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Introduction

Summary

We aimed to delineate factors operating at the interface of macrophage—
mycobacterium interaction which could determine the fate of a ‘subclinical’
infection in healthy people of a tuberculosis-endemic region. Ten study sub-
jects (blood donors) were classified as ‘high’ or ‘low’ responders based on the
ability of their monocyte-derived macrophages to restrict or promote an
infection with Mycobacterium tuberculosis. Bacterial multiplication between
days 4 and 8 in high responder macrophages was significantly lower (P < 0-02)
than low responders. All donor sera were positive for antibodies against
cell-membrane antigens of M. tuberculosis and bacilli opsonized with heat-
inactivated sera were coated with IgG. In low responder macrophages, multi-
plication of opsonized bacilli was significantly less (P < 0-04) than that of
unopsonized bacilli. The levels of tumour necrosis factor (TNF)-a and inter-
leukin (IL)-12 produced by infected high responder macrophages was signifi-
cantly higher (P <0-05) than low responders. However, infection with
opsonized bacilli enhanced the production of IL-12 in low responders to its
level in high responders. The antibody level against membrane antigens was
also significantly higher (P < 0-05) in high responders, although the antigens
recognized by two categories of sera were not remarkably different. Produc-
tion of certain other cytokines (IL-1pB, IL-4, IL-6 and IL-10) or reactive oxygen
species (H,O, and NO) by macrophages of high and low responders did not
differ significantly. The study highlights the heterogeneity of Indian subjects
with respect to their capability in handling subclinical infection with
M. tuberculosis and the prominent role that TNF-0, opsonizing antibodies
and, to a certain extent, IL-12 may play in containing it.
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early stages of the disease [3,4]. In one study [5], no cytok-
ines were as effective as TNF-a in the killing of intracellular

A third of the world’s population is considered to be infected
with Mycobacterium tuberculosis and nearly 2 million people
die every year from tuberculosis (TB) [1]. The success of
M. tuberculosis as a pathogen for humankind is largely
dependent upon its capacity to avoid destruction by host
cells, particularly the macrophages. The outcome of infec-
tion thus varies from a ‘latent’ infection with no clinical
symptoms to the disseminated disease [2]. The immune
response towards the pathogen is complex and immune
parameters that confer protection against TB are not yet
elucidated fully. The cytokine tumour necrosis factor
(TNF)-a has been implicated in protection against TB in the
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M. tuberculosis. Blocking TNF-o has been shown to allow the
disease to emerge from latency [6]. Individuals with defi-
ciency in interleukin (IL)-12 or interferon (IFN)-y receptors
have also been found to be highly susceptible to mycobacte-
rial infection [7,8] and immunotherapy with IFN-y has been
reported to be effective against multi-drug-resistant TB [9].
Apart from cytokines, a role for reactive nitrogen/oxygen
intermediates has also been emphasized for intracellular
killing of M. tuberculosis [10], particularly in the mouse
model of TB [11].

A number of studies have highlighted the role of opsoniz-
ing antibodies in protection against TB in the mouse model.
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In the study by Armstrong and Hart [12], although prior
opsonization of M. tuberculosis with anti-mycobacterium
antibodies promoted phagosome-lysosme fusion in infected
macrophages, it did not augment intracellular killing of the
bacilli. Subsequent studies have, however, demonstrated that
opsonization with antibodies of certain immunoglobulin
(Ig) isotypes significantly improves containment of the
infection. Opsonization with monoclonal IgG1/G3 antibod-
ies against M. tuberculosis cell surface antigen arabinoman-
nan has been reported to enhance significantly the survival
of mice following challenge with infection [13,14]. Similarly,
opsonization of M. bovis with a monoclonal IgG2 antibody
against the surface antigen MPB83 also increased the sur-
vival of mice upon challenge [15]. Williams et al. [16] have
reported that intranasal inoculation of monoclonal IgA anti-
body against the cell surface antigen a-crystallin protects
mice against an intranasal infection challenge. In the subse-
quent study [17], addition of IFN-y prior to infecting the
macrophages with opsonized bacilli produced a synergistic
increase in nitric oxide and TNF-o production, along with a
two- to threefold decrease in bacterial counts.

