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Comparative Evaluation of Profiles of Antibodies to Mycobacterial
Capsular Polysaccharides in Tuberculosis Patients and Controls
Stratified by HIV Status

Xian Yu,a Rafael Prados-Rosales,b Elisabeth R. Jenny-Avital,a Katherine Sosa,a Arturo Casadevall,a,b and Jacqueline M. Achkara

Departments of Medicinea and Microbiology and Immunology,b Albert Einstein College of Medicine, Bronx, New York, USA

Despite the complexity of tuberculosis (TB) serology, antibodies (Abs) remain attractive biomarkers for TB. Recent evidence of a
mycobacterial capsule that consists mainly of the polysaccharides arabinomannan (AM) and glucan provides new options for
serologic targets. For this study, Ab responses to AM and glucan for 47 U.S. TB patients (33 HIV negative [HIV�], 14 HIV posi-
tive [HIV�]), 42 healthy controls, and 38 asymptomatic HIV� controls were evaluated by enzyme-linked immunosorbent assays
(ELISAs). The results were compared with Ab responses to the mycobacterial glycolipid cell wall antigen lipoarabinomannan
(LAM) and to the proteins malate synthase (MS) and MPT51. We found that the main immunoglobulin (Ig) isotype response to
polysaccharides was IgG, predominantly of subclass IgG2. IgG responses to AM were significantly higher for HIV� and HIV� TB
cases than for controls (P, <0.0001 and <0.01, respectively); significantly higher for HIV� than for HIV� TB cases (P, <0.01);
and significantly higher in sputum smear-positive than smear-negative patients in both HIV� and HIV� cases (P, 0.01 and 0.02,
respectively). In both TB groups, titers of Ab to glucan were significantly lower than titers of Ab to AM (P, <0.0001). IgG re-
sponses to AM and MS or to AM and MPT51 did not correlate with each other in HIV� TB patients, while they correlated signifi-
cantly in HIV� TB patients (P, 0.01 and 0.05, respectively). We conclude that Ab responses to AM could contribute to the serodi-
agnosis of TB, especially for HIV� TB patients. This study also provides new and important insights into the differences in the
profiles of Abs to mycobacterial antigens between HIV� and HIV� TB patients.

New biomarkers for the diagnosis of active tuberculosis (TB)
are urgently needed. Despite a history of disappointing re-

sults, antibodies (Abs) to Mycobacterium tuberculosis antigens re-
main attractive biomarkers for TB. Detection of serum Abs to M.
tuberculosis antigens (serology) does not require a specimen from
the site of disease, and tests could easily be developed into a sim-
ple, rapid dipstick format. However, commercially available sero-
diagnostic tests to date have been limited by a lack of sensitivity
and specificity (51; reviewed in references 45 and 46). Therefore,
the World Health Organization (WHO) recently cautioned
against the use of such tests, while strongly recommending further
targeted research in the field of TB serology (26).

Studies show that multiple antigen testing provides higher sen-
sitivities for TB serodiagnostic assays than tests based on single
antigens (reviewed in reference 45). Many mycobacterial proteins
and a few lipids and glycolipids have been evaluated for their se-
rodiagnostic potential in recent decades, and some promising an-
tigens have been identified (reviewed in reference 44). However,
polysaccharide antigens have been insufficiently studied. Recent
studies have confirmed the existence of a mycobacterial capsule
that consists mainly of the polysaccharides glucan (70 to 80%) and
arabinomannan (AM) (10 to 20%) and, to a lesser extent, of pro-
teins and glycolipids (8, 23, 36). Located at the interface between
the bacterium and host cells, capsular antigens are involved in
mycobacterial pathogenicity (8, 13, 36, 47) and therefore likely
elicit host immune responses. Navoa et al. demonstrated that ti-
ters of Ab to AM were significantly higher in Indian smear-
positive cavitary TB patients (n � 20) than in healthy, tuberculin
skin test-negative (TST�) controls (n � 17) (27). Ab responses to
glucan have been elicited in M. tuberculosis-infected mice (40), but
to our knowledge, the response to this polysaccharide has not been
evaluated in humans.

