control of the hbhA promoter should warrant a high
expression level in the lung that may lead to improved vaccines
for use in mucosal immunization strategies against M. tubercu-
losis or other infectious agents.
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