Almost the entire population of a TB-endemic country
such as India, which accounts for nearly a fourth of the
global burden of the disease, is considered to be infected
with M. tuberculosis. In a recent study, enumeration of IFN-
v-secreting T cells reactive with peptides derived from
pathogen-specific antigens early secreted antigenic target 6
(ESAT-6) and culture filtrate protein (CFP-10) suggested a
more than 80% prevalence of TB infection in urban India
[18]. Besides exposure to the pathogen, certain host factors
may also contribute to the susceptibility of a population to
the infection. For example, individuals of certain ethnic
origins have low neutrophil counts [19] and it has been
shown recently by Martineau et al. [20] that risk of infection
with M. tuberculosis in contacts of TB patients (measured in
terms of ESAT-6/CFP-10-reactive T cells) is associated
inversely and independently with their blood neutrophil
counts.

Epidemiological data suggest that only about 10% of indi-
viduals infected with M. tuberculosis run a lifetime risk of
developing TB [2,21]. The infection remains dormant or
latent in a majority of individuals who are apparently able to
mount a protective immune response. Are there factors dis-
cernable at the level of macrophage—mycobacterium inter-
action which could determine the course of natural infection
in a TB endemic situation? This study was aimed at
addressing this question. The study subjects were healthy,
bacille Calmette—Guérin (BCG)-vaccinated, north Indian
blood donors who were exposed environmentally to
M. tuberculosis. They could be categorized as ‘relatively
resistant’ (high responders) or ‘relatively susceptible’ (low
responders) based on the ability of their monocyte-derived
macrophages to restrict or promote an intracellular infection
with M. tuberculosis. We sought correlations with certain
cytokines and reactive nitrogen/oxygen species produced by
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infected macrophages and also monitored the effect of
opsonization of bacilli with anti-mycobacterium antibodies
present in the donor sera.

Materials and methods

Study subjects

Ten healthy laboratory workers (male, aged 25-35 years) vol-
unteered as blood donors. All were BCG-vaccinated and,
being residents of a TB endemic region (north India), were
considered as environmentally exposed to M. tuberculosis.

Sera

Serum samples were collected and stored in aliquots at
—80°C. Heat-inactivated sera (to inactivate complement
components) were prepared by keeping an aliquot at 56°C
for 1 h in a waterbath.

M. tuberculosis

Three-week-old cultures of M. tuberculosis Hs;Rv (ATCC no.
25618) on Lowenstein—Jensen (L-J) medium were harvested
and washed with Middlebrook (MB) 7H9 broth by way of
suspension and centrifugation. A 100-mg bacterial pellet
was transferred to each tube containing 5 ml MB7H9 broth
(with 0-5% Tween 80). One tube was subjected to 10 cycles
of sonication (3x10s pulses/cycle) in a bath sonicator
(Misonix, Inc., Farmingdale, NY, USA) in order to obtain
single-cell suspensions. After each cycle, the tube was centri-
fuged (480 g) to settle the clumps and the optical densities
(OD) of the suspension was read at 580 nm. A plateau in
increasing OD was attained after the sixth cycle, indicating the
highest availability of free bacilli. The remaining tubes were
thus subjected to six sonication cycles, centrifuged and their
suspensions pooled. The final OD was adjusted to 0-6 with
MB7HO9 broth containing 15% glycerol. A 1-ml aliquot of this
suspension contained an average of 2:5 X 10° bacilli, deter-
mined by counting colony forming units (CFU) after culture
on L-J medium for 3 weeks. All aliquots were stored at —80°C.

