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The outermost layer of Mycobacterium tuberculosis contains two major polysaccharides, arabinomannan
(AM) and glucan (GC). We studied the in vitro and in vivo expression of an M. tuberculosis AM antigen using
monoclonal antibody (MAb) 9d8 (2a), an isotype-switched variant of the immunoglobulin G3 (IgG3) MAb 9d8.
MAb 9d8 had been previously shown to bind M. tuberculosis AM and the M. tuberculosis surface. Our in vitro
experiments showed that MAb 9d8(2a) bound strongly to whole-cell M. tuberculosis Erdman but not to the CDC
1551 strain grown in medium for an extended period. However, AM antigen was detected in the culture
supernatant of both strains, and its concentration increased in a time-dependent manner. The detection of AM
antigen from both strains was decreased in the presence of Tween 80. In mice infected with M. tuberculosis
Erdman, AM antigen accumulated in organ homogenates concomitant to an increase in bacterial organ burden
and an increase in IgG and IgM titer to AM. These results (i) indicate that the surface expression of AM during
in vitro growth changes with culture age, is strain dependent, and is affected by the presence of Tween 80 in
the culture media; (ii) show that AM is produced by bacteria growth in vivo; and (iii) demonstrate that the
amount of in vivo-detected AM can be dependent on the number of bacteria in the infected organ.

It is estimated that one-third of the human population is
infected with Mycobacterium tuberculosis and that tuberculosis
(TB) is a leading cause of death worldwide (9). TB in the
setting of human immunodeficiency virus infection is a pro-
gressive disease that often responds poorly to therapy (18).
There is an acute need for additional, effective, preventative
and therapeutic modalities. A greater understanding of the
M. tuberculosis surface could aid in the development of such
modalities. Recent evidence from our group demonstrated
that a monoclonal antibody (MAb) recognizing M. tuberculosis
arabinomannan (AM) prolonged the life of mice infected with
a lethal dose of M. tuberculosis after the bacilli were precoated
with this antibody (34). This observation and a previous study
that investigated the nature of the 9d8 antigen (14) have led to
further studies regarding the in vivo and in vitro expression of
the antigen recognized by MAb 9d8.

The outer layer of the mycobacteria contains mainly poly-
saccharides and some protein, with lipid components further
inside (reviewed in reference 6). Dye studies of the mycobac-
terial envelope indicate that the outermost layer of the myco-
bacterial cell is composed of carbohydrate (28). This layer may
correspond to the electron transparent zone (ETZ) described
immediately outside the mycobacterial cell wall (6). Paired
fibrils indicate the presence of an ETZ in surface structures of
mycobacteria processed for electron microscopy (19) that can
be found when the bacteria are intracellular (8). Recently,
Lemassu and Daffe demonstrated that the two major compo-
nents of the M. tuberculosis outermost layer are the polysac-

charides AM and glucan (GC) (20). A third mannan compo-
nent was also identified (20). AM is a neutral polysaccharide,
of which two types have been described, either acetylated or
nonacetylated (2). AMs have been reported to be structurally
variable in different strains of M. tuberculosis (23). AM can also
be found attached to a lipid, in the form of lipoarabinomannan
(LAM) (2). The arabinose portion of the AM component of
LAM from M. tuberculosis Erdman, H37Rv, H37Ra, Mycobac-
terium leprae, and Mycobacterium bovis BCG is capped exten-
sively with mannose (2, 13). LAM has not been found in the
outermost portion of the envelope (20) even though MAbs
against LAM bind whole M. tuberculosis cells (12, 14). The
reactivity of these MAbs with the outermost surface of M. tu-
berculosis is believed to be consequence of binding to AM in
the ETZ (25). The polysaccharides that accumulate in the su-
pernatant of M. tuberculosis cultures are predominantly AM
and GC, providing additional evidence that supports the exis-
tence of a carbohydrate-rich outermost layer (7).

There is relatively little information regarding the antigenic
nature of M. tuberculosis AM during growth of the bacilli. The
expression of AM antigens during different in vitro growth
stages and under different medium conditions has not been
studied. Production of AM during the course of experimental
infection has never been demonstrated, although inferred, as
serological responses to M. tuberculosis LAM have been doc-
umented (24, 30; S. C. Arya, Letter, J. Clin. Microbiol. 31:
2836–2838, 1993). In this study we generated a MAb to AM
and used it to ascertain the presence of an AM antigen on
whole-cell M. tuberculosis during in vitro growth. In addition,
we designed a sensitive capture enzyme-linked immunosorbent
assay (ELISA) for AM and used it to measure the amount of
AM antigen in culture supernatant and in infected tissue. Our
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results indicate that AM is expressed in a dynamic and M. tu-
berculosis strain-dependent manner during in vitro culture and
that this expression is affected by the presence of Tween 80 in
the culture media. We also provide evidence that the amount
of AM antigen produced in vivo can be dependent on the
number of bacteria in the infected organ.

(The data in this paper are from a thesis to be submitted by
J. Reid Schwebach in partial fulfillment of the requirements
for the degree of doctor of philosophy from the Sue Golding
Graduate Division of Medical Sciences, Albert Einstein Col-
lege of Medicine, Yeshiva University, Bronx, N.Y. Portions of
this work have been presented in poster format at the 2000
American Society for Microbiology General Meeting, Los An-
geles, Calif.)

