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Nine cloned cell lines producing antibodies to the unique phenolic glycolipid of Mwvoba(uteriimn leprae
have been established as a result of fusions with spleens from mice immunized with the glycolipid
complexed with methylated bovine serum albumin. One of the antibodies was relatively nonspecific,
binding to a related glycolipid from My(bohacteriuin kanisasii, but the remaining antibodies were specific for
the M. leprae lipid. Some of the antibodies required the intact (trisaccharide) carbohydrate portion for
recognition of the glycolipid antigen, whereas others recognized partially hydrolyzed forms lacking one or

two sugar residues. Monoclonal antibodies directed at the terminal saccharide of the glycolipid showed the
greatest specificity for M. leprae in enzyme-linked immunoassays. These antibodies brightly labeled whole
mycobacteria in indirect immunofluorescence experiments, demonstrating the surface location of M.
lepr ae-specific determinants of the glycolipid antigen. In addition to their use in providing information about
the antigenic properties of the phenolic glycolipid, these antibodies have potential applications for
elucidating the roles of glycolipid in the pathogenesis of leprosy.

Mv(obacterium lepr(le synthesizes a phenolic glycolipid
(PG) which is related to that of Mycobacteriurm kaiisaisii (9)
but contains a unique carbohydrate portion consisting of
terminal 3,6-di-O-methyl glucose linked 1-4 to 2,3-di-O-
methyl rhamnose, which in turn is linked oU1-2 to 3-0-
methyl rhamnose (11, 12). This lipid is found in large
amounts in leprosy-infected tissues of human (18) and arma-
dillo (11) origin, and it has recently gained considerable
interest for its antigenic properties (3, 12. 15, 19). Several
groups have reported the presence of antibodies to the
glycolipid in serum samples from leprosy patients (3, 12, 15,
19), and it is of interest to determine whether similar
antibodies might allow early detection of preclinical infec-
tion with M. leprac (T. M. Buchanan, D. B. Young, R. A.
Miller, and S. R. Khanolkar, Int. J. Lepr., in press).
The ease with which the glycolipid can be separated from

the bacilli during the mechanical processes involved in
isolating M. Ieprae from infected tissues has led to the
suggestion that the lipid is present in the form of a surface
capsule surrounding the bacilli (11) in a manner analogous to
that of the peptidoglycolipids of the Mycohacterium aviUlln-
MAvcobacteriu,n intt-c(ellula-e-M1(vobhactiei-iiln.sc-Eofiula-
ceiin complex (2). A role for the peptidoglycolipids in
protecting pathogenic mycobacteria such as Mycobacteriu,n
leprtaetme iuini7 from the host bactericidal activities in phago-
cytic cells has been proposed (5). and by extension, a similar
role can be postulated for the M. leprae PG.
Monoclonal antibodies can be used as highly specific

probes to investigate the antigenic determinants present on
particular molecules and also as diagnostic reagents for the
localization and quantitation of antigen in infected material.
To further our understanding of the aintigenicity aind patho-
genic role(s) of the M. leprtie PG. we haive generated al set of
monoclonal antibodies to this molecule.

MATERIALS AND METHODS

PG. The M. lepr-ae PG WaIS purified trom supernatant
matterial derived from homogenizattion ot infected airmadillo

* Corresponding author.

liver (11). Extraction by the Bligh-Dyer monophasic method
was followed by elution from a silica gel-Celite column with
methanol (2% by volume) in chloroform (11) and preparative
thin-layer chromatography (TLC) as described previously
(19). The PG from M. ktnstasii was purified in the same way
from bacteria grown on Middlebrook 7H11 medium. The
identities of the glycolipids were confirmed by combined
gas-liquid chromatography and mass spectroscopy of the
alditol acetate derivatives (19). For use in the routine en-
zyme-linked immunosorbent assay (ELISA). PG from M.
lepraie was deacylated by alkaline hydrolysis, and the prod-
uct was purified by TLC (19). Partially hydrolyzed forms of
the lipid that had lost one or two sugar residues were
generated by mild acid hydrolysis and were isolated by
preparative TLC with a diethyl ether-acetone (9:1) solvent as
described by Hunter et al. (12). The concentration of glyco-
lipids was determined by estimation of the carbohydrate
content (6), with rhamnose used as the standard.

