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Arabinomannan (AM) is a polysaccharide of the mycobacterial capsule. The capsular polysaccharides of
various microorganisms are diverse, and this diversity is important for classification of organisms into
serotypes and vaccine development. In the present study we examined the prevalence and diversity of AM
among Mycobacterium tuberculosis strains using four AM-binding monoclonal antibodies (MAbs). One of these
MAbs, MAb 9d8, is known to bind to AM specifically. By whole-cell enzyme-linked immunosorbent assay
(ELISA), the AM recognized by MAb 9d8 was detected on the surfaces of 9 of 11 strains, while 2 strains showed
no reactivity with MAb 9d8. However, the AM recognized by MAb 9d8 was found in the culture supernatants
of all 11 M. tuberculosis strains tested, as demonstrated by capture ELISA. Other AM-binding MAbs reacted
both with the surfaces and with the culture supernatants of all 11 strains. Mice immunized with an experi-
mental AM-recombinant Pseudomonas aeruginosa exoprotein A (rEPA) conjugate vaccine had an increased
antibody response to AM and a moderate reduction in the numbers of CFU in their organs 7 days after
challenge. Our results indicate that AM was detected in all M. tuberculosis strains tested, with differences in
epitope distributions of certain strains. In addition, our results suggest that an experimental AM-rEPA vaccine
has a moderate effect on the numbers of CFU in organs early after infection.

Tuberculosis (TB) continues to be a leading cause of mor-
bidity and mortality worldwide. Lack of optimal means of con-
trol is considered a major contributor to this overwhelming
problem. The Mycobacterium bovis Bacille-Calmette-Guérin
(BCG) vaccine, which was introduced in the 1920s, reduces the
rate of disseminated TB in young children but does not prevent
the pulmonary form of TB (2). In recent years major efforts
have been directed to the development of new candidate vac-
cines against TB (4) that will, it is hoped, be more effective
than the currently available (BCG) vaccine. The BCG vaccine
and most experimental vaccines against TB are designed to
enhance cell-mediated immunity against Mycobacterium tuber-
culosis. However, this approach is different from that for most
vaccines licensed to date for use in humans, which are thought
to work by inducing effective antibody responses against the
target pathogen (for a review, see references 8 and 21a). Sev-
eral of the licensed vaccines successfully used at present are
polysaccharide conjugate vaccines. These vaccines include the
Haemophilus influenzae type b, Streptococcus pneumoniae, Sal-
monella enterica serovar Typhi (16), and most recently, menin-
gococcal group C polysaccharide conjugate vaccines (25). The
general consensus is that humoral immunity plays little or no
role in protection against M. tuberculosis. However, in recent

years several studies reported a beneficial effect of monoclonal
antibodies (MAbs) directed to mycobacterial antigens on the
course of infection (for a review, see reference 8). Two of these
studies involved MAbs directed to mycobacterial polysaccha-
rides (10, 24). These observations suggest that polysaccharides
can potentially be useful for eliciting protective immune re-
sponses against M. tuberculosis.

The surface of M. tuberculosis contains several polysaccha-
ride and polysaccharide-containing fractions (1). The outer-
most surface layer, thought by some investigators to represent
a capsule, contains the polysacchrides arabinomannan (AM),
glucan, and mannan, as well as a small amount of protein (5).
Recent observations demonstrating that administration of a
MAb to AM (24) and immunization with an AM-conjugate
vaccine (11) resulted in prolonged survival suggest that AM
may be potentially useful in the development of a vaccine
against M. tuberculosis. However, it is unknown how prevalent
and uniform AM is among M. tuberculosis isolates.

Microbial capsular polysaccharides can be antigenically vari-
able, and this quality provides the basis for classifying patho-
gens into strains (or serotypes). Classification of microbial
pathogens into serotypes has been useful for diagnosis, under-
standing of disease epidemiology, and vaccine development
(17, 18). AM was previously shown to be expressed during the
in vitro and in vivo growth of M. tuberculosis (23), but the
prevalence and antigenic expression of AM among different
M. tuberculosis isolates have not been examined. In this study
we examined the antigenic expression and prevalence of AM
among various M. tuberculosis isolates and discuss the potential
implications of our results for vaccine design.
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MATERIALS AND METHODS

Mycobacterial strains. Clinical isolates of M. tuberculosis were obtained from
the Diagnostic Microbiology Laboratory at Montefiore Medical Center, Bronx,
N.Y. These isolates were recovered from the sputa of patients with pulmonary
TB, and all isolates were susceptible to first-line anti-TB antibiotics. M. tubercu-
losis Erdman (TMC 107) originated from the Trudeau Mycobacterial Culture
Collection (TMC), Trudeau Institute, Saranac Lake, N.Y.; M. tuberculosis CDC
1551 was provided by the laboratory of one of the authors (W.R.J., Jr.).