MATERIALS AND METHODS

M. tuberculosis for ELISA. M. tuberculosis strains Erdman and CDC 1551 were
obtained from the laboratory of Barry Bloom (Harvard School of Public Health,
Boston, Mass.) and were grown in 7H9 medium (Difco, Detroit, Mich.) contain-
ing 1% glycerol. When indicated, the medium contained 0.05% Tween 80 (Sig-
ma) (7H9-T). All M. tuberculosis cultures were grown in 490-cm2 roller bottles
(Corning, Inc., Corning, N.Y.) rotated at 1.25 rpm in a 5% CO2 incubator at 37°C
in the biohazard safety level 3 (BSL-3) facility. A vial of M. tuberculosis stored at
280°C was thawed and was then added to 25 ml of 7H9-T media and grown for
5 days to early log phase. A 5-ml volume of this starter culture was placed in a
15-ml conical tube and was sonicated for 15 s at 60% output, constant duty cycle,
using a Branson Sonifier 250 sonicator (Danbury, Conn.) with a cuphorn soni-
cator (Branson 102 Convertor). The resulting sonicate was then added to 25 ml
of 7H9-T media and grown for two more days. The absorbance value of this
suspension was measured at 600 nm after fixation in an equal volume of 10%
buffered formalin. Using the absorbance value of each bacterial culture, an
equivalent amount of cells from either M. tuberculosis Erdman or CDC 1551
cultures was then added to roller bottles containing 50 ml of 7H9-T or 7H9.
Previous studies had shown that 2 3 108 to 5 3 108 viable bacteria in 1 ml of
7H9-T give an absorbance of 1.0 at 600 nm after fixation. By this estimate,
approximately 0.4 3 108 to 1 3 108 bacteria were used to begin each culture. The
cultures were grown for 11, 20, or 25 days. Bacteria were collected at the various
time intervals by centrifugation at 2,000 3 g for 8 min, washed in 10 ml of
phosphate-buffered saline and frozen at 280°C in approximately 2.0 ml of PBS
(now concentrated .20-fold) until all samples were collected for analysis.

Whole-cell M. tuberculosis ELISA was performed as previously described (14),
except that the number of bacteria used was standardized according to the
amount of protein in a 100-ml volume of sedimented bacteria. For this ELISA,
the concentrated frozen stocks of harvested M. tuberculosis (described above)
were thawed and killed by heating to 80°C for 2 h. The concentrated bacterial
samples were then suspended by persistent pipetting (using a shortened 200-ml
pipette tip), creating a uniform and very dense suspension of bacteria. The
suspension was then allowed to settle in a transparent 1.5-ml microcentrifuge
tube, and the supernatant was removed, leaving 100 ml of settled bacteria. The
day-11 M. tuberculosis samples grown in the presence of Tween 80 did not
sediment as rapidly as other samples, so a more concentrated (approximately
100-fold) suspension of bacteria was used during sedimentation. Samples were
then washed twice in 1 ml of PBS. The amount of protein in 20% of a 100-ml
bacterial aliquot, collected by sedimentation as described above, was determined
by boiling in 1 M NaOH, and the absorbance was measured at 230 and 260 nm
(22). All bacterial samples, regardless of growth period or medium type, had
similar amounts of protein (mean, 465 6 39 mg, median, 466 mg; range, 390 to
665 mg) in 100 ml of settled bacteria. For each M. tuberculosis sample, an
independent bacterial suspension was sedimented in a microcentrifuge tube as
described above, washed twice in PBS, and added to 30 ml of Tris-buffered saline
(TBS) (0.1 M Tris base, pH 7.2, 0.15 M NaCl, 0.001 M NaN3). This suspension
was then sonicated with three 5-s bursts using a probe tip at 70% output, high
setting, and a value of 280 (Braun Sonic 2000 U Sonifier). Prior to use in ELISA,
samples were diluted approximately 1.7-fold in TBS (M. tuberculosis TBS); the
volume was adjusted to account for the minor differences in protein concentra-
tion (using the values determined from the protein analysis of the other sam-
ples).

M. tuberculosis for capture ELISA. M. tuberculosis cultures grown for 11, 20, or
25 days were started at different times and were harvested simultaneously. Cul-

ture media were then filtered twice using 0.2-mm-pore-size syringe filters (Fisher,
Springfield, N.J.) before removal from the BSL-3 environment. Sodium azide
was then added at a concentration of 1 mM, and the media were immediately
analyzed by AM capture ELISA.

M. tuberculosis AM. M. tuberculosis was isolated from a patient with confirmed
TB and pleural effusion at Montefiore Medical Center (Bronx, N.Y.). AM from
liquid culture supernatant (Sauton’s media) of this strain was isolated by pre-
cipitation with 70% ethyl alcohol and was further purified by anion exchange and
gel filtration chromatography, using methods similar to those described by Le-
massu and Daffe (20). The AM contained only arabinose and mannose, as con-
firmed by gas liquid chromatography and [13C] magnetic resonance spectroscopy.

MAbs. MAbs 9d8 (an immunoglobulin G3 [IgG3] recognizing AM) and 5c11
(an IgM recognizing LAM, AM, and mycolyarabinogalactan peptidoglycan com-
plex), were previously described (14). Purified CS-40 MAb, an IgG1 recognizing
Erdman mannose-capped LAM (manLAM) (3), was kindly supplied by J. T.
Belisle, Colorado State University, through National Institutes of Health (NIH)
contract NO1-A1-75320. The isolation of MAb 9d8(2a) is described below.
Hybridomas expressing MAb 9d8, 9d8(2a), or 5c11 were grown in Dulbecco
minimal essential medium (Cellgro, Herndon, Va.) containing 10% fetal calf
serum (Harlan, Indianapolis, Ind.), and supernatants were concentrated under
compressed N2 using an Amicon 8400 concentrator and YM100 membranes
(Amicon/Millipore, Bedford, Mass.). Antibody concentration was determined by
ELISA in comparison to isotype-matched control standards (ICN Biomedicals,
Aurora, Ohio).