Immunization and fusion protocol. Partially purified PG
from M. leprae (i.e., eluate from silica gel-Celite column
with 2% methanol in chloroform) was complexed with
methylated bovine serum albumin (Sigma Chemical Co.) by
Vortex mixing and sonication as described by Barrow and
Brennan for complexing peptidoglycolipids (1). The lipid-
methylated bovine serum albumin complex contained 20%
by weight of the PG as judged by assay for carbohydrate
content. Lipid-methylated bovine serum albumin complex
suspended in phosphate-buffered saline (PBS: 1 mg/ml) was
injected into the peritoneal cavities of BALB/c mice at
weekly intervals for 5 weeks (50 pl per injection), and then. 2
days before sacrifice, a final injection was delivered by the
intravenous route. Fusion of spleen cells from injected mice
with those from the BALB/c myeloma cell line NSI/1 was
carried out as described previously (8). except thalt a thymo-
cyte feeder layer wats not used. Supernaitaint fluid from each
well wias tested for aintibody production by ELISA. aind
positive reactors were replaited alt a density of 5 cells per well
and then finially as formall clones. Ascites fluid rich in
aintibody wias obtained by inIecting the cloned cells into the
peritoneum of' pristatne-pr-imed BALB/c mice.
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TABLE 1. Reactivity patterns of monoclonal antibodies to PG'
Reactivity pattern

Antibody M. leprae PG with:Antlbody ~~~~~~~~~~~M.kansasii
Trisaccharide Disaccharide Monosaccha- PGride

AlE + + + -
A2A + + + -
A3H + - - -
B2G + - - -
B5B + - - -
B5H + + + -
B8F + - - -
B9D + + + +
B1OH + - - -

"The reactivity pattern for each antibody was determined by
ELISA with intact and partially hydrolyzed glycolipid as described
in the text.

ELISA. (i) ELISA with deacylated PG. For the routine
ELISA, deacylated PG from M. Ieprae was suspended in
distilled water at a concentration of 50 jig/ml by Vortex
mixing and incubation at 55°C (19). This suspension was
diluted 10-fold in distilled water and used to coat polystyrene
microtiter plates (0.1 ml per well) by overnight incubation at
37°C. Plates were washed with PBS and blocked by incuba-
tion with 5% bovine serum albumin in PBS. Culture superna-
tants or diluted ascites fluid were then added, and plates
were incubated for 2 h at 37°C. After being washed with
PBS, plates were incubated with enzyme-conjugated sec-
ondary antibody. For initial screening of clones, peroxidase-
linked goat anti-mouse immunoglobulin G (IgG; heavy and
light chains) (Miles Laboratories, Inc.) and peroxidase-
linked goat anti-mouse IgM (mu chain specific) (Cappel
Laboratories) were used. Subsequently, with monoclonal
antibodies characterized as belonging to the IgM class of
immunoglobulin, only the mu chain-specific secondary anti-
body was used. After being washed with PBS, plates were
developed with the peroxidase substrate o-phenylenedia-
mine (19).

(ii) ELISA with partially hydrolyzed PG. Native PG and the
products of partial acid hydrolysis were dissolved in hexane
and coated to polystyrene microtiter plates by adding 10 [L1
to each well and drying at 37°C for 15 min (12). Subsequent
steps in the ELISA were identical to those described for the
routine ELISA above.

(iii) ELISA with whole mycobacteria. M. leprae was puri-
fied from infected armadillo liver by the standard Draper
procedure (4), except that benzamidine (1 mM) was added
during the initial homogenization and Tween was not used.
Other mycobacterial cultures were grown on Middlebrook
7H11 agar (Difco Laboratories). Bacteria were scraped from
the plates, washed with normal saline, and stored at 0 to 4°C
in saline. The concentration of bacterial suspensions was
estimated by determination of protein concentration after
boiling with NaOH (14). Whole mycobacteria were coated to
polystyrene microtiter plates by preparing a suspension of 5
p.g of protein per ml in 10 mM Tris-hydrochloride, pH 8, and
adding 50 Il1 per well. This corresponded to a concentration
of approximately 5 x 107 organisms per ml. After overnight
incubation at room temperature, cells were fixed with glutar-
aldehyde (0.25%) for 10 min, and then plates were washed
with PBS and blocked with bovine serum albumin (5%,
wt/vol) for 2 h. Subsequent screening for antibodies directed
against the mycobacteria was carried out as described for the
PG ELISA.

(iv) Inhibition ELISA. To determine the ability of whole
mycobacteria or purified lipids to competitively inhibit bind-
ing of monoclonal antibodies to microtiter plates coated with
PG, samples were preincubated with diluted ascites fluid for
30 min at room temperature. The mixture was then added to
the coated plates and incubated for 1 h at 37°C. Detection of
antibody by means of peroxidase-linked goat anti-mouse
IgM was then performed as before.