Mycobacterial culture for detection of AM. Mycobacteria from frozen stocks
(1 ml) were added to 24 ml of 7H9 medium (Difco, Detroit, Mich.) with 1%
glycerol enriched with oleic acid-albumin-dextrose-catalase (Becton Dickinson,
Sparks, Md.) in the absence of Tween. Frozen stocks of clinical strains of
M. tuberculosis were recovered from Jensen-Lewis solid medium prior to growth
in 25 ml of 7H9 liquid medium. The cultures were incubated at 37°C with
shaking. Culture samples were mixed with an equal volume of 10% buffered
formalin, and the absorbance at 600 nm was measured. When the absorbance
reached 1.0, a 5-ml aliquot of each culture was transferred to a 490-cm2 roller
bottle (Corning, Inc., Corning, N.Y.) containing 95 ml of 7H9 medium without
Tween 80, and the bottle was incubated at 37°C with rotation at 1.25 rpm. After
25 days cultures were collected and centrifuged at 2,000 � g for 30 min. Culture
supernatants were removed and filtered twice through a 0.22-�m-pore-size filter
(Millipore Corporation, Bedford, Mass.). Mycobacteria were washed twice in
phosphate-buffered saline (PBS), heat killed for 2 h at 80°C, lyophilized (FTS
Systems, Inc., Stone Ridge, N.Y.), and weighed.

MAbs. MAb 9d8, an immunoglobulin G3 (IgG3) isotype immunoglobulin that
recognizes AM, and MAb 5c11, an IgM isotype immunoglobulin that recognizes
AM, lipoarabinomannan (LAM), and arabinogalactan (AG), were described
elsewhere (9, 19). MAb CS-40, an IgG1 isotype immunoglobulin that recognizes
AM and LAM (3, 19), and MAb CS-35, an IgG3 isotype immunoglobulin that
recognizes AM, LAM, and AG (12, 19), were kindly provided by John T. Belisle,
Colorado State University, Fort Collins.

Concentration of culture supernatant. The supernatant from each mycobac-
terial culture was placed in an individual dialysis tube (Snakeskin; Pierce, Rock-
land, Ill.). The tubes were placed in polyethylene glycol 8000 (Fisher Scientific,
Pittsburgh, Pa.) overnight at 4°C, after which the concentrated culture superna-
tants were collected and maintained at 4°C until testing.

Whole-cell ELISA. Whole-cell enzyme-linked immunosorbent assay (ELISA)
was performed by a method similar to that described previously (9, 23). Briefly,
50 �l of mycobacterial suspension at a concentration of 1 mg/ml in Tris-buffered
saline (TBS) was added to microtiter ELISA plate wells. The plated were incu-
bated at room temperature for 2 h and blocked by adding 200 �l of 1% bovine
serum albumin (BSA) in TBS for 1.5 h at 37°C.

The wells were washed three times with TBS containing 0.05% Tween 20,
MAb 9d8, 5c11, CS-40, or CS-35 at a concentration of 10 �g/ml in 1% BSA in
TBS was added to the plates, and the wells were serially diluted; the plates were
incubated at 37°C for 1 h or 4°C overnight. After the plates were washed, alkaline
phosphatase (AP)-conjugated goat-anti mouse (GAM) (GAM-AP) IgM, IgG3,
or IgG1 (Southern Biotechnology Associates, Birmingham, Ala.) at a concen-
tration of 1 �g/ml in 1% BSA in TBS was added, and the plates were incubated
for 1 h at 37°C. The plates were washed five times, and 50 �l of 1 �g of
p-nitrophenylphosphate per ml in substrate buffer (0.001 M MgCl2, 0.05 M
Na2CO3 [pH 9.8]) was added. The absorbance at 405 nm was measured in a
Multiscan MS reader (Labsystems, Vantaa, Finland).

