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Among 125 clinical isolates of Mycobacterium tuberculosis collected in Hong Kong and Shanghai, China,
between 2002 and 2004, IS6110 typing revealed that 71 strains (57%) belonged to the Beijing family. The
intracellular growth of the strains in human peripheral blood monocyte-derived macrophages was measured
ex vivo on days 0, 3, 6, and 10. Among all tested strains, three hypervirulent strains showed significant
increases in intracellular growth after 10 days of incubation. With an initial bacterial load of 104 CFU, most
of the clinical isolates and H37Ra (an avirulent strain) exhibited no intracellular survival on day 10, while the
three hypervirulent strains together with H37Rv (a virulent strain) showed on average a two- to fourfold rise
in CFU count. These three hypervirulent strains belonging to a non-Beijing family were isolated from patients
suffering from tuberculosis meningitis. Cytokines secreted by gamma interferon-activated macrophages were
measured daily after challenge with selected strains of M. tuberculosis. The levels of tumor necrosis factor alpha
were elevated after 24 h of infection among all strains, but the levels were significantly lower among the three
hypervirulent strains, whereas interleukin 10 (IL-10) and IL-12 were not detected. Results were concordant
with the differential expression of the corresponding cytokine genes in activated macrophages, as monitored by
real-time PCR. Our findings highlighted that these three hypervirulent strains may possess an innate mech-
anism for escaping host immunity, which accounts for their characteristic virulence in patients presenting with
a more severe form of disease.

Despite continuous efforts in monitoring and treating tuber-
culosis, the disease remains a major public health issue in many
parts of the world, with over 50% of all new cases being
reported in Asian countries (31). Recent studies of several
repetitive insertion sequences (ISs) in Mycobacterium tubercu-
losis have indicated that these elements are associated with
DNA polymorphism in the mycobacterial genome. Among
these IS elements, the IS6110 restriction fragment length poly-
morphism (RFLP) demonstrates high potential for the finger-
printing of M. tuberculosis isolates (2, 5, 27, 28). Several epi-
demiological studies have provided valuable information on
the global transmission of the disease and the identification of
particular strains with high-level infectivity, virulence, and mul-
tidrug resistance properties (6, 7, 19, 30). In addition, the
analysis of the IS6110 RFLP may provide insight in the study
of the bacterium’s evolutionary history and the emergence of
particular genotypes in various geographic localities.

The characterization of virulence determinants of M. tuber-
culosis that are relevant to the pathogenesis of human tuber-
culosis has gained widespread attention and recognition (22).
Although animal models using guinea pigs and mice are useful
for the characterization of M. tuberculosis infection and the

study of bacterial virulence, an assessment of the bacterium’s
ability to persist in human macrophages is essential for deter-
mining the virulence of the pathogen. The lung is the major
portal for the entry of M. tuberculosis, the cause of pulmonary
tuberculosis. Once inhaled into the lung, the pathogen may
enter the alveoli of lungs and be phagocytosed by defensive
alveolar macrophages. Unlike nonpathogens, M. tuberculosis
may resist killing by macrophages and even survive in a latent
form. Quantitative measurement of the intracellular growth of
M. tuberculosis in human macrophages was not invariable
among various strains of M. tuberculosis (23, 32). For study of
the early stages of tuberculosis, human macrophages derived
from peripheral blood monocytes can be used because they
mimic the situation in humans. Activated macrophages in the
presence of T cells and cytokines will become efficient in bac-
terial killing and hence contain the infection. However, various
M. tuberculosis strains may have evolved mechanisms that in-
terfere with macrophage killing and allow them to grow inside
host macrophages. These virulent strains can evade the host’s
immune barriers within the lungs and may subsequently spread
to other organs and cause a more severe form of disease, such
as extrapulmonary or miliary tuberculosis. Therefore, the iden-
tification of specific virulent M. tuberculosis strains among clin-
ical isolates may assist in further elucidating the pathogenesis
of M. tuberculosis. In this study, we analyzed clinical isolates of
M. tuberculosis collected in Hong Kong and Shanghai between
2002 and 2004 and characterized the immune escape mecha-
nisms observed in some virulent strains.
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MATERIALS AND METHODS