Isolation of 9d8(2a) from 9d8 hybridoma. Spontaneous switch variants of the
9d8 hybridoma expressing the IgG2a isotype were recovered by the technique of
sib selection using the ELISA spot assay (31). Briefly, polystyrene microtiter
plates (Corning) coated with 2 mg of unlabeled goat anti-mouse (GAM) IgG2a
antibody (Southern Biotechnology Associates Birmingham, Ala.)/ml were blocked
with 3% bovine serum albumin (BSA) (fraction V; ICN Biomedicals, Aurora,
Ohio) in TBS. Hybridoma cells producing MAb 9d8 were mixed with media and
1 mg of biotinylated GAM IgG2a antibody/ml, before addition to the microtiter
plates for 4 h at 37°C. One-half of these cells had been kept separate for another
cycle of enrichment or for cloning on soft agar. Extravidin (Sigma) diluted
1:5,000 in 1% BSA TBS was then added to the plates for incubation at room
temperature for 1 h. Plates were washed as done for M. tuberculosis ELISA
between steps. The assay was developed by addition of 5-bromo-4-chloro-3-
indolylphosphate p-toluidine salt (BCIP) (Amresco, Solon, Ohio) in 2-amino-2-
methyl-1-propanol (AMP) buffer (9.58% AMP, pH 9.8, 0.01% Triton X-405, and
1 M MgCl2 z 6H2O) (Sigma) for 4 h at room temperature. The microtiter plates
were hand rinsed in deionized water, and the wells were inspected by using a
dissecting microscope. Blue spots were considered indicative of cells producing
IgG2a. After six enrichments by limiting dilution, the 9d8(2a) (IgG2a) hybrid-
oma was cloned three times on soft agar to stabilize and purify a clonal popu-
lation, and the isotype of the antibody was confirmed by ELISA.

ELISA. Whole-cell M. tuberculosis ELISA was performed as follows: after
addition of 50 ml of M. tuberculosis TBS suspension to microtiter wells (Corning)
and incubation for 2 h at room temperature, the plates were blocked by adding
200 ml of 1% BSA in TBS and incubating overnight at 4°C. Primary antibody
[MAb 9d8, 9d8(2a) or CS-40] in TBS was added, and the plate contents were
incubated for 1 h at 37°C. For all ELISAs, primary antibody was serially diluted
threefold between microplate wells. GAM alkaline phosphatase-conjugated
(GAM-AP) IgG(2a) or IgG1 antibody (Southern Biotechnology) [recognizing
MAb 9d8(2a) or CS-40, respectively] in TBS (1 mg/ml) was added, and plate
contents were incubated for 1 h at 37°C. The ELISA was developed by adding
50 ml of 1 mg of p-nitrophenylphosphate (PNPP) (Sigma)/ml in substrate buffer
(0.001 M MgCl2 and 0.05 M Na2CO3, pH 9.8) to each well. Plates were washed
three times with a plate washer (Skatron, Sterling, Va.), using TBS containing
0.05% Tween 20 (Sigma), between all ELISA steps. The absorbance at 405 nm
was then measured using a Multiskan MS microtiter plate reader (Labsys-tems,
Finland). For comparison of different M. tuberculosis samples, M. tuberculosis
ELISA plates were processed simultaneously. ELISA measurements were done
in triplicate for each sample and averaged. Experiments were performed twice
(including culture of bacteria) with similar results. The effects of any residual
Tween 80 on AM detection were further investigated by washing 100-ml 7H9-T
M. tuberculosis samples (sedimented as described above) 1, 3, or 9 times with 1
ml of TBS before M. tuberculosis ELISA. Day-20 M. tuberculosis Erdman, day-25
M. tuberculosis Erdman, and day-25 CDC-1551 M. tuberculosis grown in 7H9-T
were used for this analysis.

For the AM ELISA, a 50-ml solution of 10 mg of purified AM/ml in carbonate
buffer (0.015 M Na2CO3, 0.035 M NaHCO3, and 0.003 M NaN3, pH 9.8) was
added to each well of a microtiter plate and incubated overnight at 4°C. The wells
were then blocked by adding 200 ml of 3% BSA in TBS and incubating overnight
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at 4°C. MAb 9d8 [IgG3 or 9d8(2a)] or sera from M. tuberculosis-infected mice
were added to the wells and incubated for 1 h at 37°C. For determining murine
IgG titer to AM, sera were diluted (1:20) in TBS with 0.075 M b-mercaptoetha-
nol and heated for 1 h at 37°C to dissociate IgM pentamers. The treated sera
were then immediately assayed by ELISA. Plates were then washed, and 50 ml of
1 mg of GAM-AP antibody [GAM-AP IgG2a antibody recognizing MAb 9d8(2a)
and GAM-AP IgG or IgM antibody for murine sera]/ml was diluted in TBS and
added to each well for 1 h at 37°C. The ELISA plates were washed and devel-
oped as described above. For comparison of MAb 9d8(2a) and 9d8 (IgG3)
binding to M. tuberculosis and AM, GAM-AP IgG (heavy plus light chains) was
used as the secondary antibody. A LAM ELISA was performed as previously
described (14), using Erdman manLAM and H37Rv manLAM supplied by J. T.
Belisle, Colorado State University, through NIH contract NO1-A1-75320. Either
100 mg of MAb 9d8(2a)/ml or 10 mg of MAb CS-40/ml was serially diluted
(threefold dilutions) in the LAM ELISA. Three separate measurements were
made for each MAb in each ELISA. The most dilute concentration of MAb with
absorbance 1.5 times the background absorbance at 405 nm was reported as the
minimum concentration of MAb required to detect the antigen.