Capture ELISA for detection of AM. Capture ELISA was performed by a
method similar to that described previously (19, 23). Briefly, microtiter plates
were incubated with 50 �l of unlabeled GAM IgG3 or IgG1 per well at a
concentration of 1 �g/ml in TBS and incubated for 1 h at 37°C. The plates were
blocked with 1% BSA in TBS. After the plates were washed, 1 �g of MAb 9d8,
CS-40, or CS-35 per ml in 1% BSA in TBS was added. Following incubation and
washing of the plate, purified AM, LAM, or AG in 1% BSA in TBS or a
concentrated culture supernatant resulting from the growth of mycobacteria was
added to the wells and the wells were serially diluted; the plates were then

incubated for 1 h at 37°C. After the plates were washed, 1 �g of MAb 5c11 per
ml in 1% BSA in TBS was added to the wells, and the plates were further in-
cubated as described above. GAM-AP IgM was added to the plates at a con-
centration of 1 mg/ml. The plates were developed and read as described above.

Calculation of amount of AM generated by mycobacteia. The concentration of
AM in the concentrated culture supernatants was calculated by extrapolation
from known concentrations of purified LAM (kindly provided by John T. Belisle,
Colorado State University) and AM and is expressed in micrograms per millili-
ter. The total amount of AM in each culture supernatant was then calculated by
multiplying the concentration by the volume (in milliliters) of the concentrated
supernatant. The total amount of AM was then divided by the dry weight of the
mycobacteria. The results were expressed in milligrams per gram (dry weight) of
M. tuberculosis. Each value calculated represents the average results from two
separate experiments.

Double staining with acid-fast stain and immunohistochemistry of organ
tissues from with M. tuberculosis-infected mice. Murine infection was performed
as described previously (23). Briefly, female BALB/c mice (age, 6 to 8 weeks;
Charles River Laboratories, Wilmington, Mass.) were infected intravenously
with 106 M. tuberculosis Erdman bacilli. The organs were harvested 42 days after
infection, fixed in 10% formalin, and embedded in paraffin. Sections of 4 to 5 mm
were placed on glass microscope slides. After removal of the paraffin, the slides
were coated with carbolfuschin KF (Becton Dickinson, Sparks, Md.) for 45 min.
The slides were washed with distilled H2O and decolorized with acid-alcohol.
Immunohistochemistry was performed as described previously (10). Briefly, the
slides were incubated with 10 �g of MAb 5c11 per ml in 2% BSA for 2 h,
followed by incubation with GAM-AP IgM (Southern Biotechnology Associates,
Inc.) diluted 1:200 in 2% BSA. Color was developed with a 5-bromo-4-chloro-
3-indolylphosphate–Nitro Blue Tetrazolium substrate tablet in 10 ml of distilled
H2O (Sigma, St. Louis, Mo.). Between each step the slides were washed with
PBS. Tissue samples from the lungs of uninfected BALB/c mice were used as
negative controls. Additional negative controls consisted of samples of lung
tissue from infected mice that were incubated as described above, with the
exception that MAb 5c11 was not included. Some sections were counterstained
with hematoxylin (Biomeda Corp., Foster City, Calif.).

Immunization of mice with an AM-conjugate vaccine. AM isolated from a
clinical strain of M. tuberculosis (23) and purified as described previously (23) was
conjugated to recombinant Pseudomonas aeruginosa exoprotein A (rEPA) by
using 1-cyano-4 dimethylaminopyridinium tetrafluoroborate (CDAP) (14). Fe-
male BALB/c mice (age, 6 to 8 weeks; Charles River Laboratories) were immu-
nized with 5 �g of AM-rEPA vaccine in 100 �l of 50% Freund’s incomplete
adjuvant (Sigma) in PBS. Booster doses of 5 �g of vaccine in 100 �l of PBS were
given at 2 and 4 weeks. Immunizations and booster doses were administered
subcutaneously at the side of the base of the tail. Control mice received uncon-
jugated rEPA or PBS. Four mice were used to study the immunogenicity of the
AM-rEPA vaccine, and they were bled through the retroorbital plexus prior to
and at 2, 3, 4, 5, and 6 weeks after the initial immunization. The titers of IgG to
AM in serum were measured by ELISA, as described previously (23).

