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FIG. 1. Binding of M. tuberculosis H37Rv to mammalian cells in culture.
Cells were incubated with bacteria (MOI of 100:1) for 6 h in medium containing
20% human serum, and the percentage of cells that bound one or more bacteria
was determined by counting under fluorescence microscopy after staining with
acridine orange.

tively, the 70% ethanol extract was fractionated by silica gel column chromatog-
raphy, developed with a chloroform-ethanol-water (55:45:10) solvent mixture.
Eluted fractions were assayed for 1D1 Ag by ELISA as described above.

Analysis of 1D1 Ag. Bacterial extracts and HPLC fractions were analyzed by
SDS-polyacrylamide gel electrophoresis (PAGE) and Western blotting. Samples
were run on SDS-15% polyacrylamide gels and stained by the periodic acid-
silver nitrate method (48) or transblotted onto nitrocellulose for reaction with
MAD 1D1, using standard Western blotting protocols. Alternatively, the compo-
sition and purity of positive fractions was assessed by TLC on silica gel plates
(solvent mixture as described above). The primary stain was an orcinol spray
reagent to detect hexose-containing compounds (16); other stains were used as
appropriate. TLC-resolved fractions were analyzed for immunological reactivity
by a TLC overlay assay as follows. TLC plates, dried at 50°C, were immersed in
a solution of 0.01% poly(isobutylmethacrylate) in hexane for 30 s and air dried.
The plates were then treated with blocking solution (1% skim milk and 0.1%
Tween 20 in TBS) for 1 h, incubated in MAb 1D1 hybridoma supernatant (1 h),
washed, incubated with peroxidase-conjugated sheep anti-mouse Ig antiserum (in
TBS; 1 h), and finally stained with the peroxidase substrate 4-chloro-1-naphthol.

Chemical analyses of 1D1 Ag were performed as follows. A sample (0.5 mg)
of the purified antigen was suspended in 1 ml of methanol-HCI (1.5 N), and the
mixture was incubated at 80°C for 16 h. After evaporation under nitrogen, an
equal volume of water and petroleum ether (boiling point, 50°C) was added to
the methanolyzed products. The organic phase was dried under nitrogen; the
polyols were trimethylsilylated and then analyzed by gas chromatography (GC).
The organic phase that contained fatty acid methyl esters was also analyzed by
GC. Authentic samples of various fatty acid methyl esters and trimethylsilylated
sugars were separately analyzed by GC. Cochromatography of these standard
compounds with the methanolyzed products allowed the identification of the
different antigen constituents. GC was performed on a Girdel G30 apparatus
equipped with a fused-silica capillary column (25 m by 0.22 mm) coated with
OV-1 (0.3-um film thickness; Spinal). A temperature gradient from 100 to 280°C
(2°C/min) was used.

MBP-binding assays. A modified TLC overlay assay was developed in which
the primary antibody was replaced by biotinylated rMBP and streptavidin-per-
oxidase was used in place of the secondary antibody. rMBP was biotinylated by
incubation with N-hydroxysuccinimide-biotin in PBS for 4 h at room temperature
followed by dialysis to remove unreacted N-hydroxysuccinimide-biotin; biotinyl-
ated MBP was used at 10 pg/ml in the overlay assay. Additionally, binding of
rMBP to purified 1D1 Ag, mannosylated LAM (Man-LAM), and Escherichia coli
lipopolysaccharide (LPS) was quantitated in a modified ELISA. Each microtiter
plate well was coated with approximately 1 pg of test compound (1D1 Ag
concentration was estimated by the phenol-sulfuric acid carbohydrate assay [42]).
Wells were blocked with 1% BSA in PBS, incubated with biotinylated rMPB (10
wg/ml in blocking buffer), washed, and then incubated with streptavidin-perox-
idase. After reaction with the chromogenic substrate o-phenylenediamine, bound
peroxidase was quantitated spectrophotometrically at 492 nm.

Binding of coated latex beads to CHO cells. Four milliliters of pooled 1D1
Ag-containing HPLC fractions was evaporated in glass vials to remove acetoni-
trile and incubated with 1.4 X 108 latex beads for 2 h at room temperature with
agitation. The beads were then pelleted and incubated in PBS containing 5%
BSA for 2 h. Alternatively, antigen-coated beads were incubated for an addi-
tional 2 h in the dark in 0.2 M sodium acetate (pH 4.5) containing 0.1 M sodium
periodate (38) and then washed in PBS before being blocked in 5% BSA.
Control beads were incubated only in 5% BSA. Beads were subsequently added
to CHO cells plated onto glass coverslips in 24-well plates containing DMEM or
DMEM supplemented with 20% FBS (1.6 X 10° beads added per well); after
incubation for 6 h at 37°C, the cells were washed in PBS and fixed in 2.5%
glutaraldehyde. Binding was quantitated by counting the number of beads per
cell under light microscopy.
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Deacylation of 1D1 Ag. Purified antigen (50 g of carbohydrate, as determined
by phenol-sulfuric acid assay [42]) was treated with 250 pl 0.1 M NaOH at 37°C
for 2 h and neutralized with acetic acid, and fatty acids were extracted with 100
ul of chloroform (23). The aqueous residue was considered lipid free and was
used as deacylated 1D1 Ag in bacterial binding assays as described in Results.

