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Summary
ESAT6 has recently been demonstrated to cause haemolysis and macrophage lysis. Our studies
demonstrate that ESAT6 causes cytolysis of type 1 and type 2 pneumocytes. Both types of
pneumocytes express membrane laminin, and ESAT6 exhibits dose-dependent binding to both cell
types and to purified human laminin. While minimal ESAT6 was detected on the surface of
Mycobacterium tuberculosis grown in vitro, exogenously provided ESAT6 specifically associated
with the bacterial cell surface, and the bacterium-associated ESAT6 retained its cytolytic ability.
esat6 transcripts were upregulated ~4- to ~13-fold in bacteria replicating in type 1 cells, and ~3- to
~5 fold in type 2 cells. In vivo, laminin is primarily concentrated at the basolateral surface of
pneumocytes where they rest on the basement membrane, which is composed primarily of laminin
and collagen. The upregulation of esat6 transcripts in bacteria replicating in pneumocytes, the
specific association of ESAT6 with the bacterial surface, the binding of ESAT6 to laminin and the
lysis of pneumocytes by free and bacterium-associated ESAT6 together suggest a scenario wherein
Mycobacterium tuberculosis replicating in pneumocytes may utilize surface ESAT6 to anchor onto
the basolateral laminin-expressing surface of the pneumocytes, and damage the cells and the
basement membrane to directly disseminate through the alveolar wall.

Introduction
Approximately ~1/3 of the global human population are infected with M. tuberculosis (M.
tb), making it one of the most successful pathogens in the world. Infection with M. tb is believed
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to be initiated when an airborne droplet carrying 1–3 bacilli is inhaled into the alveoli and is
internalized by alveolar phagocytic cells, the bacteria replicate intracellularly and the bacteria-
laden cells cross the alveolar barrier to cause systemic dissemination (Birkness et al., 1999;
Teitelbaum et al., 1999; Bermudez et al., 2002; Jiao et al., 2002; Geijtenbeek et al., 2003;
Tailleux et al., 2003; Menozzi et al., 2005; Humphreys et al., 2006). This intracellular
replication, and the simultaneous dissemination of the pathogen to the pulmonary lymph nodes
and to various extrapulmonary sites occurs prior to the elicitation of the adaptive immune
responses and is responsible for the extraordinary success of M. tb in establishing infection
(Chackerian et al., 2002; McMurray, 2003). Although the M. tb–phagocytic cell interaction
has been intensively investigated, recent studies have demonstrated that M. tb can also infect
non-phagocytic cells that are present in the alveolar barrier, namely the M cells, as well as the
alveolar endothelial and type 2 epithelial cells (McDonough et al., 1995; Teitelbaum et al.,
1999; Bermudez et al., 2002; Danelishvili et al., 2003; Hsu et al., 2003; Mehta et al., 2006).

Mycobacterium tuberculosis replicates efficiently within type 2 cells and also causes their
cytolysis, suggesting that infection of these cells in vivo could potentially alter their barrier
function (McDonough et al., 1995; Bermudez et al., 2002; Danelishvili et al., 2003). Studies
with an in vitro model of the alveolar wall comprising of a bilayer of epithelial (A549) and
endothelial cells (EAhy926) have demonstrated that M. tb-laden macrophages translocate
across the bilayer more efficiently when the epithelial cells have been preinfected with M. tb,
suggesting that damage to the alveolar wall may enhance dissemination of M. tb (Bermudez
et al., 2002). Interestingly, studies with different mycobacterial strains demonstrated that while
both virulent H37Rv tubercle bacilli and BCG infect the type 2 pneumocytes, the latter is
attenuated for cytolysis (McDonough et al., 1995; Dobos et al., 2000). Also, in vitro studies
with the above described alveolar wall bilayer model showed that while both M. tb and BCG
cross the bilayer by transport within infected mononuclear phagocytes, only the former
translocate independently across the bilayer (Bermudez et al., 2002). Together, these studies
suggest that M. tb infection of the epithelial cells, replication in them and the subsequent
disruption may contribute to the dissemination of both free and macrophage-ingested M. tb
from the lungs.

Comparative studies have identified 16 regions of difference (RD1-16) between the genomes
of M. tb and BCG, of which one deletion, termed ‘RD1’, is absent from all BCG substrains
currently used as TB vaccines globally. RD1 is part of a 15-gene locus (ESX-1), which encodes
a secretion system that enables the secretion of several proteins including ESAT6 and CFP10,
which are also encoded in RD1. Studies from several different labs have demonstrated that the
mutants of RD1 and of individual genes in this region are attenuated for cytolysis of type 2
pneumocytes and macrophages, cell-to-cell spread, pulmonary necrosis and bacterial
dissemination from the lungs in vivo (Hsu et al., 2003; Lewis et al., 2003; Guinn et al.,
2004). ESAT6 was initially reported to cause disruption of conductance and destruction of
artificial planal bilayers (Hsu et al., 2003). Recent studies have reported that ESAT6 induces
apoptosis of macrophages (Derrick and Morris, 2007) and may contribute to the translocation
of M. tb from the phagolysosomes to the cytoplasm in myeloid cells (van der Wel et al.,
2007). Importantly, ESAT6 has been demonstrated to cause lysis of red blood cells and
macrophages by pore formation in their membranes (Smith et al., 2008). Together, these studies
suggest that the ESAT6 may contribute to cellular invasion, escape from phagolysosomes, cell-
to-cell spread and dissemination of M. tb by acting like a cytolytic pore-forming toxin.

The alveolar epithelial surface is covered by both type 1 and type 2 pneumocytes; in fact, the
type 1 cells cover > 90% of the alveolar surface, greatly increasing the possibility that the
inhaled bacilli will contact these cells (Rennard et al., 1983; Dunsmore and Rannels, 1996).
While invasion of and replication in type 2 pneumocytes by M. tb resulting in their lysis is well
established, the interaction of M. tb with type 1 cells has not been investigated. Recent studies
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with other respiratory pathogens (Yersinia pestis and Legionella pneumophila) have shown
that they can invade and replicate in the type 1 pneumocyte cell line WI26 (Harb and Kwaik,
2000; Liu et al., 2006; Galvan et al., 2007). Moreover, Pneumocystis carini and Streptococcus
pneumoniae have been shown to preferentially bind to and damage type I cells in vivo to achieve
dissemination across the alveolar barrier (Nakamura and Wada, 1998; Rubins and Janoff,
1998; Rubins et al., 1998; Kaneshiro, 2001; Garcia-Suarez Mdel et al., 2007). Preliminary
studies in our lab confirmed that M. tb can invade and replicate in WI26 pneumocytes (Vir et
al., 2009). In the current studies, we have investigated the interaction of ESAT6 with both type
1 (WI26) and type 2 (A549) cells. Our results demonstrate that ESAT6 causes cytolysis of both
type 1 and 2 pneumocytes. Both cell types express laminin in their membranes and ESAT6
binds to both type 1 and type 2 pneumocytes, as well as to purified human laminin in a dose-
dependent manner. The former cells express higher levels of laminin/cell, bind more ESAT6
and are significantly more sensitive to cytolysis. The cytolytic activity of ESAT6 for both cell
types is retained when complexed to CFP10. While little ESAT6 could be demonstrated on the
cell surface of M. tb grown in vitro, exogenously provided ESAT6 associates with the cell
surface of intact H37Rv, H37Rv:Δcfp10 and H37Rv:ΔRD1 bacteria and this bacterium-
associated ESAT6 retains its cytolytic ability. Transcripts for esat6 are upregulated in M. tb
replicating in type 1 and 2 pneumocytes. Together, these studies demonstrate that M. tb ESAT6
acts as a cytolytic toxin for pulmonary epithelial cells and suggests a potential mechanism by
which ESAT6 may contribute to the phagocyte-independent dissemination of the bacteria from
the lungs.