AM capture ELISA. Capture ELISA was used to detect and measure the
amount of AM antigen in culture supernatant or murine organ homogenate.
These assays were modeled on capture assays developed for the detection of
Cryptococcus neoformans glucuronoxylomannan (1) and M. tuberculosis LAM
(15). ELISA plates were incubated with 50 ml of TBS containing 2 mg of unla-
beled GAM IgG2a/ml antibody for 1 h at 37°C. Wells were blocked by adding 200
ml of 1% BSA in TBS and incubating their contents overnight at 4°C. Plates were
then washed between steps with TBS-containing 0.05% Tween 20 as described
above. After washing 1 mg of MAb 9d8(2a)/ml in TBS was added to each well of
the 96-well plates and incubated for 1 h at 37°C. Aliquots of M. tuberculosis
culture supernatant or diluted organ homogenates were added to the plates after
washing. Purified AM, which added to 7H9 medium, 7H9-T medium, or PBS and
was serially diluted in TBS, was used as a standard solution to determine the
amount of detectable AM antigen in culture supernatants or organ samples.
Following incubation at 37°C for 1 h, 10 mg of MAb 5c11 (IgM)/ml in TBS was
added and the plate contents were incubated for 1 h at 37°C. After washing, 1 mg
of GAM-AP IgM antibody/ml in TBS was added and the assay was developed as
described above. The sensitivity of the capture ELISA was determined using
threefold dilutions of antigen, and the dilution with an absorbance 1.5 times the
background absorbance at 405 nm was reported as the minimum concentration
of antigen required for detection.

Murine infection, organ/serum sample preparation, and CFU determination.
Six- to 8-week-old female BALB/cAnNCr1BR (Charles River Laboratories, Wil-
mington, Mass.) mice were infected with 106 Erdman bacilli via the intravenous
route. Just prior to injection, mycobacteria were thawed from a frozen vial with
a known quantity of CFU per milliliter and were added to 4 ml of PBS containing
0.05% Tween 80 (PBS-T) in a 15-ml conical tube. The suspension was sonicated
for 5 s at 60% output, constant duty cycle, in a cuphorn sonicator (Branson,
Danbury, Conn.) before inversion of the conical tube and sonication again for
10 s. Three mice were harvested at 0 (prior to infection), 7, 20, and 42 days after
infection. Just prior to harvest of murine organs, mice were bled from the
retroorbital plexus for serum collection. Serum was diluted in TBS containing
1 mM azide, filtered twice using a 0.2-mm-pore-size syringe filter, and removed
from the BSL-3 facility for storage at 4°C until analysis with the AM ELISA. A
small portion (approximately 10%) of the liver, spleen, and lung (the right upper
lobe) was removed and immediately fixed in 10% formalin. The remaining organ
portions were processed using a Seward Stomacher 80 Lab System (Seward,
London, United Kingdom) in PBS-T for several minutes until homogenized. The
homogenate was then serially diluted in PBS-T using 10-fold dilutions and was
plated for CFU on Middlebrook 7H10 agar (Difco) containing 50 mg of cyclo-
heximide (Sigma)/liter, and colonies were counted after 3 weeks of growth at
37°C. Portions of the organ homogenates (3 of 5 ml, starting volume for spleen
and lung; 3 of 10 ml, starting volume for the liver) were treated with proteinase
K (PK) to liberate carbohydrate antigens.

PK treatment was as follows: 60 ml of 100-mg/ml PK (Boehringer Mannheim,
Indianapolis, Ind.) in PBS was added to the 3-ml organ homogenate (a final PK
concentration of 2 mg/ml) before incubation at 37°C for 6 h. These samples were
boiled for 15 min at 100°C (to inactivate the PK) before cooling to 80°C for 2 h
(to ensure killing of M. tuberculosis) and were frozen at 220°C for storage. After
collection, samples were thawed and centrifuged for 5 min at 13,000 3 g. The
supernatant was removed and vacuum concentrated 10-fold using a microcen-
trifuge vacuum concentrator (Savant, Farmingdale, N.Y.). Concentrated super-
natants were then immediately tested in the AM capture ELISA. To assess the
effect of PK digestion of whole-cell mycobacteria on AM detection in the capture
ELISA, 100 ml of day-25 M. tuberculosis Erdman grown in the absence of Tween

(sedimented as described above) was diluted 1:100 or 1:10 in 1 ml of TBS. These
diluted samples were vigorously suspended by persistent pipetting, and either 2,
0.2, or 0.02% of the original 100-ml bacterial sample was added to 1-ml organ
homogenates (lung, liver or spleen) prior to PK treatment and vacuum concen-
tration. For comparison to untreated bacteria, equivalent amounts of diluted
M. tuberculosis were added to PK-treated and vacuum-concentrated organ ho-
mogenates just before addition to the capture ELISA.

Immunohistochemistry. Immunohistochemistry was performed as described
elsewhere (16), except that the slides were steamed with citrate buffer (.082 M Na
citrate and .0018 M citric acid) for 40 min and were cooled to room temperature
for 20 min prior to blocking with TBS containing 1% BSA and 5% goat serum.
MAb 9d8 (IgG3) supernatant was used as the primary antibody at 10 mg/ml.
GAM IgG3 antibody conjugated to horseradish peroxidase (Southern Biotech-
nology) was used as the secondary antibody. As a control the reaction was done
using both infected- and uninfected-tissue slides without primary antibody.