RESULTS

Binding of M. tuberculosis to mammalian cells. Six mamma-
lian cell types were tested for the ability to bind M. tuberculosis
H37Rv. M. tuberculosis bound strongly to CHO and porcine
endothelial cells, with 28% * 4% and 35% * 7%, respectively,
of the cells bound to one or more bacteria in a representative
experiment (Fig. 1). The levels of binding were found to vary
from experiment to experiment, but generally between 20 and
40% of CHO cells bound one or more bacteria; in any partic-
ular experiment, the level of binding varied by <20% between
triplicates. Interestingly, binding was typically uneven across
the CHO cell monolayer, such that only up to 40% of cells
bound bacteria, with an average of five bacteria bound per cell,
although some cells were more heavily infected (Fig. 2). At an
MOI of 100:1, with an average of 30% of cells infected, and
with five bacteria per cell, the percentage of the bacterial
inoculum that bound to cells was ~1.5%. The reasons for the
variability in binding between experiments are not clear but
may relate to cell cycle-dependent variations in receptor ex-
pression. Importantly, although the absolute binding values
varied, values relative to controls remained constant. For this
reason, care was taken to ensure that in subsequent experi-
ments, in which the effects of various factors on binding were
examined (see below), all necessary controls were included in
every experiment.

In contrast, HeLLa and MCF-12F cells did not bind bacteria,
and only modest binding was exhibited by WI-38 and T-47D
cells (5% = 2% and 4% = 3%, respectively, of the cells bound
bacteria) (Fig. 1). Poor binding to HeLa cells was also ob-

FIG. 2. Fluorescence micrograph of CHO cells heavily infected with M. fu-
berculosis H37Rv. Magnification, X950; bar, 20 wm (inner length of rectangle).
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FIG. 3. Serum dependence of binding of M. tuberculosis H37Rv to CHO cells
(A) and porcine aortic endothelial cells (B). Bacteria were preincubated in 20%
fresh or heat-inactivated human or bovine serum, or in PBS alone, and then
incubated with cells in serum-free medium, stained, and counted as described in
the legend to Fig. 1. *, P < 0.01 compared to PBS (no serum) controls. (C)
Opsonizing activity of FBS fractions eluted from a gel filtration column. Bacteria
were preincubated in each fraction and then incubated with CHO cells in serum-
free medium. Cell-binding data are shown below each lane of the corresponding
fraction run on an SDS-7.5% polyacrylamide gel; percent binding after prein-
cubation in 10% FBS or PBS alone is also shown.

No serum : 6.5

served with M. tuberculosis Erdman. Moreover, extending the
duration of incubation of cells with M. tuberculosis from 6 to
18 h did not significantly affect the results (data not shown).
Opsonization with serum enhanced the binding of M. tuber-
culosis H37Rv to CHO and endothelial cells. Preincubation in
human or bovine serum enhanced the binding of M. tubercu-
losis to CHO and endothelial cells three- to fivefold (Fig. 3A
and B), suggesting that serum components were opsonizing the
bacteria for binding to the cells. This pattern of binding was
always observed with the H37Rv strain (experiments were per-
formed on at least 20 separate occasions). A similar pattern
was seen with M. smegmatis. In contrast, the Erdman strain
bound to CHO cells in a serum-independent manner (dis-
cussed further below; see also Fig. 6). The relatively inefficient
binding of M. tuberculosis H37Rv to T-47D cells was also se-
rum dependent, whereas binding to WI-38 cells was serum
independent (results not shown). Subsequent experiments
were performed predominantly with CHO cells (except where
noted), because of ease of culture and no significant loss of
viability or detachment during the in vitro binding assays.
Identification of candidate serum opsonins. FBS was sepa-
rated into 12 fractions by gel filtration (Sephacryl S-200, eluted
with PBS), and each fraction was assayed for its opsonin con-
tent by incubation with M. tuberculosis H37Rv, after which the
bacteria were allowed to bind to CHO cells in serum-free
medium. The protein composition of the fractions was deter-
mined by nonreducing SDS-PAGE (Fig. 3C). Of the 12 frac-
tions, the first 7 were able to enhance M. tuberculosis binding to
CHO cells 2.5- to 5-fold (Fig. 3C). These seven fractions dif-
fered markedly in protein composition, which strongly suggest-
ed that several serum components can act as opsonins for M.
tuberculosis. Similar results were obtained with human serum.
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The abilities of various proteins to enhance the binding of
M. tuberculosis H37Rv to CHO cells under serum-free condi-
tions were tested (Fig. 4). Preincubation in 20 pg of rtMBP per
ml resulted in a threefold increase in bacterial binding. Prein-
cubation in FN or transferrin (both at 0.5 mg/ml) also in-
creased bacterial adhesion approximately threefold, and in
each case this was similar to the effect of 20% FBS (Fig. 4A).
The ability of serum lectins to opsonize M. tuberculosis was
analyzed further by testing a crude lectin isolate from FBS (see
Materials and Methods). Bacteria were preincubated in PBS,
in PBS plus 20% FBS, or in the lectin isolate and were subse-
quently incubated with CHO cells in serum-free medium. Pre-
incubation in the crude lectin isolate enhanced bacterial bind-
ing to an extent similar to that found with 20% FBS or rtMBP
(Fig. 4B). The increase in binding was inhibited by 52% when
mannan (1 mg/ml) was added to the lectin isolate, suggesting
that the opsonizing effect was significantly attributable to man-
nan-binding lectins.