Results
ESAT6 causes cytolysis of type 1 and type 2 pneumocytes

Previous studies demonstrated that H37Rv:ΔRD1, H37Rv:Δesat6, H37Rv:Δcfp10 bacteria that
either fail to express or secrete ESAT6 are attenuated for cytolysis of type 2 pneumocytes
(Hsu et al., 2003). To determine if purified recombinant ESAT6 and/or CFP10 cause cytolysis
of pneumocytes, type 1 (WI26) and type 2 (A549) cells were exposed to several concentrations
of ESAT6 and CFP10 ranging from 3 to 15 μg ml–1 for 24, 48 and 72 h (Fig. 1A and B). Both
type 1 and type 2 pneumocytes demonstrated a time- and dose-dependent cytolysis when
exposed to ESAT6 (Fig. 1A and B). At every concentration and time point tested, type 1
pneumocytes were more sensitive to cytolysis as compared with type 2 cells (Fig. 1A–C). In
contrast, no cytolysis was observed with CFP10 at any of the concentrations or time points
tested (Fig. 1A and B, and data not shown). The cell death was readily observed
microscopically, and was specific to ESAT6 since the viability of cells exposed to medium
alone, or to other recombinant proteins of M. tb (CFP10, Malate synthase (MS) or Superoxide
dismutase C (SodC) was unaffected (Fig. 1D). Recombinant ESAT6 expressed in Lactococcus
lactis, as well as native ESAT6 isolated from the short-term culture filtrate of M. tb were tested
for cytolysis of the less-sensitive cell type; both caused cytolysis of type 2 pneumocytes (Fig.
S1).

To determine if the cytolytic ability of ESAT6 is retained when complexed to CFP10,
heterodimers of ESAT6 and CFP10 were generated by mixing equimolar quantities in sodium
phosphate buffer (Renshaw et al., 2002). The formation of heterodimers was confirmed by an
ELISA wherein the complexes were captured via anti-CFP10 IgG and detected with anti-
ESAT6 antibodies (Fig. 2A). When the heterodimers were tested for their ability to lyse type
1 or type 2 pneumocytes, both cell types were lysed to the same extent as with free ESAT6.
Thus, at ~10 μg ml–1 free and CFP10-complexed ESAT6, ~80% cytolysis of the type 1 and
~40% of the type 2 pneumocytes was observed at 72 h of incubation (Fig. 2B). These results
demonstrate that ESAT6 retains its cytolytic competency when it is complexed to CFP10.
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ESAT6 binds to type 1 and type 2 pneumocytes
To cause cytolysis, ESAT6 must bind to the membranes of the cells. Incubation of type 1 and
type 2 cells with ESAT6 or CFP10 resulted in binding of only the former protein to both cell
types (Fig. 3A and B). As implicated by the cytolysis experiments, ESAT6 binding to type 1
cells was greater than that to type 2 cells. Thus, while ESAT6 could be detected on the
membranes of ~70% of the type 1 cells when added at 10 μg ml–1, only ~20% of the type 2
cells showed binding at this concentration. Although at 20 μg ml–1, the binding of ESAT6 to
~70% of the type 2 cells was obtained, the cytolysis of these cells did not increase (Fig. 1A).
CFP10 did not show any significant binding to either cell type. Type 2 pneumocytes synthesize
several ECM proteins and we have previously demonstrated the presence of laminin on the
A549 cell membranes (Dunsmore and Rannels, 1996; Kinhikar et al., 2006). Synthesis of ECM
components by type 1 cells is not well-understood but since these cells are derived from type
2 pneumocytes, they were probed with anti-laminin antibodies to evaluate membrane laminin
expression (Fig. 4A). Approximately 90% of both type 1 and type 2 pneumocytes exhibited
the presence of laminin on their membranes; however, the mean fluorescence intensity on type
1 cells was significantly greater as compared with the type 2 cells, indicating that the amount
of laminin per cell is higher in the former. These results were confirmed by evaluation of
laminin in the cell membrane preparations of the two cell types (Fig. 4B). When the binding
of ESAT6 to purified human laminin was tested, ESAT6 bound to immobilized laminin in a
dose-dependent manner; no binding of ESAT6 was observed in BSA-coated wells (Fig. 4C).
Moreover, when the binding of MS, a known laminin-binding adhesin, and SodC, which is not
an adhesin was tested along with ESAT6, both MS and ESAT6 showed binding to laminin
(Fig. 4D). Finally, anti-ESAT6 IgG demonstrated a dose-dependent (though partial) inhibition
of binding of ESAT6 to immobilized laminin (Fig. 4E). Recombinant ESAT6 produced in
Lactococcus lactis also bound to laminin in dose-dependent manner (Fig. S2). Together, these
studies suggest that ESAT6 likely binds to the laminin in the membranes of type 1 and 2
pneumocytes, although the involvement of additional membrane components is not ruled out.

The M. tb cell wall has minimal ESAT6
While both ESAT6 and CFP10 were identified from the culture filtrates of M. tb (Berthet et
al., 1998), ESAT6 has also been reported to be a cell wall protein of M. tb (Pym et al., 2002;
Majlessi et al., 2005). Considering the adhesive and lytic properties of ESAT6, we further
investigated the surface localization of the protein. When the cell wall and SDS-extracted cell
wall protein preparations of M. tb were probed for the presence of ESAT6 and CFP10, abundant
CFP10 and minimal ESAT6 was detected in both preparations (Fig. 5A). Probing intact γ-
irradiated bacteria for the presence of the 2 proteins on the bacterial cell surface also detected
abundant CFP10 but minimal ESAT6 on the M. tb H37Rv cell surface (Fig. 5B). As expected,
neither protein was detected on intact γ-irradiated H37Rv:ΔRD1 or H37Rv:Δesat6 bacteria (Fig.
5B). Examination of H37Rv bacteria by immunoelectron microscopy confirmed the abundance
of CFP10 and paucity of ESAT6 on the cell surface of M. tb grown in vitro (Fig. 5C–F).

Exogenously added ESAT6 associates with M. tb cell wall
Other Gram-positive bacteria express extracellular matrix (ECM) binding proteins that are shed
into bacteriological media in vitro and can re-associate with the bacterial cell surface
(Bergmann et al., 2001; Chhatwal, 2002; Kinhikar et al., 2006). It is possible that in vivo, most
ESAT6 remains associated with the bacterial surface and confers the ability to be lytic to
bacteria, while in the in vitro environment, it is shed into the culture filtrate. When the
association of exogenously provided ESAT6 or CFP10 with intact γ-irradiated H37Rv bacteria
was tested, only the former protein associated with the bacterial surface (Fig. 6A). The
association of ESAT6 to intact H37Rv was observed both when anti-His and anti-ESAT6
antibodies were used for detection (Fig. 6A and B). In view of the abundance of CFP10 on the
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M. tb cell surface and the ability of ESAT6 and CFP10 to form heterodimers, experiments to
determine if the cell surface CFP10 is the receptor for association with exogenous ESAT6 were
performed. Exogenously provided ESAT6 associated with intact H37Rv:Δcfp10 or the
H37Rv:ΔRD1 bacteria as well as it did with intact H37Rv (Fig. 6B–D) ruling out the possibility
of ESAT6 association with the bacterial surface via CFP10 or any of the proteins encoded by
RD1.