RESULTS

Generation and characterization of an IgG2a MAb to
AM. Although MAb 9d8 (IgG3) to AM was available (14), it
was necessary to generate a better reagent because of difficul-
ties in its production and purification. These difficulties are
probably due to the tendency of this IgG3 MAb to self aggre-
gate (34). An IgG2a switch variant of MAb 9d8 [9d8(2a)] was
recovered after six rounds of enrichment by the sib selection
technique. MAb 9d8(2a) bound to both M. tuberculosis and
AM in a manner similar to that of the parent IgG3 MAb (Fig.
1). MAb 9d8 (IgG3) produced slightly higher absorbance than
MAb 9d8(2a) in the M. tuberculosis ELISA, which we attribute
to the higher apparent avidity of IgG3 MAbs due to their
ability to polymerize after binding antigen (5). MAb 9d8(2a)
(100 mg/ml) did not bind to purified Erdman manLAM or
H37Rv manLAM (data not shown). This finding confirms that
MAb 9d8(2a), like the parent MAb 9d8, is not able to bind
purified LAM in ELISA.

Detection of AM antigen on bacteria during in vitro growth
of M. tuberculosis Erdman. M. tuberculosis cultures were grown
in media with (7H9-T) or without (7H9) Tween 80 to compare
bacteria grown as either a diffuse suspension or as a pellicle,
respectively. By normalizing to equal volumes of settled bac-
teria, we were able to compare the amount of protein in cells

FIG. 1. ELISA of MAbs 9d8(2a) and 9d8 binding to M. tuberculosis
and AM. MAb 9d8(2a) or 9d8 was serially diluted in an ELISA using
M. tuberculosis Erdman (A) or purified AM (B). Each value represents
the average of three measurements. Error bars show the standard
deviations of the means. These growth experiments and the ELISA
were repeated twice with similar results. O.D., optical density; MTB,
M. tuberculosis; Alk-Phos, alkaline phosphatase.
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of the Erdman and CDC 1551 strains at 11, 20, and 25 days of
culture growth. The amount of protein in the samples was used
to standardize the amount of M. tuberculosis (22) for compar-
ative ELISA.

MAbs 9d8(2a) to AM and CS-40 to Erdman manLAM were
used to study the presence of their respective antigens on
whole-cell M. tuberculosis (Fig. 2 and 3). MAbs 9d8(2a) and
CS-40 each bound to bacteria from both strains, but the reac-
tivity of MAb 9d8(2a) with M. tuberculosis varied significantly

with the age of the culture and the inclusion of Tween 80 in
media. Furthermore, there was a significant difference in the
reactivity of the MAb 9d8(2a) with the two strains of M. tu-
berculosis.

MAb 9d8(2a) demonstrated stronger reactivity with M. tu-
berculosis Erdman grown for longer times (days 20 and 25) in
media with or without Tween 80 (Fig. 2A and B). The strongest
binding was observed at day 25 for Erdman grown in the
absence of Tween 80 (Fig. 2A). CDC 1551 M. tuberculosis
bound MAb 9d8(2a) with relatively the same weak intensity
regardless of the time of growth or the presence of Tween 80
(Fig. 2C and D). The CS-40 antibody, directed to manLAM
(29), bound to either strain of M. tuberculosis in relatively the
same manner, regardless of whether the strain had been grown
in 7H9 or 7H9-T or of the age of the culture (Fig. 3). Extensive
washing of M. tuberculosis Erdman or CDC 1551 grown in
Tween 80 did not increase binding by MAb 9d8(2a) (data not
shown). This suggests that weak binding to M. tuberculosis grown
in Tween 80 is not the result of masking of AM by detergent.

MAb CS-40 bound to purified M. tuberculosis AM, M. tu-
berculosis Erdman manLAM, and M. tuberculosis H37Rv
manLAM (10 mg/ml each) with similar apparent affinity (min-
imum dilution of MAb CS-40 required for detection was 3.3,
1.1, and 3.3 mg/ml, respectively). These results indicate that
MAb CS-40 binds both M. tuberculosis AM and LAM (data not
shown).

Development of capture ELISA for AM using MAbs 9d8(2a)
and 5c11. The availability of two MAbs of different isotypes
that bound AM was exploited to design a sensitive capture
ELISA for detection of AM. The ELISA uses the IgG2a MAb
9d8(2a) for capture of AM and the IgM MAb 5c11 for detec-
tion of immobilized AM. A diagram of the ELISA configura-
tion is shown in Fig. 4. The lowest concentration of purified
AM detected by this ELISA was 0.1 mg/ml. Since this assay was
to be used for measurement of AM antigen in organ homog-
enates, we compared AM detection in organ homogenates
treated with PK before and after addition of M. tuberculosis PK
treatment allowed for approximately twice (2.6 6 1.4-fold)

FIG. 2. Binding of MAb 9d8(2a) to whole-cell M. tuberculosis Erd-
man and CDC 1551 at various culture times. M. tuberculosis Erdman
(A and B) and CDC 1551 (C and D) were grown in the absence (A and
C) or the presence (B and D) of Tween for periods of 11, 20, or 25 days
before harvest. Each value represents the average of three measure-
ments. Error bars show the standard deviations of the means. These
growth experiments and the ELISA were repeated twice with similar
results. O.D., optical density; MTB, M. tuberculosis; Alk-Phos; alka-
line phosphatase.

FIG. 3. Binding of MAb CS-40 to whole-cell M. tuberculosis Erd-
man and CDC 1551 at various culture times. M. tuberculosis Erdman
(A and B) and CDC 1551 (C and D) were grown in the absence (A and
C) or the presence (B and D) of Tween for periods of 11, 20, or 25 days
before harvest. Each value represents the average of three measure-
ments. Error bars show the standard deviations of the means. These
growth experiments and the ELISA were repeated twice with similar
results. O.D., optical density; MTB, M. tuberculosis; Alk-Phos; alka-
line phosphatase.