The relative contributions of mannan-binding lectins, FN,
and transferrin to the opsonizing activity of human serum were
examined next. M. tuberculosis H37Rv was preincubated in one
of the following: PBS (negative control); 25% human serum
(positive control); 25% human serum containing 75 mM man-
nose, N-acetylglucosamine, or galactosamine; 25% mannose-
binding lectin-depleted, FN-depleted, or transferrin-depleted
serum; and 25% opsonin-depleted control serum (see Materi-
als and Methods). After preincubation with the various serum
preparations, the bacteria were added to CHO cells in serum-
free medium. As shown in Fig. 5, the MBP ligands mannose
and N-acetylglucosamine inhibited the opsonizing effect of se-
rum by 33% * 10% and 37% = 10%, respectively, whereas
galactosamine, which is not a ligand for MBP, had no effect.
Treatment of the serum with mannan-agarose reduced the
opsonization efficacy of the serum by 40% * 25%; similarly,
the opsonizing activity of genetically MBP-deficient serum was
42% * 8% less than that of the control serum. Treatment of
serum with anti-FN-agarose or anti-transferrin-agarose did not
significantly reduce its opsonizing capacity (Fig. 5), despite
extensive depletion of these opsonins, as revealed by Western
blotting (not shown).

In contrast to the opsonizing activity of rMBP, FN, and
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FIG. 4. Ability of candidate opsonins to enhance the binding of M. tubercu-
losis H37Rv to CHO cells. (A) Bacteria were preincubated in transferrin (0.5
mg/ml), N (0.5 mg/ml), rMBP (20 wg/ml), or 20% FBS before incubation with
cells in serum-free medium. (B) Similarly, bacteria were preincubated in a crude
lectin isolate of FBS (obtained after application of serum to a mannan-agarose
column and elution in EDTA), the lectin isolate plus mannan (1 mg/ml), or 20%
FBS. All cell-binding data were obtained as described in the legend to Fig. 1. x,
P < 0.01 compared to opsonin-free controls; **, P < 0.05 compared to the
opsonin-free control (A) or to lectin isolate-treated bacteria (B).
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FIG. 5. Contributions of mannan-binding lectins, FN, and transferrin to the
opsonizing activity in human serum. M. tuberculosis H37Rv was preincubated in
25% control serum (fresh human serum, serum preincubated with agarose, or
serum preincubated with agarose coupled to IgG); in 25% serum containing 75
mM galactosamine, N-acetylglucosamine (NADG), or mannose; in 25% genet-
ically MBP-deficient serum; in 25% lectin-depleted serum; in 25% FN-depleted
serum; or in 25% transferrin-depleted serum. Bacteria were then incubated with
CHO cells in serum-free medium, and binding data were obtained as described
in the legend to Fig. 1; the data were derived from several experiments and are
expressed as a percentage of the control serum after subtraction of binding in the
absence of serum (relative opsonization). #, P < 0.05 compared to the appro-
priate control serum.

transferrin, preincubation of M. tuberculosis in 1-mg/ml solu-
tions of BSA, human collagen, low-density lipoprotein, or ker-
atin and chondroitin sulfate had no effect on binding to CHO
cells.