Cell surface-associated ESAT6 is cytolytic
To determine if the cell surface-associated ESAT6 retains its cytolytic ability, γ-irradiated
H37Rv:ΔRD1 bacteria were incubated with ESAT6, washed extensively and the ESAT6 bound
to the bacteria quantified by ELISA to calculate the bacterial dose that would deliver sufficient
ESAT6 to obtain cyotolysis of cells (Fig. S3). Bacterial concentrations calculated to carry ~2.5
μg ml–1, ~1.25 and 0.625 μg ml–1 of ESAT6 were tested for cytolysis of the two cell types.
Equal concentrations of γ-irradiated H37Rv:ΔRD1 bacteria were included as controls and no
cytolysis of either cell type was observed at any of the bacterial concentrations of
H37Rv:ΔRD1 (Fig. 6E). In contrast, dose-dependent cytolysis of type 1 cells was observed
with H37Rv:ΔRD1 bacteria bearing ESAT6 (Fig. 6E). Thus, at the bacterial concentration
calculated to present ~2.5 μg ml–1 of ESAT6, ~80% of the type 1 cells were lysed compared
with the cells exposed to γ-irradiated H37Rv:ΔRD1; at lower concentrations of ESAT6, the
levels of cytolysis observed were lower (54% and 36% respectively). When the same bacterial
suspensions were added to type 2 pneumocytes, ~8% cytolysis was obtained, only at the highest
concentration of ESAT6 (Fig. 6E). As evident from Fig. 1A, ~2.5 μg ml–1 of ESAT6 would
be expected to cause ~60% cytolysis to type 1 and ~20% to type 2 cells.

esat6 transcripts are increased in bacteria grown in type 1 and 2 cells
Previous studies have shown that passage of M. tb through macrophages or type 2 pneumocytes
enhances the cytolytic phenotype (Bermudez et al., 2002). In view of the cytolytic ability of
ESAT6, experiments were performed to determine if esat6 expression is upregulated in bacteria
replicating in type 1 and 2 pneumocytes. Compared with M. tb growing in bacteriological
media, transcripts of esat6 in bacteria grown in type 1 cells were ~fourfold higher at 2 h (0
day) postinfection, and ~thirteen-fold higher by day 3. In bacteria growing in type 2 cells, the
esat6 transcripts were ~threefold and ~fivefold higher at the same time points (Fig. 7).

Discussion
The reduced cytolytic ability of BCG, H37Rv:ΔRD1, H37Rv:Δesat6 and H37Rv:Δcfp10
bacteria, their reduced dissemination in animal models and the ability of ESAT6 to cause
disruption of artificial planal membranes first implicated ESAT6 as a toxin of M. tb (Hsu et
al., 2003). The current studies demonstrate that ESAT6 is the mycobacterial toxin that can
cause contact lysis of both type 1 and type 2 pneumocytes. The cytolytic ability is highly
specific and under the same conditions, CFP10 which is coexpressed with ESAT6 and forms
heterodimers with ESAT6, M. tb MS which has been demonstrated to be a cell wall and secreted
laminin-binding protein, and SodC which is also a secreted protein but does not bind laminin,
showed no cytolysis of either cell type (Wu et al., 1998; Renshaw et al., 2002; Kinhikar et
al., 2006). Since all four recombinant proteins tested carry a C-terminal His-tag and were
expressed in E. coli, it is unlikely that either the His-tag or any contaminating host protein is
responsible for the observed cytotolytic ability. Moreover, recombinant ESAT6 expressed in
Lactococcus lactis and native ESAT6 isolated from the culture filtrate of M. tb also caused
cytolysis of type 2 cells, the less sensitive cell type.

The binding of purified ESAT6 to the membranes of type 1 and type 2 pneumocytes both of
which express laminin, the specific binding of ESAT6 to purified human laminin in ELISA,
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and the blocking of the ESAT6–laminin interaction by anti-ESAT6 antibodies demonstrates
that ESAT6 is a laminin-binding adhesin of M. tb. Anti-laminin antibodies were unable to
block the ESAT6–laminin interaction (data not shown); possibly the commercial anti-laminin
antibodies lack antibodies directed against the specific binding site(s) on laminin. Compared
with type 2 cells, type 1 cells are significantly more sensitive to lysis by ESAT6; ~40% of type
1 cells were lysed at a concentration of 0.6 μg ml–1 of bacterium-associated protein (Fig. 6E).
While the higher laminin content of the type 1 cell membranes and the correspondingly
increased binding of ESAT6 would enhance their sensitivity for lysis, other factors are also
involved since increased binding to type 2 pneumocytes at high concentrations of ESAT6 did
not lead to a corresponding increase in cytolysis. Type 1 and type 2 cells may differ in the
levels and isoforms of laminin in their membranes (Pierce et al., 1998;DeBiase et al., 2006)
and ESAT6 binding to only particular laminin isoform(s) may result in cytolysis.

Considering the critical role of the RD1 region in the invasiveness of M. tb in vivo and the co-
ordinated expression of esat6 and cfp10, studies to understand the interaction between these
proteins and with membranes have been performed (Hsu et al., 2003). Structural studies
determined that ESAT6 and CFP10 form a tight 1:1 complex and while the surface features of
the complex were consistent with a function based on specific binding to one or more target
proteins on host cells, a significant hydrophobic patch characteristic of a pore-forming protein
was not identified (Renshaw et al., 2002; 2005). Interestingly, while the initial studies with the
artificial planal bilayers showed that ESAT6 alone or ESAT6–CFP10 complexes cause
disruption of the bilayers, subsequent studies suggested that the complexes did not bind to
liposomes while free ESAT6 could bind and cause their lysis (Hsu et al., 2003; de Jonge et
al., 2007). Recently, ESAT6 alone, or in combination with CFP10, has been demonstrated to
cause dose-dependent lysis of red blood cells and macrophages, although this required high
concentrations of ESAT6 (30 μg ml–1) for complete lysis (Smith et al., 2008). Osmoprotection
studies indicate that the lysis is due to pore-formation in the membranes and the pore-size
caused by bacterium-associated ESAT6 is larger than the pores caused by purified recombinant
ESAT6, suggesting that the bacteria-associated ESAT6 differs in multimerization and/or
membrane insertion from free ESAT6 (Smith et al., 2008). Our results with pneumocytes
concur with those observed with red blood cells and macrophages in that the cytolytic ability
of ESAT6 is retained when it is complexed with CFP10, or is present on the cell surface of
intact bacteria. Interestingly, compared with red blood cells, almost complete destruction of
the type 1 monolayers was observed at much lower ESAT6 concentrations (6–10 μg ml–1; Fig.
1A) and when ESAT6 was associated with the bacterial surface, ~80% of the type1 cells were
lysed at 2.5 μg ml–1 of ESAT6 (Fig. 6E). Together, these results suggest that ESAT6 possesses
both a laminin-binding domain and a pore-forming domain, and anchoring on the pneumocyte
cell membrane via binding to laminin facilitates achievement of high local concentrations of
ESAT6, increasing the efficiency of pore formation, and thus, lysis, by bacteria expressing
ESAT6 on their surface. Our preliminary experiments using ESAT6 peptides to identify the
laminin-binding and/or the lytic domains were unsuccessful suggesting that conformational
constraints may be involved in both binding and lytic functions.