M. tuberculosis antigens

Bacilli harvested from L-] medium were processed as
described previously [22] for preparation of subcellular
fractions. In brief, cells suspended in phosphate-buffered
saline (PBS) were probe-sonicated and centrifuged initially
at 23 000 g to remove unbroken cells and cell-wall debris,
and later at 150 000 g to obtain the cell membrane (sedi-
ment) and cytosol (supernatant). Protein was estimated by
the modified Lowry’s method [23]. Antigens were sterilized
by either autoclaving (in the case of membrane) or filtration
through a 0-22 UM membrane (in case of cytosol), and
stored at —80°C in aliquots.
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T cell proliferation assay

Peripheral blood mononuclear cells (PBMCs) were isolated
from 10 ml citrated blood by centrifugation over Ficoll-
isopaque. Washed cells were suspended (2 x 10° cells/ml)
in culture medium (RPMI-1640) containing 10% heat-
inactivated pooled normal human serum and dispensed in
96-well culture plates (0-1 ml/well). Mitogen (PHA-P) or
antigens were added in triplicate wells (10 ul/well) to
provide the following concentrations per ml culture (deter-
mined as optimal based on previous experiments): phyto-
haemagglutinin (PHA), 2 ug; M. tuberculosis cytosol, 25 ug
and membrane, 2-5 ug. The cultures (final volume 0-2 ml/
well) were incubated for 6 days in a CO, incubator and
pulsed with [*H]-thymidine (1 uCi/well) for the final 18 h
before harvesting and counting in a liquid scintillation
counter. Results were expressed as stimulation index (SI)
[SI=mean counts per minute (cpm) with antigen or
mitogen + mean cpm with medium alone]. An SI value of
= 3 was considered a positive response.

Prior to pulsing (on day 5), 50 ul culture supernatant was
removed from each well and stored at —80°C for estimation
of IFN-y using the method described below.

Detection of anti-mycobacterium antibodies in sera

Enzyme-linked immunosorbent assay (ELISA). M. tuber-
culosis cytosol or membrane antigens (10 pg protein/ml in
0-05 M carbonate buffer, pH 9:5) were coated (50 ul/well,
overnight, 4°C) in ELISA plates. After washing with Tris-
buffered saline (0-05 M Tris, 0-1 M NaCl, pH 7-4) containing
0-05% Tween 20 (TBS-T), the plates were incubated (2 h at
37°C) with ‘blocking’ solution (2% skimmed milk powder
dissolved in TBS-T, 100 pl/well). This solution was removed
later and test sera (diluted 1 : 100 in 1% milk-TBS-T) were
added to antigen-coated as well as buffer-coated wells (50 pl/
well, in duplicate) and incubated for 2 h at 37°C. Plates
were washed with TBS-T and incubated with 50 pl/well
peroxidase-conjugated affinity purified anti-human immu-
noglobulin (Sigma, St. Louis, MO, USA; diluted 1 : 5000 in
1% milk-TBS-T) for 2 h at 37°C. Plates were washed finally
with TBS-T and the substrate solution (0-04% o-phenylene
diamine + 0-03% H,0, in 0-05 M citrate phosphate buffer,
pH 5) was added (50 ul/well) and incubated in the dark for
20 min. Reaction was stopped by adding 7% H,SO, (50 pl/
well). OD were read at 492 nm on a plate reader. Difference
in mean OD between antigen-coated and buffer-coated wells
was recorded for each test serum.

Immunoblotting. M. tuberculosis membrane proteins were
resolved by sodium dodecyl sulphate-polyacrylamide gel
electrophoresis (SDS-PAGE) (12-5% gel, using a broad
sample well) and electroblotted onto nitrocellulose paper
which was later cut into strips. Individual strips were
blocked for 2h at room temperature (RT) with 3%

416

skimmed milk powder in TBS-T and, after removing the
blocking solution, incubated with donor sera (diluted 1 : 25
in 1% milk-TBS-T). After washing with TBS-T, the strips
were incubated (2 h, RT) with peroxidase-conjugated affin-
ity purified anti-human immunoglobulin (Sigma; diluted
1:1000 in 1% milk-TBS-T). One strip was incubated with
the monoclonal antibody ML09 (diluted 1:500) which
binds to the mycobacterial lipoarabinomannan [24] (a gift
from Dr J. Ivnayi, Guy’s Hospital, London, UK). This strip
was probed with peroxidase-conjugated affinity purified
anti-mouse immunoglobulin (Sigma; diluted 1:1000).
Colour was developed using the substrate (0-05%
4-chloronaphthol + 0-02% H,0, in methanol-TBS). The
strip containing electroblotted molecular weight markers
was stained with amido black.