Binding of M. tuberculosis H37Rv to CHO and endothelial
cells was inhibited by MAb 1D1. To identify bacterial deter-
minants involved in binding to mammalian cells, we prepared
a panel of MAbs that recognize intact, whole M. tuberculosis
and tested the antibodies for the ability to inhibit binding to
CHO cells. CHO cells were incubated with M. tuberculosis
H37Rv in undiluted hybridoma culture supernatants (DMEM
plus 10% FBS) containing the various MAbs. As a negative
control, cells were incubated with bacteria in DMEM plus 10%
FBS. Of the 11 MAbs tested, most showed little or no inhibi-
tion (Table 1). MAbs 1D1 and 3D6, however, inhibited binding
by 63% = 7% and 46% = 5%, respectively (Fig. 6). Both
MADs also significantly inhibited binding when bacteria were
first preincubated in the hybridoma supernatants, washed, and
then added to CHO cells in DMEM-10% FBS (results not
shown). Binding of bacteria preincubated in 1D1 and 3D6
hybridoma supernatants to porcine endothelial cells was inhib-
ited by 73% * 8% and 69% * 9%, respectively. Interestingly,
the presence of 1D1 ascites fluid (20 pl/ml) in serum-free
medium inhibited the binding of M. tuberculosis H37Rv to
CHO cells by 64% = 7% (Fig. 6A), suggesting that the antigen
recognized by MAb 1D1 is involved in opsonic as well as
nonopsonic binding of M. tuberculosis H37Rv to CHO cells.

Serum-dependent binding of M. smegmatis was similarly in-
hibited by 65% = 17% when 1D1 ascites fluid was added,
indicating that the 1D1 antigen is also expressed in M. smeg-
matis and is involved in the binding of these bacteria to CHO
cells. In contrast, binding of the Erdman strain to CHO cells
was not inhibited by MAb 1D1 (Fig. 6); notably, binding of this
strain to CHO cells was also not serum dependent.

To identify the antigen recognized by MAbs 1D1 and 3D6,
M. tuberculosis H37Rv was solubilized in reducing Laemmli
solubilization buffer and the components were resolved on an
SDS-15% polyacrylamide gel (Fig. 7A). The M. tuberculosis
proteins in lane 1 were stained with Coomassie brilliant blue,
whereas those in lane 2 were transblotted onto nitrocellulose
and reacted with MADb 1D1. The Western blot shows that the
MAD recognized an antigen that migrated as a broad band
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FIG. 6. Inhibition of binding of mycobacteria to CHO and endothelial cells
by MAb 1D1 and deacylated 1D1 Ag. Mycobacteria were incubated with cells in
the absence (A) or presence (B and C) of 10% fresh human serum. MAb 1D1
was added in the form of 1D1 ascitic fluid (20 wl/ml medium); purified 1D1 Ag
was deacylated by alkaline hydrolysis and added at 8 pg/ml. (A) CHO cells
incubated with bacteria at an MOI of 300:1; (B) CHO cells at an MOI of 100:1;
(C) endothelial cells at an MOI of 100:1; (D) CHO cells at an MOI of 100:1 in
the presence or absence of 20% FBS. *, P < 0.01, and **, P < 0.05 compared to
antibody- and antigen-free controls. M.tb., M. tuberculosis.

exhibiting an apparent molecular mass of 12 to 16 kDa. No
Coomassie blue staining was observed in this region (Fig. 7A,
lane 1). The absence of Coomassie blue staining and the dif-
fuse shape of the band suggested that the antigen was not a
protein. This inference was supported by the finding that the
band did not disappear after M. tuberculosis bacilli were di-
gested with 0.5 mg of proteinase K per ml for 2 h at 37°C prior

67 kD

34

18

FIG. 7. SDS-PAGE and Western blotting of M. tuberculosis H37Rv cell ly-
sates (A and B) and M. smegmatis cell wall fractions (C and D). (A) SDS-15%
polyacrylamide gel stained with Coomassie brilliant blue (lane 1) or immunob-
lotted with MAb 1D1 (lane 2). (B) SDS-10% polyacrylamide gel of lysates
treated with proteinase K (lanes 2 and 4) and immunoblotted with MAb 1D1
(lanes 1 and 2) or 4F11 (lanes 3 and 4). (C) Periodic acid-silver-stained SDS—
15% polyacrylamide gel of the 70% ethanol (lane 1) and 2% SDS (lane 2) cell
wall extracts and the corresponding HPLC-purified 1D1 Ag (lanes 3 and 4,
respectively). (D) Western blot of a similar gel, with lanes as in panel C, reacted
with MAb 1D1.
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FIG. 8. TLC analysis of 1D1 Ag. M. smegmatis cell wall components were
applied to silica gel plates developed with chloroform-methanol-water (55:45:
10). (A) Orcinol staining of purified 1D1 Ag (lane 1), 70% ethanol extract (lane
2), and M. bovis BCG PIMs (lane 3). (B) TLC overlay assay with MAb 1D1; lanes
1 to 3 as in panel A. (C) TLC overlay assays reacted with MAb 1D1 (lane 2) or
biotinylated rMBP (lanes 3 to 5). Lanes 2 and 3, 70% ethanol extract; lane 4,
Man-LAM,; lane 5, Ara-LAM. Lane 1 is a control TLC analysis of orcinol-stained
70% ethanol extract.

to electrophoresis on an SDS-10% polyacrylamide gel (Fig.
7B, lanes 1 and 2; note that the antigen migrated as a sharp
band at the gel front when a lower-percentage acrylamide gel
was used). As a control, the 32-kDa band recognized by MAb
4F11 completely disappeared following the protease treatment
(Fig. 7B, lanes 3 and 4). Additional Western blotting experi-
ments with MAb 3D6 yielded identical results (not shown),
suggesting that MAbs 1D1 and 3D6 recognized the same an-
tigen.