Mycobacterium tuberculosis strains. A total of 125 clinical isolates of M. tuber-
culosis were obtained from three general hospitals in Hong Kong and one
general hospital in Shanghai, People’s Republic of China, from 2002 to 2004.
These strains were isolated from patients suffering from tuberculosis and in-
cluded 65 respiratory specimens and 60 extrapulmonary specimens (14 cerebro-
spinal fluid [CSF] specimens, 10 tissue specimens, 8 early-morning urine speci-
mens, 6 wound swab specimens, 5 biopsy specimens, 4 lymph node aspirate
specimens, 4 stool specimens, 3 pus specimens, 2 peritoneal fluid specimens, 1
abscess specimen, 1 ear swab specimen, 1 blood culture specimen, and 1 bone
marrow specimen). Cultures positive for acid-fast bacilli were identified as M.
tuberculosis by the AccuProbe hybridization assay (Gen-Probe, San Diego, CA),
according to the manufacturer’s instructions.

IS6110 RFLP fingerprinting. The extraction of total M. tuberculosis genomic
DNA and Southern blotting with a labeled IS6110 DNA probe were performed
according to standardized methods (1). In brief, the total genomic DNA was
extracted by enzymatic lyses, followed by phenol chloroform extraction. Each
isolate was inoculated onto two Middlebrook 7H10 selective agar plates supple-
mented with oleic acid-albumin-dextrose-catalase (Beckon Dickinson) and incu-
bated for 3 weeks at 37°C with 5% CO2. Cultures were harvested with 10 ml
Tris-EDTA buffer (pH 8.0), and suspensions were centrifuged at 4,000 � g for 20
min at 4°C. The pellet was held at �20°C for a minimum of 4 h to weaken the
cell wall. Then, it was resuspended in 5 ml of Tris-EDTA buffer (pH 8.0) with the
addition of an equal volume of chloroform-methanol in a ratio of 2:1. After
centrifugation at 4,000 rpm for 20 min at 4°C, the bacterial pellet at the inter-
phase was collected and dried at 55°C for 15 min. It was then homogenized with
5 ml of Tris-EDTA buffer (pH 8.0), followed by the addition of 500 �l of 1 M
Tris-HCl (pH 9.0) and 55 �l of lysozyme (10 mg/ml; Sigma). Suspensions were
incubated at 37°C for 18 to 24 h. Then, 55 �l of proteinase K (10 mg/ml; Sigma)
and 550 �l of 10% sodium dodecyl sulfate (Sigma) were added. The mixture was
incubated at 55°C for 3 h. Suspensions were centrifuged at 12,000 � g for 30 min
at 4°C first with a phenol-chloroform-isoamyl alcohol mixture in the ratio of
25:24:1 and then with a chloroform-isoamyl alcohol mixture in the ratio of 24:1.
Then, the DNA was precipitated by adding 0.1 volume of 3 M sodium acetate
(pH 5.2) and an equal volume of absolute isopropanol, followed by overnight
incubation at 4°C. DNA was precipitated using 2 ml of cold 70% alcohol. After
centrifugation, the dried pellet was dissolved in 200 �l of Tris-EDTA buffer (pH
8.0). The concentration of DNA extract was measured using a UV spectropho-
tometer and then adjusted to 200 �g/ml. Chromosomal DNA was digested by
overnight incubation at 37°C with the endonuclease PvuII. The PvuII-digested
DNA product was precipitated and electrophoresed for at least 22 h at 4°C in a
cold room at 20 V. Southern hybridization was set up using a digoxigenin-labeled
PCR probe at 60°C in a shaking water bath for 18 to 24 h. Hybridized signal on
a Hybond-N� membrane was detected by the chemiluminescence method using
CSPD (Roche Diagnostics GmbH, Germany) as the substrate.