In view of its adhesive and lytic functions, and the attenuated dissemination of BCG,
H37Rv:ΔRD1, H37Rv:Δesat6 and H37Rv:Δcfp10 mutants, we expected ESAT6 to be localized
to the bacterial cell wall. However, while abundant CFP10 was confirmed to be present on the
bacterial surface, neither the ELISA with cell wall protein preparations, nor the ELISA or
immunoelectron microscopy with intact bacteria demonstrated the anticipated localization. The
association of exogenous ESAT6 with the cell wall, and the retaining of the lytic function by
the cell wall associated ESAT6 suggests that although under in vitro conditions ESAT6 is shed
into bacteriological media, in vivo ESAT6 may be retained on the bacterial surface (Pym et
al., 2002). Differences in subcellular localization of M. smegmatis ESAT6 and PirG protein in
bacteria grown in different media have been reported (Kocincova et al., 2004; Converse and
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Cox, 2005). Considering that exogenously provided ESAT6 associates equally well with the
bacteria lacking CFP10 on the cell wall, it is possible that the association of ESAT6 with the
cell surface is sensitive to pH/charge/ionic changes in the environment, as also reported for
some other adhesins (D'Costa et al., 2000; Antikainen et al., 2007); however, the involvement
of a non-RD1-related receptor cannot be ruled out. Our results showing upregulation of
esat6 transcripts in bacteria replicating in pneumocytes indicate that its expression likely
increases in these bacteria. Although recent studies suggested that the function of ESAT6 is
controlled by regulation of its secretion, no studies have been performed to directly correlate
upregulation of transcripts with increased secretion (Frigui et al., 2008). However, expression
of ESAT6 by intracellularly replicating bacteria in the lungs of mice infected with
BCG:RD1 (Majlessi et al., 2005) and upregulation of esat6 transcripts in bacteria recovered
from infected mice (Rogerson et al., 2006) has been reported.

Earlier studies demonstrated that M. tb infection causes apoptosis in human macrophages and
necrosis in alveolar epithelial cells in vitro (Danelishvili et al., 2003). M. tb lacking the
cfp10esat6 operon are attenuated for cell lysis and tissue invasiveness in mice (Hsu et al.,
2003). Progressive infection with mycobacteria lacking the RD1 region (BCG or M. tb
H37Rv:ΔRD1) fails to cause necrosis and destruction of the lung parenchyma in mice lacking
γ-interferon (Junqueira-Kipnis et al., 2006). Moreover, both BCG and H37Rv:ΔRD1 show
delayed dissemination from the lungs to the spleen (Converse and Cox, 2005). While ESAT6
consistently caused lysis of both type 1 and 2 pneumocytes, the cells failed to show the
characteristic ladder pattern of apoptotic DNA, indicating that the ESAT6-mediated lysis is
caused by necrosis (data not shown). Our studies with pneumocytes implicate ESAT6 as the
bacterial toxin that is responsible for the pulmonary necrosis observed in vivo although the
confirmation of this will be possible only when the precise binding sites on ESAT6 and/or
laminin are identified and the interaction between the two can be interrupted. This ability of
the same molecule to lyse cells via different apoptotic pathways and also necrosis has also been
reported for pneumolysin (PLY) of Streptococcus pneumoniae (Garcia-Suarez Mdel et al.,
2007).

The alveolar wall comprises primarily type 1 and type 2 pneumocytes that cover the epithelial
basement membrane, which in turn is fused to the basement membrane of the capillary
endothelium (Dunsmore and Rannels, 1996). This basement membrane, with pneumocytes on
one side and endothelial cells on the other, is composed primarily of laminin and collagen IV
(Dunsmore and Rannels, 1996). Although in tissue culture grown cells, laminin is distributed
over the cell membranes, in vivo, laminin is concentrated primarily to the basolateral surface
of the epithelial cells where they make contact with the basement membranes (Dunsmore and
Rannels, 1996). The ability of ESAT6 to bind to laminin, to lyse the cell membranes of both
type 1 and 2 pneumocytes, to retain its lytic ability when associated with the bacterial surface
and the rapid upregulation of the esat6 transcripts in bacteria growing intracellularly together
suggest a scenario in which M. tb that has invaded pneumocytes may enhance their invasive
phenotype by upregulating the expression of ESAT6, thus increasing their ability to bind to
the basolateral laminin-expressing surface of the cells and damage the cells and the basement
membrane to directly disseminate through the alveolar barrier. Damage to even a small number
of cells would be sufficient to enable dissemination. This scenario is supported by earlier
studies demonstrating that M. tb that have replicated in type 2 pneumocytes acquire a highly
invasive phenotype for invasion of endothelial cells and that endothelial cells also express
laminin (Bosman and Stamenkovic, 2003). Interestingly, BCG has been demonstrated to be
attenuated for cell-free translocation across the bilayer model of the alveolar wall (Bermudez
et al., 2002). The damage to the alveolar epithelium and cytokine release by pneumocytes could
elicit enhanced migration of inflammatory cells to the alveoli, further encouraging
dissemination via infected phagocytic cells as well as attracting cells that contribute to
granuloma formation (Lin et al., 1998). It could also provide an opportunity for the
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dissemination of free bacteria via the circulation, although whether this occurs in tuberculosis
has not been investigated.

Infection of epithelial cells and dissemination via adhesion, invasion and damage to the
epithelial cells of the mucosal barriers is a common theme in infections with other pathogens
that cause pulmonary diseases. Thus, during the initial phases of infection, S. pneumoniae
expresses a PLY, a toxin that is cytolytic for type 1 and type 2 pneumocytes and endothelial
cells (Rubins et al., 1993), and can disrupt the alveolar–capillary boundary enabling the
penetration of the bacteria from the alveoli into the bloodstream (Rubins and Janoff, 1998).
Interestingly, type 1 pneumocytes are significantly more sensitive to cytotoxicity by PLY as
compared with type 2 cells and PLY has been implicated as an adhesin for respiratory epithelial
cells (Rubins and Janoff, 1998; Rubins et al., 1998). Pneumocystis carini also binds
preferentially to type 1 penumocytes and adhesion and damage to these cells results in
breaching the alveolar epithelium and allows enhanced dissemination to the other organs,
including the lymph nodes, spleen, bone marrow and liver (Nakamura and Wada, 1998;
Kaneshiro, 2001). The high sensitivity of type 1 pneumocytes to ESAT6-mediated cytolysis
and the greater upregulation of the esat6 transcripts in bacteria replicating in these cells
emphasize the potential importance of the M. tb–type 1 pneumocyte interaction for acquiring
a highly invasive phenotype by in vivo M. tb that enables the establishment of infection by the
few bacteria that are inhaled.