Purification of 1D1 Ag. Due to ease of culture, we used M.
smegmatis as the source material. Following the method of
Melancon-Kaplan et al. (33) for the fractionation of M. leprae,
we sequentially extracted the bacteria with chloroform-meth-
anol, 70% ethanol, and 2% SDS. The lipid extract contained
no 1D1 Ag, as assayed by Western blotting and ELISA, but the
antigen was present in appreciable amounts in the ethanol and
SDS extracts. Figure 7C shows a periodic acid-silver-stained
SDS-15% polyacrylamide gel of the ethanol and SDS extracts
(lanes 1 and 2, respectively) with numerous components in
each, whereas Fig. 7D (lanes 1 and 2) is the corresponding
Western blot stained with MAb 1D1. The antigen was subse-
quently purified from the ethanol extract by reversed-phase
HPLC or by silica gel column chromatography, and analysis of
pooled, ELISA-positive fractions revealed, by SDS-PAGE and
Western blotting, a single, broad band (Fig. 7C and D, lanes 3).
This band could also be purified by HPLC from the SDS
extract, although at a lower yield (Fig. 7C, lane 4).

Chemical and immunological analyses of 1D1 Ag. Purified
1D1 Ag ran as a doublet on TLC after orcinol staining, and it
was free of the contaminating glycoconjugates present in the
70% ethanol extract (Fig. 8A, lanes 1 and 2). This doublet was
also clearly seen in a TLC overlay assay in which the material
was shown to react with MADb 1D1, and the same doublet was
present in the unfractionated 70% ethanol extract analyzed in
the same manner (Fig. 8B, lanes 1 and 2). Significantly, a band
with similar migration on TLC was seen in a sample of authen-
tic PIMs (provided by Patrick J. Brennan, Colorado State Uni-
versity, Fort Collins), although by orcinol staining this ap-
peared to be a complex mixture that contained many slower-
and faster-migrating species (Fig. 8A, lane 3). This diversity
presumably reflects the presence of polar hexa- and pentama-
nnosides (PIMs and PIMg), as well as lipophilic dimannosides
(PIM,); the latter exhibit further heterogeneity due to a vari-
able number of additional acyl substituents (6). Analysis of
these PIMs by TLC overlay with MADb 1D1 revealed a group of
five bands, of which two comigrated with the 1D1 Ag doublet
(Fig. 8B, lane 3). Significantly, the five immunoreactive bands
comprised the slower-migrating, polar PIMs (PIM; and PIM),
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suggesting that the 1D1 epitope includes at least a dimanno-
side linked to inositol; in PIM,, the two mannoses are linked
separately to the 2 and 6 positions of the inositol ring (6).
These results suggested that the 1D1 Ag is a PIM.

This conclusion was supported by GC analysis of methano-
lyzed products of purified 1D1 Ag, which led to the identifi-
cation of mannose as the only sugar constituent of the glyco-
lipid; in addition, the aqueous phase also contained inositol.
The major fatty acid substituents of the antigen were com-
posed of hexadecanoyl (C,,.,) and 10-methyl-octadecanoyl (tu-
berculostearoyl); small amounts of C,g.; and C,g,, were also
present in the mixture of fatty acid methyl esters. These data
clearly indicated that 1D1 Ag is a member of the ubiquitous
family of PIMs, and based on the comparative TLC migrations
and immunoreactivities of the antigen and authentic PIMs
(Fig. 8A and B), 1D1 Ag is most likely a polar PIM, either
PIM; or PIM,.