Measurement of M. tuberculosis growth inside human macrophages. Our pro-
tocol was adopted from a previous study of Zhang et al. (32). Normal human
blood was provided by Blood Transfusion Services. Peripheral blood monocytes
were isolated from mononuclear cells by plastic adhesion followed by plating
onto 24-well plates at 106 cells/well in RPMI medium containing 5% autologous
serum. The monocytes were refed by fresh medium every 2 days and allowed to
differentiate into macrophages for 10 to 12 days in vitro. M. tuberculosis cultured
in 7H10 medium for 7 to 10 days was suspended in RPMI medium and adjusted
to 103 to 104 CFU/ml. Clumps of bacteria were dispersed using an ultrasonic cell
disrupter or vortexed, and suspensions were centrifuged at 400 � g for 20 min.
Then, 0.5 ml supernatant was used to infect human macrophages in each well.
After overnight incubation at 37°C with 5% CO2, the macrophages were washed
with 1 ml RPMI medium twice to remove extracellular bacilli. This was consid-
ered day 0. On days 0, 3, 6, and 10, infected macrophages were lysed by aspirating
them from the RPMI medium, and then 1 ml of distilled water was added and the
mixture was incubated for 10 min. Then, 20 �l of 10% sodium dodecyl sulfate
was added, and the mixture was incubated for 10 min, followed by the addition
of 1 ml of 20% bovine serum albumin. The mixture was centrifuged at 4,000 �
g for 20 min, and the supernatant was discarded. One milliliter of distilled water
was added to disperse the sediment. Finally, 10 �l of suspension was inoculated
onto 7H10 agar to allow enumeration of the mycobacteria after 3 weeks of
incubation at 37°C with 5% CO2. Each strain was tested with three different
batches of human macrophages. The growth of M. tuberculosis inside human
macrophages was determined by counting the number of CFU per ml. The
growth index was defined as the number of CFU per ml divided by the number
of CFU per ml on day 0. A growth index of greater than 1 indicated that the
strain exhibited multiplication inside human macrophages, whereas a growth

index of less than 1 indicated that the bacteria were engulfed and gradually killed
by macrophages.

Cytokine detection. Twenty-three strains of M. tuberculosis from different
specimens (14 CSF and 9 respiratory specimens) exhibiting various IS6110 RFLP
patterns were selected. H37Rv (ATCC 25618) and H37Ra (ATCC 25177) were
included as controls. Supernatants from macrophages preactivated by gamma
interferon (500 IU/ml) and challenged by M. tuberculosis were collected on days
0, 1, 2, 3, 4, and 5. All supernatants were deep-frozen immediately at �70°C
before being tested. Cytokine assays were performed for interleukin 10 (IL-10),
IL-12, and tumor necrosis factor alpha (TNF-�) according to the manufacturer’s
instructions (DuoSet enzyme-linked immunosorbent assay development system;
R&D Systems, Inc.). Briefly, the 96-well microplate was precoated with the
corresponding capture antibody and incubated at room temperature for 12 to
18 h. After being washed with buffer, samples and standards were added in
duplicate to each well and incubated at room temperature for 2 h. The plate was
washed with buffer, and biotinylated detection antibody was added, followed by
incubation at room temperature for 2 h. After incubation of the reaction mixture
with horseradish peroxidase and the substrate (H2O2 with tetramethylbenzi-
dine), the reaction was stopped by adding 2 N H2SO4. The optical density at 450
nm of each well was determined.