Infection of immunized mice with mycobacteria. Mice immunized with AM-
rEPA conjugate vaccine were challenged intravenously with M. tuberculosis
Erdman or M. bovis BCG Pasteur (which originated from frozen stocks of known
titer) by infection through the tail vein. Challenge doses consisted of 1 � 106

M. tuberculosis and 2.5 � 105 BCG organisms in 200 �l of PBS containing 0.05%
Tween 80 (PBS-T). The mycobacteria originated from a frozen vial containing a
known quantity (in CFU per milliliter). The lungs, livers, and spleens of three
mice from each of the experimental and control groups were harvested at 1, 2, 3,
and 5 weeks after infection. A subset of 5 mice from each group infected with M.
tuberculosis was designated for use in the survival study. The organs harvested
were homogenized in PBS-T with a Seward Stomacher 80 Lab System (Seward,
London, United Kingdom). The homogenates were serially diluted in PBS-T,
and aliquots were plated on 7H10 (Difco, Detroit, Mich.). Colony counting was
performed 3 weeks after plating, and the total number of CFU in each organ was
calculated.

RESULTS

Detection of AM-containing polysaccharides in tissue. To
visually assess the presence and location of AM-containing
polysaccharide during infection, tissues of mice infected with
M. tuberculosis were stained with an acid-fast stain followed by
immunohistochemistry analysis with MAb 5c11 (Fig. 1). Stain-
ing revealed multiple acid-fast bacilli dispersed throughout
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lung tissue samples. Only occasional acid-fast bacilli were ob-
served in spleen and liver tissue samples. Immunostaining of
lung tissue localized around the acid-fast bacilli and extended
beyond their contours (Fig. 1B to D). The use of sequential
tissue sections (Fig. 1C and D) and hematoxylin counterstain
localized the acid-fast bacilli and most of the immunostaining
inside the cells. Occasional immunostaining of rod-shaped
bacilli was noticed as well. No immunostaining was noticed
in liver or spleen tissue samples or negative control samples.
Immunostaining with MAb 5c11 provides a qualitative evalu-
ation of the abundance of polysaccharide containing AM in the
lungs of infected mice.

Presence of AM on surfaces of M. tuberculosis isolates. We
previously demonstrated that the AM recognized by MAb 9d8
was found in culture supernatants of M. tuberculosis CDC 1551
and Erdman (23). However, while it was detected on the sur-
face of the Erdman strain, it was not found on the surface of
CDC 1551. This finding prompted us to examine whether AM
is present on the surfaces of different M. tuberculosis strains.
The presence of AM on the surfaces of M. tuberculosis isolates
was examined by whole-cell ELISA with several AM-binding
MAbs with different specificities (19). MAb 9d8 was previously
shown to react specifically with AM (19) without cross-reacting
with other arabinose-containing surface polysaccharides. On
the other hand, other AM-binding MAbs also bind to the AM

found in LAM, and some cross-react with AG (19). Previous
studies have shown that the amount of AM generated by M.
tuberculosis increases in a time-dependent manner (23). For
this reason, the mycobacteria were grown for 25 days prior
to testing. Comparable amounts of mycobacteria were used
to coat the ELISA wells before they were reacted with the

FIG. 1. Double staining of lung tissue of a mouse using acid-fast staining followed by immunohistochemistry analysis with MAb 5c11. (A) Lung
tissue of an uninfected mouse (original magnification, �100); (B) lung tissue of a mouse infected with M. tuberculosis (original magnification,
�100) demonstrating areas of immunostaining (arrows); (C) lung tissue of a mouse infected with M. tuberculosis (bar, 10 �m) demonstrating
immunostaining in dark blue; (D) acid-fast staining of lung tissue of a mouse infected with M. tuberculosis without the addition of MAb 5c11 (bar,
10 �m); panel D demonstrates an area equivalent to that shown in panel C following counterstaining with hematoxylin. The figure was generated
with an Epson Perfection 1650 scanner and Adobe Photoshop (version 7.0) for the personal computer.