FIG. 4. Capture ELISA of AM in M. tuberculosis culture medium.
M. tuberculosis Erdman and CDC 1551 were grown in the absence or
presence of Tween 80 for periods of 5, 11, 15, 20, or 25 days before
harvest of bacterial supernatant. Each value represents the average of
two separate measurements. Error bars represent the standard devia-
tion of the means. These growth experiments and the ELISA were
repeated twice with similar results. The detection limit of the assay is
indicated by the dotted line. Alk-Phos, alkaline phosphatase.
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(P 5 0.03) as much antigen to be captured in this assay (data
not shown). This result indicates that PK treatment could lib-
erate slightly more detectable antigen in the capture ELISA
assay than would otherwise be detectable.

M. tuberculosis culture supernatants contain AM antigen.
M. tuberculosis Erdman and CDC 1551 culture supernatants
were tested for the presence of AM antigen using the AM
capture ELISA (Fig. 4). Filtered supernatants from M. tuber-
culosis cultures grown in 7H9 or 7H9-T media were used.
Overall, more antigen was detected in media from cultures of
either Erdman or CDC 1551 M. tuberculosis grown in the
absence of Tween 80 than in media from cultures grown in the
presence of Tween 80 (Fig. 4). The CDC 1551 strain accumu-
lated the largest amount of detectable antigen in the medium
at day 25, while M. tuberculosis Erdman accumulated a lesser
amount. Although some AM antigen accumulated in the me-
dia of cultures grown in the presence of Tween 80 from day 5
to day 20, no increase in AM antigen was detected in these
cultures from day 20 to day 25.

MAb 9d8(2a) AM antigen is detected in the organs of M. tu-
berculosis-infected mice. BALB/c mice were infected intrave-
nously with 106 Erdman M. tuberculosis organisms, a dose that
caused 50% mortality by day 57 (data not shown). Mice were

sacrificed at 0, 7, 20, and 42 days for organ CFU determination
(Fig. 5A, D, and G) and AM antigen capture ELISA (Fig. 5B,
E, and H). As indicated in Fig. 5B, E, and H, the AM antigen
was not detected in organs of uninfected mice (day 0) and
became detectable at different times after infection in all or-
gans. In the lung, the AM antigen was detected at days 20 and
42 but not at day 7 (Fig. 5B). The increase in AM antigen
concentration in the lung paralleled the progressive increase in
the number of CFU, and regression analysis demonstrates a
linear relationship between the number of CFU and AM an-
tigen concentration (Fig. 5C). In the spleen, the AM antigen
was detected at day 7, with comparable amounts of antigen
detected throughout days 20 and 42 (Fig. 5E). However, the
amount of AM antigen per CFU in the spleen decreased when
days 7 and 42 were compared (P 5 0.03). Overall, the amount
of AM antigen per CFU in the spleen (1.41 3 1027 6 9.4 3
1028 mg/CFU) was similar to that in the lung (1.71 3 1027 6
4.8 3 1028 mg/CFU) whenever the AM antigen was detected in
these organs. In the liver, the number of CFU was not signif-
icantly different at 7, 20, or 42 days (Fig. 5G), although the AM
antigen was detected on day 20 (8.36 3 1027 6 5.8 3 1027

mg/CFU) but not at 7 or 42 days (Fig. 5H). These results
suggest that the concentrations of AM antigen in the spleen
(Fig. 5F) and the liver (Fig. 5I) do not rise in direct relation-
ship to the CFU count. Both IgM and IgG to AM were de-
tected in the sera of the mice. Higher titers were found at later
times, thus indicating that the infection induced an immuno-
logical response to AM (Fig. 6).

Immunohistochemistry reveals mycobacterial shapes and
indicates antigen diffusion. Immunohistochemistry of infected
murine lung demonstrated that MAb 9d8 localized to myco-
bacterial structures, which were associated with cells. Some
cells showed staining that was associated exclusively (Fig. 7A
and B) with mycobacterial structures, while others demon-
strated a more diffuse (Fig. 7C) cellular staining. Controls did
not show specific staining (Fig. 7D).

DISCUSSION

Earlier studies from our group demonstrated that a MAb to
AM prolonged the survival of mice infected with a lethal dose
of M. tuberculosis (34). These findings suggested that the AM
antigen recognized by MAb 9d8 has biological importance. In
this paper we demonstrate that M. tuberculosis Erdman ex-
presses the 9d8 AM antigen in a dynamic manner in vitro and

FIG. 5. Capture ELISA of AM in organ homogenate compared to
organ CFU. The number of CFU in the lungs (A), spleens (D), or
livers (G) of mice infected with M. tuberculosis Erdman was deter-
mined 7, 20, and 42 days after infection. Each value represents the
average of three animals. Error bars show the standard deviation of the
mean. Organ homogenates were assayed for micrograms of MAb
9d8(2a) AM antigen/organ in the lung (B), spleen (E), or liver (H) 0,
7, 20, and 42 days after infection. The detection limit of the assay is
indicated by the dotted line. Each value represents the average of the
three animals, using two measurements for each animal. Error bars
represent the standard deviation of all six measurements. The CFU
data for each animal organ were also related to the number of micro-
grams of MAb 9d8(2a) AM antigen in that animal organ (C, F, and I)
for all day-7 (}), day-20 (F), and day-42 (■) mice. Each value repre-
sents the average of the two measurements of MAb 9d8(2a) AM
antigen concentration per animal organ, and error bars represent the
standard deviation of those two measurements. The point (}) at the
bottom left of Panel C represents three mice that have the same
apparent graphic value.