Real-time PCR for mRNA expression of cytokine genes. Three strains from
CSF specimens with a growth index inside macrophages of greater than 1 and a
strain from a respiratory specimen with a growth index of less than 1 were
selected. H37Rv and H37Ra were also included as controls. Total RNA was
extracted from M. tuberculosis-infected macrophages at 3, 6, and 9 h after infec-
tion. The quantitative measurement of mRNA expressed by macrophages ex-
creting �-actin, TNF-�, IL-10, and IL-12 was performed by a two-step real-time
RT-PCR technique. The reaction mixture contained 1 �l of an oligo(dT)12–18

primer (Invitrogen), 1 �l of a 10 mM concentration of a deoxynucleoside
triphosphate (Invitrogen), and 10 �l of RNA extract. The mixture was incu-
bated at 65°C for 5 min, and the reaction tubes were transferred to ice
immediately. The first-strand cDNA was synthesized by adding 4 �l of 5�
first-strand buffer (Invitrogen), 2 �l of 0.1 M dithiothreitol (Invitrogen), 1 �l
of distilled water, and 1 �l of Superscript II reverse transcriptase (Invitrogen)
to each tube. The mixture was incubated at 42°C for 50 min and then at 70°C
for a further 15 min.

Real-time PCR was performed in an ABI7700 PCR cycler (Applied Biosys-
tems) by setting up a 10-�l PCR mixture containing 5 �l of the TaqMan reaction
mix, 1 �l of distilled water, 1 �l of a 10 �M concentration of the forward primer,
1 �l of a 10 �M concentration of the reverse primer, 1 �l of a 1:40 dilution of the
TaqMan probe, and 1 �l of the RNA extract. The serial dilution of the plasmid
standard ranged from 10 to 107 copies per �l.

RESULTS

IS6110 RFLP patterns of M. tuberculosis isolated in Hong
Kong and Shanghai. The RFLP patterns of isolates revealed
that the number of IS6110 copies harbored in each strain
ranged from 0 to 19 (Fig. 1). Seventy-one strains (57%) be-
longed to the Beijing-like family (Fig. 2A), and the other 54
strains were non-Beijing-like family types (Fig. 2B). There was

FIG. 1. Distribution of IS6110 copy numbers among 125 strains of
M. tuberculosis.

1280 WONG ET AL. CLIN. VACCINE IMMUNOL.



no documented outbreak of tuberculosis during the study pe-
riod, and no specific clusters of isolates were indicated in the
phylogenetic analysis (data not shown).

Macrophage challenge. Table 1 shows quantitative mea-
surements of the multiplication of M. tuberculosis inside
human macrophages. The growth index was defined as the
number of CFU per ml at day x normalized to the number
of CFU per ml on day 0. Among the 125 tested strains, three
isolates (H107, H108, and H112) and H37Rv (ATCC 25618)
exhibited a growth index of �1 (Fig. 3). The other 122
strains and H37Ra (ATCC 25177) showed a growth index of
�1. The three strains with a growth index of �1 were named
hypervirulent strains. These three strains were all isolated
from patients suffering from tuberculosis meningitis and
belonged to a non-Beijing family (Fig. 2B). The three pa-
tients were subjected to timely antitubular treatment for 9 to
12 months with good prognoses. Strain H112 was collected
in Hong Kong, while H107 and H108 were collected in
Shanghai. Strains H107 and H108, showing identical IS6110

RFLP patterns, were collected from two patients in 2002
and 2004. They resided in different regions outside Shanghai
and had no epidemiological link with regard to their family
or work history.

Cytokine quantification. Quantitative measurement of the
cytokines TNF-�, IL-10, and IL-12 revealed that the maximal
amount of TNF-� secreted by macrophages was detected on
day 1 of infection. H107, H108, H112, and H37Rv had TNF-�
concentrations secreted by activated macrophages of less than
400 pg/ml. Other strains exhibited higher concentrations of
TNF-�. Experiments were repeated with similar findings, and
mean values are shown in Fig. 4. The three hypervirulent
strains and H37Rv induced significantly lower levels of TNF-�
secretion in activated macrophages than other isolates and
H37Ra. The amounts of IL-10 and IL-12 excreted by macro-
phages after challenge with M. tuberculosis were below the
detection limit (less than 100 pg/ml). Most of the strains at
various time points had nondetectable levels of IL-10 and
IL-12 (data not shown).