Assay for intracellular multiplication of M. tuberculosis

Live and live-opsonized M. tuberculosis. Aliquots of M. tuber-
culosis were thawed, dispensed in Eppendorf tubes (100 pul/
tube) and centrifuged (9000 g x 10 min). The supernatant
was replaced with 100 ul RPMI medium in one set of tubes,
and 100 pl of heat-inactivated donor sera in the second set of
tubes. The two tube sets thus contained live and live-
opsonized bacilli. After thorough mixing, the tubes were
incubated (37°C, 1h) and centrifuged. The settled bacilli
were washed and suspended in 100 ul RPMI medium.

To determine whether the bacilli were actually opsonized
with IgG class of antibodies, samples of live and opsonized
bacteria were applied as smears on glass coverslips. Dried,
methanol-fixed bacilli were covered with blocking solution
[2% bovine serum albumin (BSA) in PBS containing
0-05% Tween 20] and incubated for 2 at 37°C. After remov-
ing the blocking solution, smears were covered with per-
oxidase conjugated affinity purified goat anti-human IgG
(Fc specific) antibody (Sigma) diluted 1: 1000 in blocking
solution and incubated for 2 at 37°C. The PBS-washed bac-
teria were incubated further (5 min) with peroxidase sub-
strate [metal enhanced 3’,3’-diaminobenzidine (DAB);
Pierce, Rockford, IL, USA], washed, dried, mounted on a
glass slide and visualized under oil immersion lens of a
microscope.

Macrophages. PBMCs (prepared as above) were dispensed
in 48-well culture plates (10° cells/well) and incubated over-
night (5% CO,, 37°C). The wells were washed thoroughly
with RPMI medium to remove non-adherent cells. Ten to
12% of the cells became adhered as determined by counting
the non-adherent cells. Adherent cells were allowed to dif-
ferentiate into macrophages by incubating for 5 days in
RPMI medium containing 10% heat-inactivated pooled
normal human serum. On day 5, the medium was replaced
with serum-free RPMI. When characterized by non-specific
esterase staining, >98% of the differentiated cells were
esterase positive.
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Fig. 1. Determination of exposure of the donors (n = 10) to Mycobacterium tuberculosis: (a) T cell proliferation, (b) interferon-y production and (c)

serum antibody levels against cytosol and membrane antigens of the pathogen. Statistically significant differences were noted with respect to (a) and

(c).

Infection. Aliquots of live and live-opsonized bacilli were
passed 20 times through a 25-guage needle to make single-
cell suspensions. Bacilli were counted using a Petroff—
Hausser chamber (Hausser Scientific, Horsham, PA, USA)
and diluted to 2-5x 10° bacilli/ml. Macrophages (approxi-
mately 10° cells/well) from each donor were processed as
follows: one well was kept as control and three wells each
were infected with live and live-opsonized bacilli at a multi-
plicity of infection (Mol) of 5 : 1 (bacteria : macrophage). To
allow phagocytosis, the cultures were kept in a CO, incubator
for 3 h. Medium containing free bacilli was removed and
macrophages were washed thoroughly with serum-free
RPMI medium. Finally, 1 ml medium containing 5% autolo-
gous serum was added to each well. Immediately (at zero
hour) medium from a set of three wells (uninfected control,
live and opsonized bacilli) was collected, filtered (0-22 uM)
and stored (—80°C) for cytokine estimations. The wells con-
taining live and opsonized bacilli were processed for CFU
determination. Collection of culture supernatants and CFU
determinations were also performed in the same manner on
days 4 and 8.

CFU determination. Infected macrophages were lysed with
0-1% saponin in water (200 pl/well). Complete lysis of cells,
as monitored under phase contrast microscope, occurred in
10 min. The lysates were mixed thoroughly and 20 pl of their
1:100 dilutions (in MB7H9 broth) were inoculated on L-J
medium. Colonies were counted after 3 weeks and results
expressed as CFU/well.