Dissemination of M. tb from the lungs to extrapulmonary sites occurs early during the infection
process, before the cellular immune responses that control the infection are elicited (Chackerian
et al., 2002; McMurray, 2003). The presence of memory ESAT6-specific T cells that express
IFN-γ in the healthy latently infected subjects indicates that this protein is expressed by the
M. tb soon after infection. Further studies on the role of ESAT6 as a mycobacterial adhesin
and toxin are required for the development of strategies that can prevent the invasion and
dissemination of bacteria that is vital for establishing infection.

Experimental procedures
Cell lines

The human type 1 alveolar pneumocyte-like cell line (WI26; WI-26 VA4; ATCC CCL95.1)
and type 2 alveolar pneumocyte cell line (A549; ATCC CCL185) were procured from the
American Type Culture Collection, Rockville, MD, USA, grown in appropriate media, and the
cells aliquoted and frozen in liquid nitrogen. The type 1 cells were propagated in RPMI 1640
supplemented with 10% de-complemented FBS (Hyclone, Logan, UT), 1% L-glutamine
(Lonza, MD), 1% non-essential amino acids (Sigma), 1% HEPES (Sigma) and 1% sodium
pyruvate (Sigma); the type 2 cells in RPMI 1640 supplemented with 7.5% FBS, 1% L-glutamine
and 1% non-essential amino acids.

Mycobacterial preparations
Mycobacterium tuberculosis H37Rv, H37Rv:ΔRD1, H37Rv:Δesat6 and H37Rv:Δcfp10 were
grown in roller bottles with glycerol-alanine-salt (GAS) media supplemented with 0.05%
tween 80. After 14 days, the bacteria were pelleted, washed once with chilled PBS containing
0.05% tween 80 and twice with chilled deionized autoclaved water. Bacteria were inactivated
by exposing the wet pellet to 2.4 mrads of γ-irradiation using a 137Cs source. M. tb subcellular
fractions (total cell wall and SDS-extracted cell wall proteins) and His-tagged ESAT6
(Rv3875), malate synthase (Rv 1837c), CFP10 (Rv3874) and superoxide dismutase C
(Rv0432) purified by Ni-iminodiacetic acid-affinity chromatography were obtained from the
NIH/NIAID TB Research Materials and Vaccine Testing Contract, Colorado State University,
Fort Collins (http://www.cvmbs.colostate.edu/mip/tb/sop.htm). Recombinant ESAT6
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(ESAT6) expressed in Lactococcus lactis and native ESAT6 isolated from culture filtrate of
H37Rv were obtained from SSI, Denmark.

Reagents for ELISA and FACS studies
Alkaline phosphatase (AP)-conjugated goat anti-rabbit IgG and AP-rabbit anti-mouse IgG
were from Sigma Chemical, St Louis, MO, USA. FITC-goat anti-rabbit IgG and FITC-rabbit
anti-mouse IgG were from Zymed Laboratories, San Francisco, CA, USA. The ELISA
amplification system was from Invitrogen Life Technologies Corporation, Carlsbad, CA, USA.
Polyclonal anti-M. tb ESAT6 and CFP10 Abs were obtained by immunization of New Zealand
white rabbits with purified ESAT6 or CFP10 (in Incomplete Freund's Adjuvant, Sigma). Serum
IgG from pre- and post-immunization sera was affinity-purified (protein A sepharose 4B;
Amersham Biosciences, Uppsala, Sweden). Polyclonal anti-ESAT6 antibodies were also
obtained by immunization of BALB/c mice. Anti-His antibodies were obtained from Qiagen,
CA, USA. Polyclonal anti-laminin antibodies were obtained from Chemicon, CA, USA; these
antibodies react with multiple isoforms of laminin.

Evaluation of cytolytic potential of ESAT6 and CFP10
Aliquots of frozen type 1 and type 2 cells were thawed and ~1 × 106 cells allowed to form
monolayers in the T-75 flasks (5–6 days for type 1 and 4–5 days for type 2 pneumocytes). On
the day of the experiment, the cells were detached with 10 mM EDTA, washed with medium
and 50 μl of 4 × 105 cells ml–1 suspension dispensed in each well of 96-well flat-bottom tissue
culture plate (Corning). To monitor the cytolytic potential of M. tb proteins, 50 μl of different
concentrations of proteins (3–15 μg ml–1) was added in six wells, and the plates incubated for
24, 48 and 72 h at 37°C in 5% CO2. Cells exposed to culture medium alone were included as
controls. At the end of incubation the viability of cells was determined by MTT assay/
microscopy visualization.

MTT assay
The MTT assay was performed using 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide as per the manufacturer's instructions (Invitrogen). The culture supernatant from each
well was removed and 110 μl of 1.2 mM MTT solution prepared in BD cell MAb medium
(without phenol red; Becton and Dickinson and company, MD) was added. The plate was
incubated for 4 h at 37°C in 5% CO2, centrifuged at 400 g for 10 min at room temperature and
supernatants from the wells were discarded. The pelleted insoluble formazan was dissolved in
50 μl of dimethyl sulphoxide (DMSO; Sigma) and the colour read at 530 nm. Per cent cytolysis
was calculated by using the formula: (Mean OD530 of control wells – Mean OD530 of test
wells)/(Mean OD530 of control wells) × 100.

Cytolysis by ESAT6:CFP10 complex
Confirmation of complex formation—Earlier studies have reported that mixing ESAT6
and CFP10 in equimolar ratios results in the formation of complexes (Renshaw et al., 2002).
To confirm that mixing actually resulted in complex formation, a sandwich ELISAwas
designed. Wells of an ELISAplate were coated with rabbit anti-CFP10 IgG at 5 μg ml–1 for 2
h at 37°C followed by overnight (ON) at 4°C, washed with PBS, and blocked with 1% BSA
for 2 h at 37°C. A mixture of ESAT6 plus CFP10 (at 1:1 molar ratio, 10 μg ml–1 and 16.6 μg
ml–1 final concentration respectively) was incubated for 30 min at 37°C and 50 μl of 1:10,
1:50, 1:100 and 1:200 dilutions of the mixture (containing 1, 0.2, 0.1 and 0.05 μg ml–1 ESAT6
respectively), and equal concentrations of ESAT6 alone, were added to the anti-CFP10- coated
and blocked wells in triplicates. The plate was incubated for 2 h at 37°C, washed with
PBST-0.05% (PBS containing 0.05% tween 20) and the captured ESAT6 detected with mouse
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anti-ESAT6 serum (1:10 000) followed by AP-conjugated anti-mouse IgG (1:5000) and
substrate.

Determination of the cytolytic potential of the ESAT6:CFP10 complex—ESAT6
was allowed to form complex with CFP10 by mixing in 1:1 molar ratio and incubating for 30
min at 37°C. The protein-mixture as well as ESAT6 alone was then tested in cytolytic assay
as described above. Briefly, cells from WI26 and A549 monolayers were harvested using 10
mM EDTA, washed with RPMI 1640 and 50 μl of 4 × 105 cells ml–1 suspension made in culture
medium was dispensed in each well of 96 well flat-bottom tissue culture plates. ESAT6 alone
and ESAT6–CFP10 mixture was adjusted to contain 20 μg ml–1 of ESAT6. Fifty μl of the
above protein solutions were added to cells in 6 wells each so that the final concentration of
ESAT6 in each well was 10 μg ml–1. The cells were incubated for 72 h at 37°C in 5% CO2.
At the end of incubation, MTT assay was carried out. Cells alone (without protein) were used
as control to calculate the percentage cytolysis.