FIG. 2. IS6110 RFLP patterns of M. tuberculosis isolates. Lanes M contain the digested products of the digoxigenin II molecular marker.
(A) Lanes 1 to 8 contain representative isolates with IS6110 RFLP patterns belonging to the Beijing family. (B) Lanes 1 to 8 contain representative
isolates with IS6110 RFLP patterns belonging to a non-Beijing family. Lanes 1, 2, and 6 contain CSF isolates (H107, H108, and H112, respectively).

TABLE 1. Quantitative measurement of the intracellular multiplication of M. tuberculosis organisms inside human macrophages

Strain category Strain Specimen type
Growth index at:

Day 0 Day 3 Day 6 Day 10

Hypervirulent clinical
isolates

H107 CSF 1.0 (	0) 1.85 (	5) 2.45 (	4) 3.65 (	3)
H108 CSF 1.0 (	0) 1.45 (	7) 1.8 (	11) 2.8 (	4)
H112 CSF 1.0 (	0) 1.35 (	7) 1.6 (	13) 2.2 	 (8)

Standard virulent
strain

H37Rv (ATCC 27294) 1.0 (	0) 1.2 (	17) 1.5 (	13) 2.4 (	4)

Standard avirulent
strain

H37Ra (ATCC 25177) 1.0 (	0) 0.45 (	14) 0.2 (	17) 0.1 (	9)

Other clinical isolates CSF (n 
 11) 1.0 (	0) 0.4 (	29) 0.2 (	17) 0.1 (	9)
Other (n 
 111) 1.0 (	0) 0.5 (	27) 0.2 (	58) 0.1 (	36)

a The growth indexes were normalized by dividing the number of CFU at day x by that at day 0. Standard errors (percentages) for repeated experiments with three
batches of macrophages are shown in parentheses.
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Real-time PCR for differential gene expression. The levels of
mRNAs encoding TNF-�, IL-10, and IL-12 were expressed as
numbers of copies normalized per 10,000 copies of �-actin,
which is the housekeeping gene. It was found that maximal
amounts of TNF-� gene expression by macrophages chal-
lenged with H107, H108, H112, and H37Rv were relatively low
compared with those of macrophages challenged with H37Ra
and H111. Experiments were repeated with similar findings,
and mean values are shown in Fig. 5. No significant difference
in IL-10 and IL-12 gene expression was exhibited by all tested
strains (data not shown).

DISCUSSION

In our collections of M. tuberculosis isolates in Hong Kong
and Shanghai, 57% of all isolates belong to the Beijing family.
Our finding is similar to that of other studies indicating that the
Beijing family originating in China dominates in the surround-
ing regions (6, 14, 29). In the macrophage challenge experi-
ment, three hypervirulent strains were very distinctly confined
to isolates from patients suffering from tuberculosis meningitis,
a more severe form of infection, whereas none of the pulmo-
nary isolates were hypervirulent. Strains H107 and H108,
showing identical IS6110 RFLP patterns, were collected from
two patients with no epidemiological link in Shanghai. Some
strains of the Beijing family were reported to show high trans-
missibility and cause more-severe forms of infections in ani-
mals (16), but all three hypervirulent strains in this study be-
longed to the non-Beijing family.

The characterization of virulence determinants of M. tuber-
culosis that are relevant to human diseases is a critical process
in understanding the pathogenesis of tuberculosis. Recent
study has shown the potential involvement of a virulent M.
tuberculosis gene in the organism’s survival rate inside human
macrophages (17). The macrophage model has the advantage
of allowing us to study the interaction of M. tuberculosis with
the host in the early phase of human infection. In addition, the
cytokine network plays a central role in the inflammatory re-
sponse and the outcome of mycobacterial infections (26).
TNF-� plays a crucial role in protective immunity and patho-
physiology against tuberculosis (12). It synergizes with gamma
interferon to increase the production of nitric oxide metabo-
lites and facilitate mycobacterial killing and is essential for
granuloma formation for the containment of mycobacterial
infection. Recent studies indicated that cytokines level were
higher in bronchoalveolar lavage fluid specimens from patients
suffering from pulmonary tuberculosis than in those with a
lower-grade disease (25). Another study suggested that cyto-
kine analysis of blood can be used to discriminate between
patients with active tuberculosis and nondiseased healthy con-
trols (11). The role for TNF-� in controlling bacilli in the latent
stage was evidenced by the increased reactivation of tubercu-
losis (including miliary and extrapulmonary disease) in patients
with Crohn’s disease and rheumatoid arthritis after treatment
with monoclonal anti-TNF-� antibodies (13). Similar findings