TABLE 1. Reactivities of AM-binding MAbs with cell surfaces and
culture supernatants of M. tuberculosis strains

M. tuberculosis
strain

Reactivity of AM-binding MAbs:

9d8 CS-40, CS-35, and 5c11

Cell
surface

Culture
supernatant

Cell
surface

Culture
supernatant

Erdman � � � �
CDC 1551 � � � �
CI 1a � � � �
CI 2 � � � �
CI 3 � � � �
CI 4 � � � �
CI 5 � � � �
CI 6 � � � �
CI 7 � � � �
CI 8 � � � �
CI 9 � � � �

a CI, clinical isolate.
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MAbs. MAbs CS-40, 5c11, and CS-35 were found to react with
the cell surfaces of all M. tuberculosis strains (Table 1). MAb
9d8 reacted with the cell surfaces of 9 of the 11 M. tuberculosis
strains tested. No reactivity of this MAb was detected with the
cell surface of M. tuberculosis CDC 1551 or CI-9 (Table 1).
These results suggest that the target epitope of MAb 9d8 is
present on the surfaces of most strains tested but is absent
from the surfaces of two isolates.

Capture ELISA for detection of AM epitopes. The method
of capture ELISA was intended for the detection of AM in
culture supernatants of M. tuberculosis strains. It has been
demonstrated that the mycobacterial capsular material can be
recovered from culture medium supernatant (20). We first
tested the capture properties of the various AM-binding MAbs
using the purified mycobacterial carbohydrate fractions AM,
LAM, and AG. In these assays, MAb 5c11 was used as the
detection antibody and MAbs 9d8, CS-40, and CS-35 were
used as the capture antibodies. MAb 9d8 captured an epitope
present in AM but not LAM (Fig. 2A), MAb CS-40 captured
an epitope present in LAM but not AM (Fig. 2B), and MAb
CS-35 captured an epitope common to AM and LAM (Fig.
2C). The level of capture of AG by MAb CS-35 was minimal
but exceeded the level of background binding and may have
been due to the cross-reactivity of MAbs CS-35 and 5c11 with
AG. The ability of MAb CS-35 to capture both AM and LAM
as well as to bind to AG (19) is probably due to the predom-
inance of arabinose in the epitope recognized by this MAb
(13).

Detection of AMs in culture supernatants of mycobacteria.
Our previous studies demonstrated that the AM recognized by
MAb 9d8 is found in the culture supernatant of M. tuberculosis
strain CDC1551 but not on the cell surface (23). This finding
suggests that this epitope is either easily removed or com-
pletely shed from the surface. To evaluate whether this finding
applies to other M. tuberculosis strains, capture ELISA was
used to detect AM in the culture supernatants of various clin-
ical isolates. AM was detected in the culture supernatants of all
11 M. tuberculosis strains (Table 1), as manifested by the pres-
ence of the epitope of each MAb in the culture supernatants of
all strains. The amount of the AM captured by MAb CS-40 in
the various culture supernatants was between 1.8 and 25.1 mg
per g (dry weight) of M. tuberculosis, with a mean of 9.82 mg/g
and a standard deviation of 7.31 mg/g. The amount of the AM
epitope captured by MAb CS-35 was between 0.6 and 4.6 mg
per g (dry weight), with a mean of 3.18 mg/g and a standard
deviation of 1.63 mg/g. The amount of AM captured by MAb
9d8 could not be calculated with accuracy due to the large
internal variability in the assay results. It is worth noting that
the AM epitope recognized by MAb 9d8 was found in the
culture supernatants of CI-9 and CDC 1551, despite its ab-
sence from the surfaces of these strains. The variability in
epitope concentration among the different strains, as well as
the difference in the average concentration of each epitope
between the groups (P � 0.008 by t test between the two
quantifiable epitopes), is of interest. In this regard, biochemi-
cally analyzed AM fractions from several laboratory strains of
M. tuberculosis were previously reported to have strain-to-
strain variations in quantities and the ratio of the quantity of
arabinose to the quantity of mannose (20).