Evaluation of interaction of ESAT6 and CFP10 with pulmonary epithelial cells
Binding of M. tb proteins to alveolar epithelial cells—The binding of M. tb proteins
to alveolar epithelial cells was determined as described earlier (Kinhikar et al., 2006). Briefly,
cells harvested from monolayers of WI26 and A549 cells were washed with RPMI 1640 and
5 × 105 cells (in triplicates) were suspended in 200 μl PBS containing 10 or 20 μg ml–1 of M.
tb ESAT6 or CFP10. After 30 min of incubation at 37°C, the cells were washed with PBS/
0.1% BSA, and suspended in 200 μl of PBS/0.1% BSA containing the anti-His IgG (1:500)
for 45 min at 4°C. After washing, the cells were exposed to FITC-rabbit anti-mouse IgG (1:250)
for 20 min at 4°C, washed and fixed with 4% formaldehyde (Sigma). The cell-associated
fluorescence (% FITC labelled cells) was quantified on a FACSCalibur flow cytometer (BD
Immunocytochemistry Systems, San Jose, CA). Cells exposed to anti-His IgG and FITC-
conjugated rabbit anti-mouse IgG (no ESAT6) were used to determine non-specific binding
of the antibodies.

Presence of laminin on the membranes of alveolar epithelial cells—Cells were
harvested from monolayers, and 5 × 105 cells were pelleted by centrifugation at 400 g. The
cell-pellet was suspended in 200 μl of rabbit anti-laminin antibodies (1:200) or normal rabbit
antibodies for 30 min at 4°C, after which the cells were washed and exposed to FITC-
conjugated goat anti-rabbit IgG (1:250) for 20 min at 4°C, washed again and fixed with 4%
formaldehyde. The cell-associated fluorescence (% FITC labelled cells) was quantified on a
flow cytometer and was also examined under fluorescent microscope with 100× magnification.
The mean fluorescence intensity associated with the stained cells was calculated using FlowJo
software (Tree star, Ashland, OR).

The presence of laminin in the membrane preparations of the two cell types was also determined
by ELISA. To prepare the membrane fractions, cells were harvested from monolayers as
described, washed thrice with PBS and suspended at 5 × 108 cells ml–1 in ice-cold Dounce
buffer (20 mM Hepes buffer, 1 mM EGTA, pH 7.6) with 0.25% protease inhibitor cocktail
(Sigma). The cell suspension was added into a pre-chilled, tight-fitting Dounce homogenizer,
subjected to 30 strokes and centrifuged at 800 g, 10 min at 4°C. The supernatant was transferred
into a polycarbonate ultracentrifuge tube (Beckman Instruments, Palo Alto, CA) and
centrifuged (45 000 g; Optima Max Ultracentrifuge, rotor TLA 110, Beckman Instruments)
for 10 min at 4°C. The membrane pellet was washed with Dounce buffer, resuspended in same
buffer containing protease inhibitors, protein content was estimated using BCA kit (Pierce)
and stored at –80°C until use.
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Wells of an ELISA plate were coated with various concentrations (1–5 μg ml–1) of the cell-
membrane for 2 h at 37°C followed by overnight (ON) at 4°C. The wells were washed with
PBS, blocked with 1% BSA, washed again with PBST-0.05% and 50 μl of rabbit anti-laminin
IgG (1:5000) was added to each well; wells exposed to IgG from normal rabbit serum were
included as controls. The bound anti-laminin antibodies were detected with AP-conjugated
goat anti-rabbit IgG (1:4000), followed by substrate. O.D. was determined at 490 nm.

Binding of M. tb ESAT6 to purified laminin
The binding of ESAT6 to purified laminin was examined by ELISA. Wells of an ELISA plate
were coated with 50 μl of laminin-1 (from human placenta; Sigma) suspended in PBS at 1 μg
ml–1, blocked with 1% BSA-PBS and 50 μl of different concentrations (2.5–7.5 μg ml–1) of
purified ESAT6, were added. Wells coated with similar concentrations of BSA were used as
controls. The ESAT6 bound to the immobilized laminin or BSA was detected by use of rabbit
anti-ESAT6 IgG (0.3 μg ml–1) and AP-conjugated goat anti-rabbit IgG (1:4000, Sigma).

To further confirm the specificity of binding of ESAT6 to laminin, wells of an ELISA plate
were coated with laminin and blocked as above, and different concentrations (2.5–7.5 μg
ml–1) of purified ESAT6, MS and SodC were added. The binding of the 3 recombinant proteins
with laminin was detected with anti-His mAbs (1; 2000) followed by AP-conjugated anti-
mouse IgG (1:2000).

The ability of anti-ESAT6 antibodies to inhibit the laminin-ESAT6 binding was also evaluated.
ELISA plates were coated with laminin and blocked as above. Separately, 100 μl of ESAT6
(10 μg ml–1) was mixed with 100 mls of rabbit anti-ESAT-6 IgG or pre-immune IgG (1 μg
ml–1) at dilutions of 1:250 or 1:500 over night at 4°C. Fifty μls of the ESAT6-IgG mixture was
added to the laminin coated wells (in triplicates) and incubated for 1 h at 37°C. The laminin
bound ESAT-6 was detected with anti-His mAbs (1:2000) followed by AP-conjugated anti-
mouse IgG (1:2000). Per cent inhibition was calculated by considering the binding of ESAT6
alone (5 μg ml–1) as 100% binding.

Localization of M. tb ESAT6 and CFP10
Mycobacterium tuberculosis H37Rv CW and SDS-CW preparations (2 μg ml–1 in PBS, pH
7.0) were coated in ELISA plates (50 μl well–1) for 2 h at 37°C followed by ON at 4°C, washed
with PBS, blocked with BSA-PBS (1% BSA), washed with PBST-0.05% and exposed to rabbit
anti-ESAT6 or anti-CFP10 IgG or pre-immune IgG (~0.3 μg ml–1) for 1.5 h at 37°C. The bound
antibodies were detected with AP-conjugated goat anti-rabbit IgG (1:4000). ΔOD (OD490 in
wells probed with anti-ESAT6/CFP10 IgG – OD490 in wells exposed to pre-immune IgG) was
calculated.

To confirm the presence of ESAT6 or CFP10 on the surface of bacterial cells, γ-irradiated M.
tb H37Rv or H37Rv:Δesat6 or M. tb H37Rv:ΔRD1 was suspended at 3 × 108 bacilli ml–1 (1
McFarland) in PBS and serial dilutions of the bacteria were transferred to ELISA plate (50 μl
well–1) in triplicates (37°C for 2 h followed by ON at 4°C) (Kinhikar et al., 2006). The wells
were washed with PBS, blocked with 1% BSA-PBS, washed with PBST-0.05%, and exposed
to rabbit anti-ESAT6 IgG or anti-CFP10 IgG or pre-immune IgG (50 μl well–1; ~0.3 μg
ml–1) for 1.5 h at 37°C. Delta OD was calculated as described.