Cytokine assays

Estimations of IFN-y in culture supernatants of PBMCs,
and TNF-o, IL-1B, IL-4, IL-6, IL-10 and IL-12 in culture
supernatants of macrophages, were performed by using
ELISA kits (BD OptEIA; BD Biosciences, San Diego, CA,
USA) following the supplier’s protocols.

© 2007 The Authors

Assays for nitric oxide and hydrogen peroxide

NO was measured as nitrite by the modified Greiss method
[25] using a kit (Sigma), following the supplier’s protocol.
H,O, was estimated by the method of Pick and Mizel [26],
based on horseradish peroxidase (HRP)-mediated oxidation
of phenol red by H,O,. In brief, the substrate (2-8 UM phenol
red and 0-285 units of HRP/ml) was mixed with standard
(H,0,) or test (culture supernatant) samples in a 96-well
plate. The reaction was stopped by adding 0-1 M NaOH and
ODs taken at 620 nm. H,O, in the samples was determined
using a standard curve.

Statistical analyses

Significance of differences was determined by Student’s
t-tests (paired/unpaired) and relationship between variables
was determined by computing correlation coefficients (r).
For both ¢ and r values, P < 0-05 was considered significant.

Results

Determination of exposure of the donors to
M. tuberculosis

All donors showed a positive T cell proliferative response
(SI>5) to M. tuberculosis antigens. Moreover, as depicted
in Fig. 1a, the response to cytosol (CS) antigens [SI
38-23 * 9:50, mean =+ standard error of the mean (s.e.m.)]
was significantly higher (P < 0:02) than that to cell mem-
brane (CM) antigens (SI 16-16 * 4-88). Production of
IFN-y by the activated T cells served as another indicator
of exposure of the donors. Once again, the response to
CS (92-99 * 22-89 pg/ml) was higher than that to CM
(45-61 * 24-46 pg/ml), although this difference was not sta-
tistically significant (Fig. 1b). The basal level of IFN-y (in
absence of activation by antigen) was 14-95 = 3-15 pg/ml.
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The presence of anti-M. fuberculosis antibodies in the
donor sera also served as an indicator of their exposure. All
sera were antibody positive (Fig. 1c). However, in contrast
to the T cell responses, antibody levels against CS (OD
0-08 = 0-02) were significantly lower (P < 0-001) than those
against CM antigens (OD 0-41 * 0-07). Heat-inactivation of
the sera did not alter the antibody levels significantly.

Classification of donors and effect of opsonization on
intracellular multiplication of M. tuberculosis

Live M. tuberculosis, opsonized with heat-inactivated donor
sera could be stained with anti-human IgG (Fc-specific),
suggesting the coating of the bacteria with IgG class of
antibodies. Unopsonized bacilli could not be stained in this
manner.

The ability of the donor macrophages to restrict or
promote an infection with live or live-opsonized
M. tuberculosis was determined by counting viable bacilli
(CFU) on days 0, 4 and 8 post-infection. The difference in
CFU between days 0 and 4 was not significant. However,
day 8 counts (mean CFU/well * s.e.m.) for both types of
infection (17 340 * 3374 for live and 18 330 * 3113 for
opsonized bacilli) were significantly higher (P < 0-02) than
the corresponding day 4 counts (7700 = 2011 for live and
8880 = 1512 for opsonized bacilli). This observation was
used as the basis for classifying donors as low’ (relatively
susceptible) or ‘high’ (relatively resistant) responders.

Macrophages from low responders allowed more than
threefold (535 = 1-26), and those from high responders
more than twofold (1-44 * 0-19) multiplication of live
bacilli between days 4 and 8 (Fig. 2). This difference was
statistically significant (P < 0-02). Moreover, in low respond-
ers, the intracellular multiplication of live-opsonized bacilli
was significantly lower (P <0-04) than that of live bacilli,
although the lowered levels were still significantly higher
(P < 0-02) than those of high responders (Fig. 2).