FIG. 2. Capture of AM, LAM, and AG by different MAbs. The
graphs indicate the ELISA configuration. The capture antibodies were
MAbs 9d8 (A), CS-40 (B), and CS-35 (C). Symbols represent the
averages of two measurements; error bars denote 1 standard deviation.
The experiment was performed twice with similar results. PNPP, p-
nitrophenylphosphate; UNLB, unlabeled.
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Immunogenicity of AM-rEPA vaccine in mice. Mice immu-
nized with AM-rEPA vaccine were tested for antibody titers by
ELISA. Titers of IgG antibodies to AM were measured prior
to vaccination and then weekly from weeks 2 to 6. The baseline
titers of IgG antibodies to AM were 1:50 or 1:100. All mice
immunized demonstrated gradual increases in antibody titers
after vaccination. The titers reached 1:1,600 at 5 to 6 weeks
after primary immunization (Fig. 3).

Effect of AM-rEPA vaccine on in vivo infection with M. tu-
berculosis. The mycobacterial burdens in the organs of mice
immunized with AM-rEPA vaccine were measured 1, 2, 3, and
5 weeks after infection with M. bovis BCG or M. tuberculosis
Erdman. A moderate reduction in the number of CFU was
observed 1 week after challenge (Fig. 4). The differences were
statistically significant for the livers and spleens of mice that
had received M. bovis BCG and the lungs of mice that had

FIG. 3. Titers of IgG antibodies to AM in mice immunized with the AM-rEPA vaccine, as measured by ELISA. Circles, titers for individual
mice at a given time; horizontal bars, median titers.

FIG. 4. Mycobacterial burdens in organs of mice immunized with the AM-rEPA vaccine and controls receiving rEPA alone after infection with
M. bovis BCG (three panels at the top) and M. tuberculosis (two panels at the bottom). Bars represent the average CFU from 3 mice 1 week after
infection. Error bars denote 1 standard deviation.
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received M. tuberculosis. No statistically significant differences
in the numbers of CFU were noted at later times. The median
survival time was 94 days for mice immunized with the rEPA-
AM vaccine and 102 days for control mice; all mice died by 110
days, regardless of the group, and no statistically significant dif-
ferences were found between the two groups (P � 0.9725 by the
log rank test).

DISCUSSION

The surface of M. tuberculosis contains polysaccharides and
polysaccharide-containing fractions such as LAM, AG, and
peptidoglycan (1). In addition, an outermost layer of M. tuber-
culosis was described by some investigators and identified as a
capsule (21). This layer consists mainly of polysaccharides, of
which AM is an important component (5). Polysaccharide cap-
sules surround many pathogens, and they can be diverse. For
example, a total of 6 capsular serotypes have been described
for H. influenzae (17), 90 capsular serotypes have been de-
scribed for S. pneumoniae (18), and 4 capsular serotypes have
been described for Cryptococcus neoformans (6). Classification
of microbial pathogens into serotypes has been useful for di-
agnosis, understanding of disease epidemiology, and vaccine
development. In general, polysaccharide-based vaccines are
type specific and provide protection only against bacteria with
capsular polysaccharides that are antigenically similar to those
used in the vaccine (16). The purpose of this study was to
characterize AM in terms of its prevalence and antigenic vari-
ability.

Immunohistochemistry staining of tissues of mice that had
been infected with M. tuberculosis with an AM-binding MAb
demonstrated circumscribed areas of staining in lung tissue
that extended beyond the surface of the acid-fast bacilli (Fig.
1). These results suggest that AM-containing polysaccharide is
generated and potentially shed from the bacilli during infec-
tion in vivo, resulting in the presence of large areas containing
mycobacterial polysaccharide. The paucity of staining of liver
and spleen tissues may be a result of the lower numbers of
CFU in these organs or the ability of these organs to efficiently
clear the polysaccharides. In this regard, a previous study (10)
demonstrated that the liver and the spleen are very active in
the pharmacokinetics of LAM, with the hepatobiliary system
having an important role in clearance.