To further confirm the presence of ESAT6 or CFP10 on the surface of bacterial cells, γ-
irradiated M. tb H37Rv bacilli were fixed with 3% paraformaldehyde in 0.1 M sodium
cacodylate buffer containing 0.1% glutaraldehyde and 4% sucrose, washed and dehydrated
before being embedded in Lowicryl K4M (Polysciences, Warrington, PA, USA) and
polymerized under UV light (360 nm) at –35°C. Ultrathin sections (70 nm) were incubated
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with anti-ESAT6 IgG or anti-CFP10 IgG or pre-immune IgG (1:25) at 4°C ON, exposed to
gold conjugated protein A (Cell Microscopy Center, CX Utrecht, Netherlands), stained with
uranyl acetate and lead citrate and examined under Philips CM-12 electron microscope at NYU
Image Core Facility.

Association of exogenous ESAT6 with bacterial cell surface and the cytolytic potential of
bacterium-associated ESAT6

Serial dilutions of γ-irradiated M. tb H37Rv suspended at 3 × 108 bacilli ml–1 (1 McFarland)
were plated in wells of an ELISA plate (50 μl well–1) and incubated at 4°C overnight. The
wells were blocked with BSA and 50 μl of ESAT6 or CFP10 suspended at 2 μg ml–1 added to
the wells. The wells were washed after 90 min, and the M. tb-bound recombinant proteins were
detected by anti-His mAbs (1:2000) and AP-conjugated rabbit anti-mouse IgG (1:5000).

Association of ESAT6 to γ-irradiated M. tb H37Rv, H37Rv:Δcfp10 or M. tb H37Rv:ΔRD1 was
also determined by using rabbit anti-ESAT6 IgG. Briefly, after plating the serial dilutions of
above bacteria, the blocked wells were exposed for 90 min to 50 μl of ESAT6 suspended at 2
μg ml–1 and the bound protein was determined by using rabbit anti-ESAT6 IgG (0.3 μg
ml–1) and AP-Goat anti-rabbit IgG (1:4000).

To determine if the bacterium-associated ESAT6 is cytotoxic, γ-irradiated H37Rv:ΔRD1 cells
(9 × 109 bacilli) were incubated with or without (control) 450 μg of ESAT6 in a total volume
of 450 μl (PBS) at 37°C for 2 h followed by ON at 4°C. The bacteria were washed three times
with RPMI and suspended in 450 μl of medium and 30 μl of this bacterial suspension was
removed to quantify the bacteria-associated ESAT6. The bacteria in the 30 μl aliquot were
washed twice with PBS-0.05% tween 80 and once with PBS to remove any unbound ESAT6
and suspended at 3 × 108 bacilli ml–1 (1 McFarland; MF) in PBS. Fifty microlitres of this
suspension was placed in ELISA plate in triplicate. Ten double dilutions of purified ESAT6
suspended at 3 μg ml–1 were also plated (in triplicate) in the wells of same ELISA plate. After
ON incubation at 4°C, the wells were blocked with 1% BSA, and ESAT6 detected using rabbit
anti-ESAT6 IgG (0.3 μg ml–1) and AP-Goat antirabbit (1:4000) as described above. The
OD490 obtained with the bacteria in the ELISA was plotted on the standard curve obtained
with purified ESAT6 to quantify the bacterial surface ESAT6; 50 μl of 3 × 108 bacilli ml–1

(1MF) carried 0.055 μg ml–1 ESAT6 (Fig. S3). The remaining 8.4 × 109 bacilli (in 420 μl of
bacterial suspension) were suspended in a final volume of 650 μl, so that 50 μl of this bacterial
suspension would carry ~2.5 μg ml–1 ESAT6.

WI26 and A549 cells were harvested from monolayers with 10 mM EDTA, washed with RPMI
1640 and 2 × 104 cells suspended in RPMI dispensed in each well of 96-well flat-bottom tissue
culture plate. Fifty microlitres per well of the H37Rv:ΔRD1 bacterial suspension (with ESAT6
equivalent of ~2.5, 1.25 and 0.625 μg ml–1) was added to wells containing 50 μl of cells (in
triplicate) and the plate was incubated for 72 h at 37°C in 5% CO2. After incubation, MTT
assay was carried out as described above. Per cent cytolysis was calculated by using the
formula: (Mean OD530 in wells containing cells incubated with bacteria alone – Mean
OD530 of wells containing cells exposed to bacteria-ESAT6)/(Mean OD530 of wells containing
cells incubated with bacteria) × 100.

Quantitative real-time RT-PCR (qRT-PCR)
Monolayers of WI26 and A549 cells in tissue culture flasks (225 cm2 Corning) were infected
with single cell suspension of log phase M. tb H37Rv grown in Middlebrook 7H9 broth at
multiplicities of infection of 1:10 (I0 bacteria/cell) and 1:5 for 2 h at 37°C. The infected cells
were washed with warm RPMI and maintained in the RPMI containing 1% FBS, 2 mM L-
glutamine and 1% non-essential amino acid for 5 days at 37°C. At each time points [2 h (0
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day), 3, and 5 days], the infected cells were lysed with GTC solution (4 M guanidinium
thiocynate, 0.5% sodium N-lauryl sarcosine, 25 mM tri-sodium citrate, 0.1 M 2-
mercaptoethanol, 0.5% Tween 80, pH 7.0) and centrifuged at 5000 g for 20 min at 4°C to pellet
bacteria (Butcher et al., 1999). The pellets were washed in GTC solution and resuspended in
TRI reagent containing polyacrylamide carrier (Molecular Research Center, Cincinnati, OH,
USA). Total RNA was extracted by using the protocol described previously (Fontan et al.,
2008). RNA from log phase culture of M. tb H37Rv grown in 7H9 medium was also extracted.

For qRT-PCR, the total RNA preparations were subjected to reverse transcriptase (RT) reaction
to synthesize first-strand cDNA using Superscript II RNase H– reverse transcriptase
(Invitrogen Corporation, Carlsbad, CA, USA) according to manufacturer's protocol. For each
RNA sample, a reaction without RT was also performed as a negative control. Using cDNA
as template, PCR reaction was performed in 20 μl reaction volume containing 1× iQ SYBER
Green supermix (Bio-Rad, CA) and 0.5 μM of gene specific primers (Table S1) on MiniOpticon
detection system as per the manufacturer's protocol (Bio-Rad). The specificity of the RT-PCR
products obtained with RNA from M. tb grown in Middlebrook 7H9 media and the host cells
with each primer pair used was initially confirmed by DNA sequencing and by melting curve
analysis in the subsequent assays. For calculation of cDNA copies, a standard curve was
generated for each gene using a serial dilution of M. tb genomic DNA and respective specific
primers. The copies of 16S rRNA was used to normalize the transcript levels of the esat6 and
23S rRNA (included as control). The fold change in expression of esat6 and 23S rRNA was
determined by calculating the ratio of normalized copies of these genes in bacteria obtained
from WI26 or A549 cells to 7H9 broth-grown bacteria.