FIG. 6. Antibody titer to AM during M. tuberculosis infection. Mu-
rine sera were assayed for IgM (A) and IgG (B) antibody titer to AM
0, 7, 20, and 42 days after infection of mice with M. tuberculosis
Erdman. The three animals assayed for antibody titer at each period
were the same animals used to generate the data for Fig. 5.
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that the 9d8 AM antigen can be detected in vivo as a result of
infection. AM and GC are the predominant polysaccharides
isolated from the surface of M. tuberculosis H37Rv (ATCC
27294) bacteria grown as a pellicle for 7 days or more in
Sauton’s medium (26). These carbohydrates also appear to be
on the surface of M. tuberculosis grown in 7H9 medium (J. R.
Schwebach, A. Glatman-Freedman, J. B. Robbins, R. Schneer-
son, Z. Dai, W. R. Jacobs, and A. Casadevall, 100th Gen.
Meet. Am. Soc. Microbiol., poster U-20, 2000). The amount of
total M. tuberculosis carbohydrate reaches a maximum during
early growth (35) and is greater for H37Rv than for H37Ra
(35). After extended growth (.9 weeks), the amount of car-
bohydrate in the culture filtrate but not on or in the bacterium
continues to increase without a concomitant increase in the dry
weight of the bacterial pellet (35). In contrast, for BCG the
amount of carbohydrate in the medium plateaus early in the
stationary phase and remains constant during extended culture
growth in Sauton’s medium (35). These results imply that
M. tuberculosis sheds polysaccharides when grown in liquid
culture but do not indicate if the production of AM undergoes
any specific changes during growth. Our goal was to study the
expression of the AM antigen recognized by MAb 9d8 in a
variety of in vitro as well as in vivo settings. To accomplish this,
we generated an isotype switch variant of MAb 9d8 that spe-
cifically recognizes AM (34) and is more readily available than
the parent antibody. Neither the parent 9d8 MAb (14) nor the
9d8(2a) MAb binds purified M. tuberculosis Erdman manLAM
in ELISA. Using MAb 9d8(2a), we assessed the presence of
AM antigen on M. tuberculosis Erdman and CDC 1551 cells
and measured its concentration in culture supernatants. We

also measured the concentration of this antigen in organs of
mice infected with M. tuberculosis Erdman.

The reactivity of MAb 9d8(2a) with whole-cell M. tubercu-
losis increased as M. tuberculosis Erdman cells were grown in
vitro for extended periods of time, even when the culture
media contained Tween 80 (Fig. 2A and B). These results can
be compared to the results obtained using MAb CS-40 (Fig. 3).
The reactivity of MAb CS-40 with all M. tuberculosis samples
was nearly the same, regardless of the period of growth or the
addition of Tween 80 (Fig. 3). It has been previously reported
that MAb CS-40 binds to manLAM and not to LAM devoid of
mannose caps, or arabinose LAM (araLAM) (29). Our own
observations indicate that MAb CS-40 is able to bind araLAM,
although with less apparent affinity than to manLAM (unpub-
lished observations). Although not central to this paper’s work,
this difference between the two studies may be due to differ-
ences in performing methods of ELISA (multiple dilutions of
MAb were used in our study versus 1 dilution in the previous
study). MAb CS-40 is also reactive with the carbohydrate por-
tion of LAM alone (17) and bound M. tuberculosisAM. As AM
structures are found alone or attached to LAM (2), it is prob-
able that MAb CS-40 binds to carbohydrate epitopes within
both LAM and AM in whole-cell M. tuberculosis ELISA. Re-
gardless of the nature of the antigen recognized by MAb CS-
40, the reactivity of MAb CS-40 with whole-cell M. tuberculosis
did not change during culture of M. tuberculosis in contrast to
that of MAb 9d8(2a). Because of the increased reactivity of
MAb 9d8 with older M. tuberculosis Erdman cells, one of two
possibilities is implied: either more AM is associated with the
M. tuberculosis cell surface as the cultures age, or the structure
of AM changes during growth. Since the AM antigen becomes
more detectable on Erdman cells after extended growth, it is
also conceivable that these epitopes are initially undetectable
but later become detectable as a result of degradation or re-
lease of other surface components that prevent antibody rec-
ognition. Our methods cannot distinguish between these pos-
sibilities. However, given the increasing amount of AM antigen
in the culture supernatant (Fig. 4) and an increasing amount of
bacterial carbohydrate in M. tuberculosis culture supernatant
(35), a likelier scenario is that the expression of AM antigens
on the Erdman cell surface increases after extended culture.

Tween 80 diminished the reactivity of MAb 9d8(2a) with
M. tuberculosis whole cells (Fig. 2). As this detergent has been
used to partition the surface of M. tuberculosis for biochemical
study (27), some Tween 80 effects on MAb 9d8(2a) binding
were expected. M. tuberculosis strain differences were also
noted, as the reactivity of MAb 9d8(2a) with M. tuberculosis
Erdman whole cells was much greater than with CDC 1551
(Fig. 2). The ratio of arabinose to mannose in the AM ex-
tracted from the mycobacterial surface is known to vary among
different strains of M. tuberculosis (25), and our results are
consistent with AM variation between strains.

Our results indicate that the amount of the MAb 9d8(2a)
AM antigen increases in the culture supernatant of cultures
grown for longer periods (Fig. 4). Previous research has dem-
onstrated that AM and GC are found in the culture medium
(reviewed in reference 7), but the amount of AM-containing
antigens during different growth stages had not been analyzed.
Even though the amount of detectable MAb 9d8(2a) AM an-
tigen on M. tuberculosis Erdman was significantly different