Immunological parameters differentiating high
and low responders

Anti-M. tuberculosis antibodies in the sera. Antibodies in
the donor sera were directed primarily against cell mem-
brane antigens of M. tuberculosis (Fig. 1c). We observed
further (Fig. 3a) that high responders had a significantly
higher (P<0:05) level of anti-CM antibodies (OD
0-53 £ 0-11) than the low responders (OD 0-23 = 0-03).
Immunoblotting of CM with individual sera revealed that
the antigens recognized by high and low responders did not
differ remarkably (Fig. 3b). The characteristic diffused band
of the cell envelope-associated antigen-lipoarabinomannan
(LAM) was stained prominently by the anti-LAM mono-
clonal antibody ML09. The corresponding band was stained
less prominently and to a variable extent by the donor sera.
In addition, two major bands of approximately 65 kDa (a
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Fig. 2. Fold multiplication [from day 4 to day 8) of

Mpycobacterium tuberculosis in macrophages of low (LR) and high
responders (HR), five donors each]. Multiplication of live or
live-opsonized bacilli in low responders (LR-L/LR-LO) was
significantly higher than the corresponding values in high responders
(HR-L/HR-LO). Within the LR group, multiplication of live-
opsonized bacilli was significantly lower than that of live bacilli.

doublet) and 75 kDa were also recognized by all sera. The
other prominent bands, stained by some of the sera, were of
approximately 30 and 38 kDa.

Release of cytokines by infected macrophages. The concentra-
tion of TNF-o (Fig. 4a) in culture supernatants of high
responder macrophages infected with live bacilli (395-3 =
94-3 pg/ml) or live-opsonized bacilli (337-3 * 51-33 pg/ml)
was significantly higher (P < 0-05) than the corresponding
values for low responders (136-1 = 49-8 pg/ml for live, and
93-54 * 34-73 pg/ml for opsonized bacilli).

IL-12 produced by high responder macrophages (Fig. 4b)
in response to live bacilli (590-5 % 189-9 pg/ml) was also
significantly higher (P < 0-05) than the corresponding value
for low responders (186-8 * 67-8 pg/ml). However, upon
infection with opsonized bacilli, its production by low
responders was raised to a level (483 = 87-12 pg/ml), equiva-
lent to that of the high responders (604 = 189-1 pg/ml).

We explored further the relationship between bacterial
multiplication within the donor macrophages and levels of
TNF-o or IL-12 produced by them. As shown in Fig. 5,
statistically significant inverse correlations were observed
between TNF-o levels and the multiplication of live as well
as opsonized bacilli. An inverse, although statistically insig-
nificant, correlation (r= —0-5651, P=0-07) was also noted
between levels of IL-12 and multiplication of the live bacilli.

Among the other cytokines studied, production of IL-10
by high responder macrophages infected with live or
opsonized bacilli (593-6 = 76-1 pg/ml and 555-8 * 65-4 pg/

© 2007 The Authors
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ml) was higher than the corresponding values for low
responders (285-3 * 30-9 pg/ml and 279-4 = 79-2 pg/ml).
However, these differences were not statistically significant.
Statistically significant differences (with respect to high and
low responders) were also not seen in the levels of IL-1f3, IL-4
and IL-6 (data not shown).

Release of reactive oxygen and nitrogen species by infected
macrophages. Macrophages infected with live mycobacteria
produced NO and H,O, in the range of 22-88 = 2-04 uM
and 14-46 = 8-08 uM, respectively. However, the levels did
not differ between high and low responders. There was also

P=0.0412

no difference in levels with respect to infection with live or
opsonized bacilli.

Discussion

The study was aimed at delineating the factors operating
at the interface of innate and adaptive immunity
(macrophage—mycobacterium interaction) which could
determine the course of a ‘subclinical’ infection in apparently
healthy people living in a TB endemic area. The T cell as well
as antibody response of the donors towards M. tuberculosis
antigens suggested their exposure to the mycobacterium.