1251 labeling of antibody. Monoclonal antibody was puri-
fied from ascites fluid by gel filtration by using a Bio-Gel
A5M column (16). The antibody was labeled with 125j by
using chloramine T (10). Binding of the radiolabeled anti-
body to PG was assayed with Immulon I Removawell strips
(Dynatech Laboratories, Inc.) coated with deacylated PG.
TLC autoradiography. TLC plates (Si-HPF, J. T. Baker

Chemical Co.) on which lipids had been separated were
washed with PBS and then incubated for 1 h at room
temperature with '25I-labeled monoclonal antibody diluted in
PBS containing 5% fetal calf serum. Plates were washed for
3 h with six changes of PBS, allowed to dry, and then
exposed to X-ray film overnight. After an autoradiograph
was obtained, plates were sprayed with orcinol-sulfuric acid
to visualize glycolipids and then were photographed.

Immunofluorescence. Mycobacteria (107 per slide) were
attached to immunofluorescence slides by heat and Formalin
fixation. After washing with PBS, monoclonal antibody was
added at a dilution of 1:40 in PBS. After 1 h of incubation at
37°C in a moist chamber, slides were washed with PBS and
then incubated for 30 min with fluorescein-conjugated goat
anti-mouse IgM (mu chain specific, Cappel Laboratories)
diluted 1:50 in PBS. After being washed with PBS and
distilled water, slides were mounted with p-phenylenedia-
mine to inhibit fluorescence quenching (13). Fluorescence
was observed with a Zeiss fluorescence microscope at a
magnification of x 1,000.

RESULTS
Nine cloned cell lines producing antibodies to the PG were

established as a result of two fusions with cells from immu-
nized mice (Table 1). Ascites fluid derived from the clones

a:k b

FIG. 1. Specificity of monoclonal antibody for M. leprae gly-
colipid. Native (upper spots) and deacylated (lower spots) PGs from
M. Ieprae (left lanes) and M. kansasii (right lanes) were separated on
a TLC plate developed with chloroform-methanol (15:1). The plate
was then reacted with '25I-labeled monoclonal antibody (B2G) and
processed as described in the text. (a) TLC plate sprayed for
visualization of glycolipids. (b) Autoradiograph of TLC plate.
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FIG. 2. Specificity of monoclonal antibody for PG with intact
carbohydrate portion. PG from M. leprae (lane 1) and its partial
hydrolysis products lacking one (lane 2) or two (lane 3) sugars were
separated on a TLC plate developed with diethyl ether-acetone
(9:1). Each lipid was applied in an amount corresponding to 0.5 p.g of
carbohydrate. The plate was then reacted with 1251I-labeled monoclo-
nal antibody (B2G) and processed as described in the text. (a) TLC
plate sprayed for visualization of glycolipids. (b) Autoradiograph of
TLC plate.

showed a positive reaction in the PG ELISA at dilutions
ranging from 1:2,000 (B5B) to 1:10,000 (B2G). All of the
monoclonal antibodies were identified as IgM immunoglob-
ulins by immuno-diffusion experiments with class-specific
anti-mouse immunoglobulin antibodies.
Antibody from one of the cell lines (B2G) was purified and

labeled with 1251. Each of the other antibodies was found to
compete with B2G for binding to the PG antigen, suggesting

that they all recognize epitopes present on the same region of
molecule.
Each antibody was tested for its ability to distinguish

between the M. leprae and M. kansasii PG bound to
microtiter plates in their deacylated forms. Only B9D bound
to the M. kansasii lipid, indicating that, unlike the eight other
antibodies, this clone is not specific for the unique trisaccha-
ride portion of the M. leprae PG. Figure 1 shows the
specificity of antibody B2G as determined by TLC autoradi-
ography. Binding of antibody to the native and deacylated
forms of the M. leprae PG is clearly seen and contrasts to the
absence of recognition in the case of the M. kansasii
glycolipid.
The effect of sequential removal of the carbohydrate