FIG. 7. MAb 9d8 immunohistochemistry. Infected (day 42) (A to
C) and uninfected (day 0) (D) murine lung samples were stained for
the AM antigen using MAb 9d8 and horseradish peroxidase-conju-
gated secondary antibody. Arrows indicate bacterial shapes (A and B)
or more diffuse staining (C).
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from that on CDC 1551 (Fig. 2), the amount of detectable AM
antigen in the media increased for both strains with the age of
culture. Notably, the amount of AM antigen detected in the
CDC 1551 culture media was greater than in the Erdman
media. This raises the possibility that the CDC 1551 strain is
shedding this antigen from the surface of the bacteria, while
for the Erdman strain, more of the antigen remains associated
with the bacillus during culture. M. tuberculosis cultures con-
taining Tween 80 had a lower concentration of AM antigen
than did those cultures grown in the absence of Tween 80.
There are several possible explanations for this observation:
Tween 80 may remove AM from the bacterial surface (27)
during culture. It is also possible that Tween 80 affects the
amount of AM produced by M. tuberculosis. (Tween 80 has
been shown to increase the amount of fatty acids approxi-
mately twofold in Mycobacterium avium cells, indicating that
culture in Tween 80 can affect the composition of the bacilli
(32). In addition, M. tuberculosis grown in the presence of
Tween 80 could have AM epitopes masked by the detergent.
This latter possibility is unlikely, as extensive washing of the
bacilli did not restore binding of MAb 9d8(2a) to bacteria in
ELISA. A final possible explanation for the lower concentra-
tion of AM antigen, although we believe this possibility to be
unlikely, is that AM cultured in the presence of Tween 80 for
an extended amount of time undergoes structural change.

We were able to detect the MAb 9d8(2a) AM antigen in
organ homogenates after bacterial burden had increased (Fig.
5). This result indicates that the AM antigen is produced in
vivo by M. tuberculosis and is not solely a product of in vitro
culture conditions. This observation is concomitant with an
increased IgM and IgG antibody titer to M. tuberculosis AM
(Fig. 6). Presumably, and as indicated by an increased amount
of AM antigen in the lung and spleen, the bacteria continue to
produce AM during their growth in vivo, a process that stim-
ulates a humoral response. Production of antibody reactive
with purified AM as a consequence of experimental infection
had not been previously demonstrated. Nevertheless, it has
been shown that sera from tuberculosis patients are reactive
with LAM (24, 30; Arya, letter, 1993) and with Seibert poly-
saccharide fractions from M. tuberculosis (4). Such sera could
therefore be reactive with AM, and our work supports this
assumption, as sera from M. tuberculosis-infected mice bind
purified AM.

The differences in the amount of detectable AM antigen in
the various organs, as a function of time, warrant further dis-
cussion. The ratio of AM antigen to CFU in the lung remained
similar at times when AM was detectable (days 20 and 42) (Fig.
5C), suggesting a direct correlation between the number of
CFU and the ability to detect AM. However, in the spleen,
such a correlation was not found. In the liver, the AM antigen
became detectable by capture ELISA at day 20 and then dis-
appeared by day 42 (Fig. 5H). No statistically significant dif-
ference between CFU counts in the liver was found for days 7,
20, and 42. Therefore, it is surprising that the AM antigen was
not detected at days 7 and 42. Hence, these data indicate that
the AM antigen was not always expressed as a function of the
CFU count in the liver. These differences in the amount of AM
antigen detected suggest in vivo changes in the expression of
M. tuberculosis AM. One possible explanation for the lack of
detection of the AM antigen in the liver at days 7 and 42 is that

antibody is able to clear some of the AM antigen not associ-
ated with the bacteria, as was the case for administered LAM
(15). In this regard, specific antibody effectively removes serum
polysaccharide antigen and promotes deposition in the liver
and spleen (21).

Immunohistochemistry of lung tissue reveals staining of both
bacterium like structures as well as a more diffuse pattern of
staining (Fig. 7). This suggests that the AM antigen is found on
the surface of in vivo-grown M. tuberculosis and diffuses within
infected cells. The diffuse pattern of staining is in accord with
our in vitro findings that suggest shedding of the AM antigen
from M. tuberculosis. It is possible that the diffused AM has a
biological effect. In this respect, it has been shown that M. tu-
berculosis AM administered to human lymphocytes is immu-
nosuppressive (11).

It has been demonstrated that MAb 9d8 binds strongly to
AM (34) and that MAb 9d8 does not react with purified Erd-
man manLAM or other purified Erdman cell wall components
in ELISA (14). It should be recognized that by immunoelec-
tron microscopy, the MAb 9d8 antigen was found on the sur-
face of M. tuberculosis Erdman cells, within an outer layer that
is consistent with a capsule (14). This outer layer is composed
almost entirely of carbohydrate (reviewed in references 6 and
26). Our observations are therefore consistent with the exis-
tence of a polysaccharide capsule containing AM, as proposed
by Daffe and Draper (reviewed in reference 6).

In summary, we have demonstrated that AM recognized by
MAb 9d8 is expressed in vitro and in vivo. Our data further
suggest that AM expression is dynamic, M. tuberculosis strain
specific, and regulated by the growth conditions. Changes in
the surface carbohydrate of M. tuberculosis are potentially rel-
evant with regard to studies involving M. tuberculosis interac-
tions with cells as well as murine infection studies. Preparation
of M. tuberculosis for these studies must take into consider-
ation strain differences and culture differences that could affect
the M. tuberculosis surface. M. tuberculosis surface carbohy-
drates have been shown to be important for the adherence of
the bacteria to a complement receptor and macrophages (33).
M. tuberculosis surface carbohydrate changes may influence
adherence to macrophage receptors and phagocytosis of the
bacteria, affecting the outcome of the infection (10). Biochem-
ical studies on the structure of M. tuberculosis polysaccharide
fractions have undoubtedly been influenced by the growth
conditions used to prepare the bacteria. Our results strongly
suggest that careful consideration must be given to culture
conditions, since these can affect surface mycobacterial poly-
saccharides that may be critical for interaction with host cells,
and also suggest that M. tuberculosis grown in vivo has the
potential to undergo changes in the expression of AM.
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