Binding of 1D1 Ag-coated latex beads to CHO cells. To
investigate the role of the 1D1 Ag in cell adhesion, the binding
to CHO cells of latex beads coated with the antigen was de-
termined (Fig. 9). Antigen-coated beads adhered strongly to
CHO cells in serum-free medium (Fig. 9B), whereas uncoated
control beads adhered poorly (Fig. 9A). In the presence of
20% FBS, binding of antigen-coated beads was increased 2.5-
fold (Fig. 9D and E). When antigen-coated beads were treated
with periodate to oxidize carbohydrate residues, serum en-
hancement of binding was abolished (Fig. 9E), and binding in
the absence of serum was also reduced about twofold (Fig. 9E).
Binding of uncoated control beads was also improved in the
presence of FBS (Fig. 9C), which may be due to nonspecific
adsorption of serum opsonins to the beads as a result of in-
complete blocking by BSA. The addition of ascites fluid con-
taining MADb 1D1 did not inhibit the binding of periodate-
treated beads to CHO cells, likely due to destruction of the
epitope recognized by the antibody (in Western blotting ex-
periments the antibody also failed to recognize lysates of pe-
riodate-treated M. tuberculosis, further confirming that 1D1 Ag
is a carbohydrate-containing molecule). The antibody abol-
ished binding of antigen-coated beads (less than 10 beads per
100 cells) in both the presence and absence of FBS (data not
shown).

Binding of 1D1 Ag to rMBP. The effect of periodate treat-
ment in eliminating the serum enhancement of binding of the
1D1 Ag-coated beads to CHO cells strongly suggested that the
carbohydrate component of the 1D1 Ag mediated the opso-
nization by serum components, which were likely to include
mannose-binding lectins, such as MBP. To confirm this, we
analyzed the ability of 1D1 Ag to bind rMBP in a modified
ELISA-like binding assay using biotinylated rMBP. We found
that rMBP bound to 1D1 Ag in a mannan-inhibitable manner,
as it did to whole M. tuberculosis H37Rv and to authentic
Man-LAM (the positive control), but not to E. coli LPS (Fig.
10). The extent of binding in this assay to the 1D1 Ag and
intact M. tuberculosis was approximately 3.7- and 6-fold less
than to Man-LAM. This may indicate that rMBP had a higher
affinity for Man-LAM than for 1D1 Ag or, alternatively, that in
this assay the rMBP-binding epitopes in 1D1 Ag were not
optimally presented. Support for the second possibility derives
from a TLC overlay assay using biotinylated tMBP, in which
binding of rMBP to 1D1 Ag was strong and equivalent to the
binding to Man-LAM, and, significantly, the 1D1 Ag was the
only component of the M. smegmatis ethanol extract to which
rMBP bound (Fig. 8C, lanes 3 and 4). As expected, in this assay
rMBP did not bind to nonmannosylated LAM (Ara-LAM)
(Fig. 8C, lane 5).
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Inhibition of binding of M. tuberculosis to CHO cells by
deacylated 1D1 Ag. The role of the 1D1 Ag in mediating the
binding of intact M. tuberculosis bacilli to CHO cells was ana-
lyzed further by incubating the cells with bacteria in the pres-
ence of deacylated 1D1 Ag (i.e., PIM without the acyl chains).
Deacylated 1D1 Ag was used because it has been shown that
the phosphatidylinositol anchor of soluble mycobacterial PIMs
inserted into the plasma membranes of mammalian cells (24),
which led to a nonspecific inhibition of binding of M. tubercu-
losis to macrophages (46). In the presence of 20% FBS, the
binding of M. tuberculosis to CHO cells was inhibited by 80%
+ 12% by deacylated 1D1 Ag, compared to 84% = 6% by
MAD 1D1 (Fig. 6D). Binding in the absence of serum was also
inhibited by both deacylated 1D1 Ag and MAb 1D1, by ap-
proximately 50%, but this did not achieve statistical signifi-
cance in this experiment (Fig. 6D).

Taken together, these data strongly suggest that the 1D1 Ag

FIG. 9. Binding to CHO cells of latex beads coated with purified 1D1 Ag.
Coated and uncoated (incubated in blocking buffer, containing 5% BSA) beads
were incubated for 6 h with CHO cells in the absence (A and B) and presence
(C and D) of 20% FBS. (A to D) Light micrographs showing uncoated (A and
C) and coated (B and D) beads. (E) For quantitation, cells were washed and
fixed, and the number of beads bound per 100 cells was determined by light
microscopy. Antigen-coated beads were also treated with sodium periodate (0.1
M) at pH 4.5. *, P < 0.0001 compared to uncoated control beads.

is an adhesin that mediates both direct (nonopsonic) and se-
rum-opsonized binding to CHO cells. The serum opsonin is, at
least in part, MBP. Chemically, the antigen is a mycobacterial
PIM. This antigen appears to be an adhesin that mediates the
binding of M. tuberculosis H37Rv and of M. smegmatis to CHO
cells and endothelial cells.