Fig. 4. Tumour necrosis factor (TNF)-o (a) (a)

and interleukin (IL)-12 (b) levels in day 8

culture supernatants of infected macrophages. 600r
TNEF-o. levels of high responder (HR) 500F
macrophages infected with live (L) or E 400t
live-opsonized (LO) Mycobacterium tuberculosis 2

were significantly higher than corresponding = 3007
values for low responders (LR). Interleukin LZI-I 200t
(IL)-12 level of HR macrophages infected with [

L bacilli were also significantly higher than 100}
corresponding values for LR. However, 0
following infection with LO bacilli, there was an L
increase in IL-12 levels of LR macrophages.

Fig. 5. Relationship between tumour necrosis
factor-o levels and bacterial multiplication in
the donor macrophages (n = 10). Statistically

significant inverse correlations were seen with

respect to infection with live bacilli (a) as well

(b)
oLR 1000y =ILR
- =0-
P=0.0043 HR 800l P=0-042 == HR
E
> 600+
£
Al
400t
=
200f
LO 0
Groups Groups

R=(-) 0-7827
P =0-0044

as live-opsonized bacilli (b). Regression lines 0 2
(non-linear) are shown.
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Tools for a more definitive diagnosis of the subclinical infec-
tion, particularly in an endemic situation such as India, are
not currently available. Chest radiography is considered a
non-specific as well as a grossly insensitive technique which
frequently falls short of detecting even the cases of pulmo-
nary TB [27,28]. The utility of the purified protein derivative
(PPD) skin test is also compromised by its lack of specificity,
which leads to false-positive results in people who are BCG-
vaccinated or exposed environmentally to other mycobacte-
ria [28]. The pathogen-specific laboratory assays, on the
other hand, are unlikely to show adequate sensitivity for
detecting a subclinical infection. For example, sensitivity
of the ELISPOT assay which detects IFN-y produced by
ESAT-6- and CFP-10-specific T lymphocytes [18] could be as
low as 60%, even in the culture-positive TB patients [29].

We considered that the efficiency of clearance of
M. tuberculosis by macrophages (in terms of CFU counts)
could be used as a robust criterion to differentiate the sub-
jects who had the capability to restrict the infection (high
responders) and those who did not (low responders). After
infection, the mean survival time of macrophages was
9-10 days. Therefore, CFU counts were taken on days 0, 4
and 8. The difference in intracellular multiplication of the
pathogen between days 4 and 8 in high and low responders
was statistically significant, despite the limitation of number
of blood donors. This difference should also be viewed in the
light of the fact that all donors were BCG-vaccinated. Results
of a major field trial, however, have shown that the BCG
vaccine falls short of protecting the Indian population
against TB [30].

All donors were positive for antibodies against cell-
envelope (membrane) antigens of M. tuberculosis and heat-
inactivation of sera did not reduce the antibody levels.
Considering antibody rather than complement as the key
factor distinguishing TB exposed and unexposed popula-
tions, we decided to evaluate the effect of opsonization with
antibody-rich, complement-depleted (-inactivated) sera on
the uptake and survival of pathogen in donor macrophages.
The effect of opsonization with complement on uptake and
survival of M. tuberculosis (H37Ra) in the macrophages of
healthy unexposed subjects has already been reported [31].
In that study, the authors had noted an increase in uptake of
bacteria through complement receptors following opsoniza-
tion with increasing concentrations of sera and a decrease in
uptake following heat-inactivation of the sera.

Upon opsonization with sera from high or low respond-
ers, the bacilli became coated with IgG class of antibodies.
The high responder macrophages were able to restrict bac-
terial multiplication to a minimal level with or without
opsonization. However, in low responders the multiplication
of opsonized bacilli was significantly less than that of the
unopsonized bacilli. This observation is supported by previ-
ous reports showing enhanced clearance of M. tuberculosis in
mice that were infected with bacilli oposonized with the IgG
class of antibodies to cell surface antigens [13—15]. Recently,
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Trivedi et al. [32] have also shown that phagosomes con-
taining particles opsonized with IgG mature rapidly into
phagolysosomes and the IgG effect was independent of other
particle-associated antigens or serum factors. None the less,
despite the restriction imposed by opsonization, bacterial
multiplication in low responder macrophages was still sig-
nificantly higher than that in the high responders. This indi-
cates that opsonization alone cannot bridge the gap between
the two groups. Armstrong and Hart [12] had shown an
improvement in phagosome-lysosme fusion by opsoniza-
tion of M. tuberculosis with an immune serum, although it
did not lead to an enhancement in intracellular killing of the
bacilli. However, their experiments were performed on
mouse macrophages, and a heterologous (rabbit) anti-serum
to BCG antigens was used for opsonization.