The use of several AM-binding MAbs with different speci-
ficities allowed the immunological identification of various AM
epitopes, as demonstrated by the capture of purified fractions
(Fig. 2). The use of several MAbs was particularly important,
given the data from a recent study demonstrating that the AM
recognized by MAb 9d8 did not react with the cell surface of
M. tuberculosis CDC 1551 (23), suggesting that the epitope
recognized by MAb 9d8 was not present on the cell surface.
This epitope was, however, present in the culture supernatant
of this strain, suggesting that it is easily removable or shed.
This phenomenon was not observed with M. tuberculosis Erd-
man, for which MAb 9d8 reacted with both the surface and the
culture supernatant. In the present study, the four AM-binding
MAbs reacted with all strains tested (Table 1). MAbs CS-40,
CS-35, and 5c11 reacted with the cell surfaces and culture
supernatants of all strains tested. MAb 9d8 reacted with the
culture supernatants of all strains tested and the cell surfaces

of nine strains, but it did not react with the cell surface of CI-9
or CDC 1551 (Table 1). These results suggest differences in the
MAb 9d8 epitope distribution among different strains. They
may also suggest strain-to-strain variations in the stability of
attachment of this polysaccharide epitope to the cell surface.
Different degrees of bonding between the capsular material
and the cell surface have previously been described for other
bacteria (22). Our results support the concept that MAb 9d8
binds to an epitope found exclusively on the outermost surface
of M. tuberculosis, while the epitopes recognized by the other
MAbs may also be present underneath the outermost layer. In
this regard, it is worth noting that arabinose and mannose are
found in the capsular AM as well as in LAM. A previous study
suggested that LAM and AM share antigenic determinants yet
maintain antigenic differences, as demonstrated by the ability
of MAb 9d8 to bind to AM and not LAM (19).

It was recently demonstrated that although antibodies to
AM were prevalent in human sera, antibodies with MAb 9d8
specificity were detected only in a small number of patients
with TB (19). The data raise questions regarding the preva-
lence of the MAb 9d8-specific AM epitope among clinical
M. tuberculosis strains. The ubiquity of this epitope, as dem-
onstrated in the present study, suggests that the absence of
antibodies to AM with MAb 9d8 specificity in many TB pa-
tients (19) is related to the nature of the antibody response to
this epitope rather than to differences in the prevalence of the
MAb 9d8-specific AM epitope among different strains.

The biological significance of the differences in the MAb 9d8
epitope distribution among various M. tuberculosis strains is
unclear. Whether differences in the degree of attachment of
capsular material could potentially affect the interaction of
various M. tuberculosis strains with the host immune system
remains to be explored. It is of interest that human exposure to
M. tuberculosis CDC 1551 was found to result in high rates of
purified protein derivative skin test conversions with large re-
actions (26). In mice, this strain induced a more rapid and
vigorous host immune response, with earlier granuloma for-
mation and increased cytokine production, compared to the
immune responses of other clinical isolates (15).

Previous studies demonstrated that MAb 9d8 prolongs the
survival of mice infected with a lethal dose of M. tuberculosis
(24) and that MAb 5c11 enhances the clearance of LAM in a
murine model (10). These findings highlight the potential im-
munological importance of AM. In fact, one study reported
that AM has an inhibitory effect on lymphocyte proliferation
(7). In an effort to evaluate the potential of a polysaccharide-
based vaccine against M. tuberculosis, we challenged mice that
had been immunized with the AM-rEPA vaccine. The vaccine
was found to be immunogenic, eliciting high titers of antibod-
ies to AM, and led to reductions in the numbers of CFU early
in the course of infection. The effect observed was not sus-
tained and did not affect the overall course of infection. These
results suggest that an AM-based vaccine has the potential to
affect the course of infection in its early stages, prior to the
development of specific cell-mediated immunity. A study
from another group recently reported prolonged survival of
C57BL/6 mice and guinea pigs immunized with an AM-
conjugate vaccine (11). Taken together, the results of these
studies are encouraging and suggest that mycobacterial poly-
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saccharides may be considered in the development of a vaccine
against TB.

In summary, our work demonstrated that AM is ubiquitous
among M. tuberculosis strains, which expressed all four AM
epitopes tested, with the MAb 9d8-specific AM epitope
present on the surfaces of most strains. In addition, an exper-
imental AM-conjugate vaccine was found to lower the num-
bers of CFU early in the course of infection. Additional studies
are required to analyze the elements that are important for the
development of an optimal polysaccharide vaccine, such as
antigen specificity, type of conjugate and adjuvant used, the
resulting antibody responses, as well as the effect of polysac-
charide vaccine on various strains of M. tuberculosis. The latter
is especially important, given the differences in the MAb 9d8
epitope distribution noted among M. tuberculosis strains. In
addition, it is important to determine the exact role of myco-
bacterial polysaccharides in the immunopathogenesis of TB.
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