DISCUSSION

Interactions between pathogen-expressed molecules and
specific host proteins can involve direct, opsonin-independent
binding of pathogen ligands (adhesins) to cell receptors or
indirect, opsonin-mediated binding to cell receptors of appro-
priate specificity (15). Both modes of interaction have been
documented for the binding and invasion of mononuclear
phagocytes by M. tuberculosis (40, 41, 45). This distinction may
be important in understanding the pathogenesis of tuberculosis
because first, the presence and concentration of various opso-
nins vary widely at different anatomic sites, and second, the
mode of entry into cells may determine the fate of the bacte-
rium and its host cell. For instance, it has been shown that M.
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FIG. 10. Binding of rMBP to 1D1 Ag. Purified 1D1 Ag, Man-LAM, E. coli
LPS, and intact M. tuberculosis (M.tb.) H37Rv bacilli were adsorbed onto mi-
crotiter plate wells and reacted with biotinylated rMBP, in the presence or
absence of mannan (1 mg/ml). Binding was quantitated after incubation with
streptavidin-peroxidase. *, P < 0.0001 compared to mannan-inhibited controls
and LPS-coated wells.

tuberculosis treated with immune serum (which presumably
opsonizes it with specific antibodies) is no longer able to inhibit
phagosome-lysosome fusion after invasion of macrophages (1).
Similarly, the cytotoxicity of M. tuberculosis for cultured human
lung epithelial cells was found to be greatest when invasion
occurred in the absence of serum (31).

Using M. tuberculosis H37Rv, we found that the ability to
infect nonphagocytic cells in vitro was restricted to certain cell
types. Of the cells tested, significant association with bacteria
was exhibited only by CHO fibroblasts and porcine aortic en-
dothelial cells. It can be speculated that this variability reflects
cell-specific expression of suitable receptors, but we have not
as yet established the identities of the receptors involved. No-
tably, both the H37Rv and Erdman strains of M. tuberculosis
bound poorly to HeLa cells, contradicting an earlier report
which demonstrated efficient invasion of HeLa cells by a vari-
ety of M. tuberculosis strains and other mycobacterial species
(44). However, in this study it was noted that infection of HeLa
cells by mycobacteria was efficient only in the presence of 10 to
40% horse serum and not in human serum; infection rates
ranged from >50% of cells in horse serum to <0.5% in human
serum (44). This finding suggests that horse serum contains an
unidentified opsonin that enhances the infection of HeLa cells
by mycobacteria in vitro.

A striking and highly reproducible finding of the binding
studies reported here was that infection of both CHO and
endothelial cells by strain H37Rv was markedly enhanced by
fresh bovine and human serum, suggesting that serum opsonins
were able to coat the bacteria and promote binding to the cells.
MBP was identified as a candidate serum opsonin, which is of
considerable interest in the light of growing reports of the role
of this protein as a pattern recognition molecule in first-line,
innate host defense (21, 47). By various criteria, including
adsorption of serum mannan-binding lectins, addition of man-
nose or N-acetylglucosamine (both of which are known to bind
MBP), and use of human serum from an individual with ge-
netic MBP deficiency, we estimate that MBP contributes ap-
proximately 40% of the opsonizing capacity of serum.

MBP is a member of the collectin family of soluble C-type
lectins, which also includes the lung surfactant proteins SP-A
and SP-D, as well as bovine conglutinin and CL-43 (14). All
collectins bind sugars that contain equatorial 3- and 4-hydroxy
groups, notably D-mannose and N-acetyl-D-glucosamine, which
are prominent terminal residues of diverse microbial polysac-
charides, and numerous studies have indicated that MBP is an
important general opsonin in human serum (reviewed in ref-
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erences 14 and 21). Despite evidence for its role in innate
immunity, it is notable that heterozygote carriers of variant
MBP alleles that result in dominant low MBP concentrations
are common in diverse populations throughout the world,
which has led to the suggestion that low MBP levels may confer
an advantage in certain settings, such as during infection with
intracellular pathogens, including mycobacteria, which subvert
opsonic mechanisms to invade host cells (19, 21, 30). An asso-
ciation between high serum MBP levels and lepromatous lep-
rosy has been suggested, and sonicates of M. tuberculosis and
M. leprae were shown to bind strongly to human MBP (19).
These studies and the data presented here support the notion
that MBP is an opsonin that can enhance the invasion of host
cells by mycobacteria.

In addition to MBP, we also found that purified FN and
transferrin enhanced the binding of M. tuberculosis to CHO
cells. Surprisingly, in view of the role for FN in mediating the
binding of M. bovis BCG and M. leprae to nonphagocytic cells
in vitro (26, 43), the contribution of FN to the opsonizing
capacity of whole serum appeared to be negligible, as revealed
by binding studies using FN-depleted serum. A similar result
was obtained with serum depleted of transferrin. We conclude
that FN and transferrin are not significant serum opsonins in
the binding of M. tuberculosis to CHO cells and that FN cannot
be considered a universal opsonin for the binding of mycobac-
teria to nonphagocytic cells. It has been noted that FN-medi-
ated binding to integrin receptors is frequently insufficient to
promote bacterial internalization (25).