We observed a statistically significant inverse relationship
between levels of TNF-o and intracellular multiplication of
live or live-opsonized M. tuberculosis. Further, upon infec-
tion with live bacilli, the high responder macrophages pro-
duced significantly higher levels of TNF-ou than the low
responders and opsonization did not alter these levels sig-
nificantly in either group. The role of TNF-a in protection
against TB has been well documented. TNF-o. blockers used
in the therapy of rheumatoid arthritis have been found to be
associated with the development of TB in such patients,
apparently through activation of a latent or subclinical infec-
tion [6,33]. This can be considered as the most direct evi-
dence for a protective role of TNF-o. against TB.

The high responder macrophages also produced signifi-
cantly higher levels of IL-12 than the low responders upon
infection with the unopsonized bacilli. Opsonization,
however, enhanced the production of IL-12 in low respond-
ers to a level equivalent to that of the high responders. This
enhancement coincided with an improved intracellular
killing of opsonized bacilli by low responders, although it is
not clear what role IL-12 could have in this context. Appar-
ently, IL-12 is a regulatory cytokine which connects the
innate and adaptive immune response to mycobacteria and
exerts its protective effects mainly through the induction of
IFN-vy [34]. Individuals with a deficiency in IL-12 receptors
are also highly susceptible to mycobacterial infections [7,35].

Accumulating data indicate the importance of humoral
immunity in the defence against a number of intracellular
bacteria including M. tuberculosis [36]. We observed a signifi-
cantly higher level of anti-M. tuberculosis membrane anti-
bodies in high responders than low responders. However, we
could not distinguish the two groups on the basis of antigens
recognized by their sera. It would be interesting to see if the
recognized antigens (in view of the similarities in molecular
masses) share identity with HSP60, HSP70, Ag85 (30 kDa)
and PstS (38 kDa), all of which have been shown previously
to be important antigens associated with the cell envelope of
M. tuberculosis [37,38]. The presence of antibody to Ag85 in
the sera of TB patients has been associated with a good
prognosis [39]. Because mycobacterial LAM is an important
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immunomodulator [40], and as opsonization with LAM-
specific monoclonal antibodies have been reported to protect
mice against M. tuberculosis infection [14], we were keen to
see if the donor sera also recognized LAM. While the cell
membrane contained significant amounts of LAM, as evident
from staining with anti-LAM monoclonal antibody, corre-
sponding staining with individual sera was somewhat weak.
The identity of seroreactive antigens, when available, could
throw more light on the nature of the ‘protective’ opsonizing
antibodies.

We did not observe any difference between high and low
responders with respect to production of NO and H,O, by
infected macrophages. With the limited information avail-
able in the literature, there is no direct evidence about the
role of reactive oxygen intermediates (ROIs) in the killing of
M. tuberculosis within human macrophages [41]. Although
the presence of an inducible NO synthase in alveolar mac-
rophages from TB patients has been demonstrated [42], the
significance of NO production in human infection remains
controversial [10].

In conclusion, our results indicate that: (i) the healthy,
subclinically infected population of a TB endemic region can
be classified as ‘high’ or low’ responders depending on the
efficiency of their macrophages in containing an intracellu-
lar infection with M. tuberculosis; (ii) opsonization of bacilli
with the natural anti-mycobacterium antibodies present in
the sera has some beneficial consequences, particularly for
the low responders; and (iii) TNF-o and, to some extent,
IL-12 can be considered as important mediators of protec-
tion against activation of the subclinical infection.
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