residues on the binding of antibody was investigated by
preparing derivatives of the M. leprae PG lacking one or two
sugar residues, as described by Hunter et al. (12). Figure 2a
shows the native PG (trisaccharide) along with the disaccha-
ride and monosaccharide forms separated by their different
migration patterns during TLC. Figure 2b shows the interac-
tion of 1251-labeled B2G with the same TLC plate and
demonstrates a specificity for antibody binding to the intact
trisaccharide form of the lipid with a marked decrease in
binding after the removal of a single sugar residue. The eight
monoclonal antibodies which recognized the carbohydrate
portion of the PG were tested for specificity by using an
ELISA system with the trisaccharide, disaccharide, and
monosaccharide forms of the lipid as solid-phase antigen.
This test allowed the distinction of two separate groups
among these antibodies: (i) those which bound strongly to
the intact lipid but had no detectable binding to the disaccha-
ride and monosaccharide forms (e.g., B8F, Fig. 3a), and (ii)
those which showed a preference for binding to the trisac-
charide but also showed significant binding to the disaccha-
ride and monosaccharide forms (e.g., AlE, Fig. 3b). The
specificity pattern shown by each monoclonal antibody is
recorded in Table 1.
The presence of PG on the surface of M. leprae was

confirmed by the ability of intact organisms to inhibit binding
of specific monoclonal antibodies to deacylated PG bound to

D 100 150 200 50 100 15
lipid (ng /well) lipid (ng/ well)

FIG. 3. Specificity of monoclonal antibodies of ELISA. PG from M. leprae (0) and its partial hydrolysis products lacking one (0) or two
(A) sugars were coated to microtiter plates, and the reactivity of monoclonal antibodies to the three lipids was determined by ELISA as
described in the text. Shown are specificity patterns of antibodies B8F (a) and AlE (b).
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FIG. 4. Competitive inhibition of monoclonal antibody in PG
ELISA. The ability of whole M. leprae (0) or purified deacylated
PG (0) to inhibit binding of monoclonal antibody (1B8F) was
determined as described in the text.

microtiter plates. Figure 4 shows that preincubation with 1.5
X 106 M. leprace resulted in a 50% inhibition of binding of
monoclonal antibody B8F used in the ELISA at a dilution of
1:4,000. Approximately the same level of inhibition was
obtained with deacylated PG as inhibitor at a concentration
equivalent to 10 ng of the native glycolipid. Thus, the
amount of surface-exposed PG on purified M. lepr-ae approx-
imates 10 ng/1.5 x 106 organisms.
When whole M. lepr-ae was used as solid-phase antigen in

ELISA, binding of monoclonal antibodies followed a pattern
similar to that observed with the purified lipid antigen but
with lower maximum absorbance levels (Fig. 5). As a further
test of specificity, each monoclonal antibody was screened
by ELISA with a panel of 20 mycobacterial strains as
antigen (Table 2). The relatively nonspecific aintibody B9D
bound to all of the strains tested. AlE showed a significaint
binding to MAlcobacteri-uin tehrrafe. MAl(ohactlium nonlnwho-
miioge,nicituin and M!vcobaucriun ,foltuitiiin. although alt lev-
els less thain hailf of thait seen with M. lepr-ac. The remaiining
aintibodies showed marked specificity for M. lepr-ac with
little or no binding to other mycobatcteria. Some degree of
interalction with M. tertraci and M. nloflhllromnoge(nli(cll was
observed with severail of the alntibodies. This interalction wals
eliminaited by watshing these straiins with Tween 80 betore
use in the ELISA. but the siame treaitment allso significaintly
r-eduLced the binding ot' monoclonall antibodies to A.lM. rac.

'I'he surft'ice locaition of' the PG wats t'ul-ther demonstratted
by indlirect immunotiluorescence with monoclonal aintibod-
ies. FigLur-e 6 shows the fltuo-escence of' leprosy bhicilli alfter
incuibation with specific monoclonakl akntibody B8F. A fluo-
rescent zone wais seen suirroLinding the balcilli aind wats
patrticuilari-ly marked in bakcteriall cltimps. All ot the other
miiycobaicter-iai shown in 'I[able 2. pltus M. av'imn-Ml. innrawil-
lu/hore-Al. %'i'ofil('(itin serovarl's 1. 2. 8. 9. 14. and 16.

Mycobacterium bovis ATCC 27291, Mycobacterium ulcer-
ans ATCC 19423, M. scrofulaceum ATCC 19981, Mycobac-
terium chelonei ATCC 14472, and a leprosy-derived coryne-
bacterium (7), were tested by immunofluorescence with
B8F. All of these bacteria were negative except for M. terrae
and M. nonchromogenicum, which had activity in the immu-
nofluorescence analogous to that observed in the whole-
organism ELISA (Table 2). One untyped strain of M. bovis
gave levels of interaction similar to those observed with M.
terrae and M. nonchromogenicum, but M. bovis ATCC
19015 and ATCC 27291 gave no reactivity with B8F.