Statistical analysis
The unpaired t-test and two-way ANOVA were used for analysis of statistical significance
with GraphPad Prism version 5 software (GraphPad Software, San Diego, CA, USA). A P-
value of < 0.05 was considered as statistically significant.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
ESAT6 causes dose- and time-dependent cytolysis of type 1 and 2 pneumocytes.
A and B. (A) Type 1 pneumocytes (WI26 cells) and (B) type 2 pneumocytes (A549 cells) were
incubated with several concentrations of ESAT6 or CFP10 for 24, 48 and 72 h at which time
MTT assay was performed to quantify lysis. Cells exposed to medium alone were used as
controls; each assay condition was tested in six wells. Per cent cytolysis was calculated by
using the formula: (Mean OD530 of 6 control wells – Mean OD530 of 6 test wells)/(Mean
OD530 of 6 control wells) × 100. For CFP10, only results obtained at 72 h are shown. These
assays were done atleast 3 times and a single representative assay with each cell line is shown.
C. Type 1 pneumocytes are significantly more sensitive to ESAT6-mediated cytolysis than
type 2 pneumocytes at 6 μg ml–1 (*P = 0.0098) and 10 μg ml–1 (**P = 0.0005) of ESAT6. Per
cent cytolysis obtained after 72 h of incubation of the two cell lines with different
concentrations of ESAT6 is plotted. Values are mean percentage cytolysis ± SD from at least
three independent experiments.
D. Microscopic visualization of cytolysis of type 1 and 2 pneumocytes when exposed to 10
μg ml–1 M. tb proteins for 72 h. Cells were visualized using a Nikon microscope at 100×
magnification. Photographs shown are digitally magnified to show the monolayers.
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Fig. 2.
ESAT6 causes cytolysis of type 1 and 2 pneumocytes when complexed with CFP10.
A. Confirmation of complex formation: Various dilutions of a 1:1 molar mixture of ESAT6
and CFP10 (containing 1, 0.2, 0.1 and 0.05 μg ml–1 of ESAT6) were added to anti-CFP10 IgG
coated wells, as were the same concentrations of ESAT6 or CFP10 alone and detected with
anti-ESAT6 IgG. The Delta OD490 (mean OD490 with anti-ESAT6 IgG at each concentration
of the complex or the individual protein minus the mean OD490 in wells exposed to anti-ESAT6
IgG) is plotted. Immune complexes captured by anti-CFP10 and detected by anti-ESAT6
antibodies were present at all dilutions of the ESAT6 and CFP10 mixture.
B. Cytolysis of type 1 and type 2 pneumocytes with ESAT6:CFP10 complexes (black bars) or
by ESAT6 alone (grey bars). Both experiments were done twice with 3–6 replicates providing
similar results and one representative experiment is shown.
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Fig. 3.
Binding of ESAT6 and CFP10 to type 1 and type 2 pneumocytes. (A) WI26 cells or (B) A549
cells were incubated with ESAT6 or CFP10 (10 or 20 μg ml–1) or buffer (in triplicates) followed
by exposure to anti-His antibodies and FITC-conjugated secondary antibodies were analysed
by FACS. Only ESAT6 showed binding to the two cell types. The per cent FITC-labelled cells
obtained when cells were incubated with either protein minus per cent FITC labelled cells
exposed to anti-His antibodies and FITC-conjugated secondary antibody from a representative
experiment is shown. The binding of ESAT6 to type 1 pneumocytes was significantly higher
than type 2 cells at 10 μg ml–1 (*P = 0.032) and similar at 20 μg ml–1.
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Fig. 4.
Presence of laminin on the surface of type 1 and type 2 pneumocytes.
A. Cells were exposed to anti-laminin antibodies or normal rabbit antibodies followed by FITC-
conjugated anti-rabbit antibodies. Type 1 pneumocytes have more laminin/cell than type 2
pneumocytes. Cells were exposed to each antibody in triplicates and the experiment was done
two times.
B. Detection of laminin in membrane preparations of cells. Different concentrations of the
membrane preparations were tested in triplicates and the experiment was performed twice with
similar results. The OD values (mean ± SD) from one representative experiment are plotted.
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C. ESAT6 binds to purified laminin: increasing concentrations of ESAT6 were added to wells
coated with laminin or BSA at 1 μg ml–1 and the binding of ESAT6 detected with anti-ESAT6
IgG. Each condition was tested in triplicate and the experiment was performed twice with
similar results. Values (mean ± SD) from one representative experiment are plotted. As
compared with BSA the binding of ESAT6 to laminin was significantly higher at all
concentrations tested (*P < 0.0001).
D. Specific binding of ESAT6 to laminin: various concentrations of His-tagged M. tb proteins
(ESAT6, MS and SodC) were incubated with laminin (1 μg ml–1) coated wells and binding of
M. tb proteins was detected with anti-His mAbs. Compared with SodC, the binding of ESAT6
to laminin was significantly higher at all concentrations tested (*P < 0.0001).
E. Inhibition of binding of ESAT6 to laminin by anti-ESAT6 IgG. ESAT6 preincubated with
anti-ESAT6 IgG (striped bars) or pre-immune IgG (dotted bars) was added to laminin-coated
wells (in triplicates) and the laminin-bound ESAT6 was detected by anti-His IgG. Per cent
inhibition of binding of ESAT6 to laminin from one representative experiment is plotted.
Inhibition of ESAT6–laminin interaction by anti-ESAT6 IgG was significantly higher
compared with inhibition by pre-immune IgG at both dilutions tested (*P = 0.009 at 1:500 and
**P = 0.037 at 1:1000).
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Fig. 5.
Paucity of ESAT6 in and on the M. tb cell wall.
A. M. tb cell wall preparations were tested for presence of ESAT6 (grey bars) or CFP10 (black
bars) by ELISA with respective antibodies.
B. γ-Irradiated M. tb H37Rv, H37Rv:ΔESAT6 and H37Rv:ΔRD1 were coated at various
concentrations in ELISA plates and the respective antibodies used to detect ESAT6 or CFP10
on the surface of the intact bacterial cells. ΔOD490 = Mean OD490 with anti-protein IgG at any
protein/bacterial concentration – OD490 with pre-immune IgG at the same concentration.
C–F. Immunoelectron microscopy of ultrathin sections of γ-irradiated M. tb probed with anti-
ESAT6 IgG (C), pre-immune IgG from the ESAT-6 immunized animal (D), anti-CFP10 IgG
(E) and pre-immune IgG (F) from the CFP10 immunized animal.
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Fig. 6.
Association of exogenous ESAT6 with M. tb cell surface.
A. Re-association of exogenously added His-tagged ESAT6 or CFP10 (2 μg ml–1) with M.
tb H37Rv surface as detected by anti-His Abs.
B–D. Re-association of ESAT6 with surface of M. tb H37Rv (B), M. tb H37Rv:Δcfp10 (C) or
M. tb H37Rv:ΔRD1 (D) as detected by anti-ESAT6 IgG.
E. Cell surface associated ESAT6 is cytolytic. Type 1 pneumocytes and type 2 pneumocytes
incubated with various dilutions of γ-irradiated M. tb H37Rv:ΔRD1 carrying reassociated
ESAT6 for 72 h were tested by MTT assay for cytolysis and mean OD530 from 3 replicates at
each concentration were used to calculate the per cent cytolysis.
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Fig. 7.
esat6 transcripts are upregulated in M. tb replicating in type 1 and 2 pneumocytes. The fold
change (ratios of copies of esat6 or 23S rRNA normalized to 16S rRNA copies in bacteria from
type 1 or 2 pneumocytes to the normalized copies of respective genes in broth grown bacteria)
± standard deviation (error bars) from triplicates of a representative of two experiments are
shown.
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