FIG. 3. Growth indexes reflecting the multiplication of M. tubercu-
losis organisms inside human macrophages. H107, H108, and H112 are
hypervirulent strains, and H37Rv exhibited a growth index of �1.
H37Ra and other strains (65 pulmonary and 57 extrapulmonary iso-
lates) exhibited growth indexes of �1. Each strain was tested with
three batches of human macrophages. The data represent means 	
standard deviations.

FIG. 4. Mean levels of TNF-� excreted by activated macrophages
challenged with M. tuberculosis after 24 h (n 
 2).

FIG. 5. TNF-� gene expression (mean values) in macrophages
challenged with M. tuberculosis (n 
 2).
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were also reported in a study using mice incapable of synthe-
sizing TNF-�, which displayed an increased susceptibility to
tuberculosis (3).

In this study, the amount of TNF-� secreted by activated
macrophages challenged with the three hypervirulent strains
was lower than in macrophages challenged with the less viru-
lent strains. Differential protein expression was further con-
firmed by the differential gene expression of activated macro-
phages. An earlier study showed that maximal TNF-� was
detected 2 days after infection (23), and the production of
cytokines in tuberculosis patients has been controversial in the
literature (15, 24). Modifications on the host’s cytokine profile
by bacteria may facilitate the escape of an antimycobacterial
defense mechanism. In this study, the three hypervirulent
strains showed down-regulated TNF-� protein and gene ex-
pression in macrophages. The low level of TNF-� may be
responsible for the higher growth index detected inside mac-
rophages.

Controversial results which indicated that the infection of
macrophages with a virulent M. tuberculosis strain induced the
secretion of a higher level of TNF-� than the levels exhibited
with attenuated strains were obtained by others (9). Another
study revealed that in the presence of iron, human monocytes
treated with TNF-� suppressed the growth of M. tuberculosis.
In the absence of iron, however, TNF-� had a growth-stimu-
lating effect (4). A clinical trial reported that the use of a
small-molecule inhibitor of TNF-� reduced the replication of
human immunodeficiency virus type 1 and M. tuberculosis in
patients coinfected with these two pathogens (10). It should be
noted that most of the published data used laboratory strains
to infect macrophages rather than clinical strains, unlike in our
study.

Interestingly, minimal activities of IL-10 and IL-12 were
detected. The lack of IL-12 production may be an immune
escape mechanism for the suppression of Th-1 responses, and
the lack of an IL-12 response is not due to the presence of
IL-10. We hypothesized that these strains have developed mu-
tant proteins that may suppress an innate mechanism in order
to circumvent the host’s protective immunity, accounting for
their characteristic virulence in causing a more severe form of
disease. Previous studies indicated that the mycobacterial cell
wall components lipoarabinomannans (LAMs) were virulence
factors which triggered the production of cytokines, such as
IL-8 (20) and IL-12 (8), by macrophages and polymorphonu-
clear granulocytes. However, controversial findings indicated
that LAMs antagonized and inhibited the production of cyto-
kines by macrophages (18, 21). The exact role of LAMs in
controlling M. tuberculosis infection remains unclear. Further
study may elucidate the role of LAMs in the three hyperviru-
lent strains with regard to infection and the host’s protective
immunity.

Our study highlights the advances toward a better under-
standing of the bacterial phenotypic virulence of M. tuberculo-
sis and its epidemiological link and interaction with a host’s
protective immune system in the fight against tuberculosis.
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