DISCUSSION
The nine monoclonal antibodies produced after fusions

with mice immunized with the M. leprae PG can be divided
into three categories on the basis of their antigen specificity.
One antibody (B9D) has a low degree of specificity, binding
to the purified glycolipids from M. leprae and M. kansasii
and to the surface of a variety of mycobacteria. A second
group of antibodies (A3H, B2G, B5B, B8F, and B10H) do
not bind to the M. kansasii glycolipid, and although their
interaction is unaffected by removal of the two long-chain
fatty acids from the lipid antigen, removal of a single sugar
residue is sufficient to destroy antibody-antigen binding. A
third group of antibodies (AlE, A2A, and B5H) are specific
for the M. leprae lipid, but although they preferentially bind
to the lipid with its trisaccharide portion intact, they also
show significant binding after the removal of one or two
sugar residues. Our unpublished studies with serum samples
from leprosy patients suggest that the dominant human
immune response to this molecule is IgM immunoglobulin
directed specifically at the trisaccharide portion containing
3,6-di-O-methyl glucose linked l-1--4 to 2,3-di-O-methyl
rhamnose.
The terminal 3,6-di-O-methyl glucose of the M. leprae PG

is a sugar which has not been previously been found in

115
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antibody dilution
FIG. 5. Activity ot' monoclonal antibodv (132G) in ELISA tests

with deacvlated PG X ) ors- hole .t l'pra'( X0) ais antigen.
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TABLE 2. Reactivity of monoclonal antibodies in the whole organism ELISA

Reactivity of antibody"
Mycobacterium

AlE A2A A3H B2G B5B B5H B8F B9D BIOH
M. leprae 4+ 2+ 3+ 4+ + 3+ 4+ 2+ 2+
M. bov'is ATCC 19015 - -

M. diernhoferi ATCC 19304 ±/- - +I- +I- - +I- - 2+ -
M. duvalii
M. flavescens ATCC 14474 - - - - - - -
M. fortuitu,n + - - +1- - - - 2+
M. gastri ATCC 15754 +/- - - - - - -
M. gordonae ATCC 14470 - - - - - - -
M. intracellulare TMC 1403 - - - - - - - 2+ -
M. kansasii TMC 1203 - - - - - - - 2+ -
M. marinum ATCC927 - - - - - - -
M. nonchromogenicuim ATCC + +I- +I- +I- - +I- +I- 2+ -

19530
M. peregrinuim ATCC 14467 - - - - - + -
M. phlei ATCC 11758 - - - - - - -
M. smegmatis ATCC 19420 +/- - - - - -
M. terrae ATCC 15755 2+ - +I- +I- - +I- +I- + -
M. thamnopheos ATCC445 - - - - - -
M. triviale ATCC 23290 - - - - - - - + -
M. tuberculosis ATCC 25177 - - - - - - -
M. vaccae +1- - - - - - - +

' Monoclonal antibodies were used at dilutions of 1:500 to 1:2,000 in the whole organism ELISA test as described in the text. Results are ex-
pressed in terms of absorbance readings at 492 nm as follows: -, <0.1; +/-, 0.1 to 0.2; +. 0.2 to 0.4; 2+, 0.4 to 0.6; 3+, 0.6 to 0.8; 4+, >0.8.

nature (11). It is, therefore, likely that the monoclonal
antibodies requiring this sugar for antigen recognition will be
highly specific reagents. This is confirmed by their specific-
ity in the whole-organism ELISA and immunofluorescence
tests (Table 2). In our experience, IgM antibodies are more
susceptible to nonspecific binding effects than are IgG
antibodies, and the small degree of interaction with M.
terr-ae and M. nonchromogenicum may result from some
nonspecific effect. However, the possibility that these
strains (which are closely related taxonomically; 17) produce
an antigen related to the PG ofM. leprae cannot be excluded
at the present time.
The results reported here with immunofluorescence and

whole-organism ELISA experiments involving specific
monoclonal antibodies strongly support the idea that the PG
is a significant component of the surface capsule surrounding
M. leprae. Further experiments will be necessary to eluci-
date the role of the PG and the capsule for intracellular
survival of leprosy bacilli.

In addition to their use in providing information about the
antigenic properties of the PG, the antibodies generated in
this study have a wide variety of possible applications.
These include the quantitation of antigen levels (the experi-
ment shown in Fig. 4 is an example of this) and localization
of the antigen within infected lesions by immunofluores-
cence or immunocytochemistry. The PG is the first M.
leprae-specific antigen to be available for detailed immuno-
logical analysis, and it is hoped that these antibodies will be
useful tools in clarifying the role of this intriguing molecule
in the pathogenesis of leprosy.
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