We have characterized a bacterial ligand or adhesin that
promotes binding of M. tuberculosis to CHO and endothelial
cells. The ligand, denoted 1D1 Ag on the basis of its recogni-
tion by MAb 1D1, supported direct as well as serum-enhanced
binding to CHO cells, as assessed by binding studies with
coated beads. The 1D1 Ag was identified as a polar PIM, which
was consistent with our data that rMBP bound to 1D1 Ag in a
mannan-inhibitable manner.

Identification of the 1D1 Ag as a polar PIM was surprising,
in view of the known abundance of LAM in the mycobacterial
envelope (8) and the high affinity of LAM for MBP, demon-
strated here. LAM is thought to traverse the entire width of the
cell wall, with exposure of its terminal sugars at the outer
surface of the M. tuberculosis envelope (6, 8, 23), whereas the
exact location and degree of surface exposure of the PIMs
were, until recently, unclear (8). However, a recent reanalysis
of the surface-exposed lipids on the M. tuberculosis cell enve-
lope revealed that PIMs were present in the outermost layers,
whereas LAM was notably absent (35, 37). Earlier studies that
showed LAM to be present in the outer capsule of M. tuber-
culosis were based on the use of anti-LAM antibodies (23) that
cross-react with neutral, nonacylated arabinomannans (35),
which are part of an abundant carbohydrate-protein capsule in
which the PIMs are embedded (35-37). Our functional data
corroborate these analytical results, indicating that PIMs are
sufficiently surface exposed to act as adhesins. It is particularly
notable that MAbs 1D1 and 3D6, which were selected for their
reactivity to whole bacteria and hence surface epitopes, recog-
nized PIM and not LAM. Indeed, MAb 1D1 appeared to be
PIM specific in that it did not cross-react with authentic Man-
LAM and the binding of this antibody to 1D1 Ag was not
inhibited by an excess of free mannose, yeast mannan, or M.
tuberculosis mannan (36) in a competitive ELISA (data not
shown). These data indicate that a reevaluation of the func-
tional importance of outer capsular PIMs in mycobacterial-
host cell interactions is warranted.

Interestingly, both the serum enhancement of binding and
the role of 1D1 Ag in binding to CHO cells appeared to be
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strain dependent. Notably, the Erdman strain bound in a se-
rum- and 1D1 Ag-independent manner. The molecular basis
for this observed strain variation remains to be determined. In
a flow cytometric analysis of exposed surface epitopes, we
found, using fluorescent-labeled MAb 1D1, that there were
significant differences in surface exposure of PIMs between
different M. tuberculosis strains (12). The mode of binding of
the H37Rv strain does not, however, appear to be only an
oddity of a laboratory strain, since we have identified a clinical
isolate (designated GSH-2288, isolated from a urinary cathe-
ter; Bacteriology Laboratory, Groote Schuur Hospital) which
has the same phenotype (12). A more generalized analysis of
the strain dependence of the mode of binding of M. tubercu-
losis to mammalian cells is clearly warranted and is in progress.

The identities of the CHO and endothelial cell receptor(s)
for direct or opsonin-mediated binding to PIM are unknown.
Direct binding to a mycobacterial PIM implies the presence of
a cell surface lectin with specificity similar to that of the mac-
rophage mannose receptor, which is known to be expressed by
hepatic endothelial cells (14). Opsonic binding via MBP is
presumably to a collectin receptor, such as the SP-A receptor
on macrophages and alveolar type II epithelial cells (10). The
SP-A receptor binds to the collagen domain of SP-A (10),
leaving the carbohydrate recognition domain free to interact
with mannose-containing PIMs. Indeed, SP-A enhanced the
binding of M. bovis BCG to macrophages, which was blocked
by anti-SP-A receptor antibodies (10); presumably a similar
interaction could also involve type II epithelial cells (3, 31, 32).

The potential in vivo significance of these results is un-
known. We have found by transmission electron microscopy of
infected CHO cells that many of the bacteria are intracellular
(22). However, histologically, M. tuberculosis bacteria are
rarely if ever seen in cells other than mononuclear phagocytes
in vivo (29). It is possible that invasion of nonphagocytic cells
occurs only during brief and specific phases of the disease, such
as translocation across the alveolar epithelium at the time of
initial exposure (3, 31, 32) and during hematogenous dissem-
ination, or that actual residence time in epithelial or endothe-
lial cells is brief. Our finding that M. tuberculosis binds effi-
ciently to endothelial cells, particularly in the presence of
serum opsonins, may reflect the behavior of the pathogen
during hematogenous dissemination. In the mouse model, M.
tuberculosis bacteria have been found to erode into blood ves-
sel endothelial cells (34), and it has been suggested that CD8"
lymphocytes are required for protection because they lyse in-
fected cells that do not express class II antigens, such as en-
dothelial and epithelial cells (9, 34).
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