To explore the potential serodiagnostic value of mycobacterial
capsular polysaccharide antigens, studies with well-characterized
samples from non-HIV-infected (HIV�) and HIV-infected
(HIV�) subjects are needed. Comparison of Ab responses in
HIV� TB patients to those in HIV� TB patients is critical for
several reasons: (i) HIV� TB patients appear to produce Ab re-
sponses to a wider range of M. tuberculosis antigens than do HIV�

TB patients (33, 37); (ii) polyclonal B-cell stimulation in HIV
infection affects the spectrum of Ab responses to many antigens
(19, 22); and (iii) disease presentations and host responses in TB
are strongly influenced by immune competency (1). Therefore,
our primary objective was the evaluation of Ab responses to the
polysaccharides AM and glucan in TB patients and controls strat-
ified by HIV status. Due to known variations in the capsular com-
position of bacterial serotypes and to suggested differences be-
tween mycobacterial strains (15, 25, 28, 39), our secondary
objective was the correlation of Ab responses to capsular antigens
isolated from an attenuated Mycobacterium bovis bacillus
Calmette-Guérin (BCG) vaccine strain with Ab responses to those
isolated from an M. tuberculosis strain. Our third objective was the
assessment of an adjunctive serodiagnostic value attributable to
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capsular Ab responses compared to Ab responses against a selec-
tion of other mycobacterial antigens.

MATERIALS AND METHODS
Study design and subjects. This was a case-control study with evaluation
of Ab responses from 47 patients with culture-confirmed TB, 42 healthy
controls, and 38 asymptomatic HIV� controls. TB patients were recruited
from 4 public hospitals in New York City from 2007 to 2010. Inclusion
criteria were an age of �21 years and receipt of sputum smears for acid-
fast bacilli (AFB) and mycobacterial cultures. Sputum smears were con-
sidered positive if one of the initial three smears was positive. Subjects on
antituberculous treatment (ATT) for �2 weeks or those with a history of
ATT for active TB within the year prior to enrollment were excluded.
Controls were (i) healthy volunteers without known risk factors for
HIV infection, who were categorized by results of the a tuberculin skin
test (TST) and a gamma interferon (IFN-�) release assay (IGRA)
(QuantiFERON-TB Gold blood test [QFT]; Cellestis, Australia), and (ii)
asymptomatic HIV-infected (HIV�) persons categorized by TST results.
Approval for research on human subjects was obtained from the institu-
tional review boards of the New York University School of Medicine and
the Albert Einstein College of Medicine. Written informed consent was
obtained from all subjects prior to enrollment.

Mycobacterial antigens. In addition to the mycobacterial polysaccha-
ride antigens AM and glucan, other antigens were selected based on their
different compositions and their serodiagnostic potentials. Lipoarabino-
mannan (LAM) is a major glycolipid constituent of the mycobacterial cell
wall that has serodiagnostic value, albeit with limitations (16, 49). The two
mycobacterial proteins malate synthase (MS) (81 kDa; Rv1837c) and
MPT51 (27 kDa; Rv3803c) are culture filtrate proteins that elicit Ab re-
sponses in most HIV-infected and uninfected patients with TB but not in
persons with latent M. tuberculosis infection (LTBI) (2, 35, 50; reviewed in
reference 44).

Antigen preparations. Glucan and AM were isolated and purified
from BCG strain Pasteur and the M. tuberculosis strain H37Rv as de-
scribed previously (39, 42). Briefly, mycobacteria (2 ml from a starter
culture) were resuspended in 500 ml of minimal medium in roller bottles
that were placed horizontally for stationary growth at 37°C. The cells were
collected after 14 days and were centrifuged at 4,000 � g for 15 min at 4°C.
Cell pellets were then pooled and treated with glass beads. The bead-
treated cells were resuspended and were centrifuged at 8,000 � g for 15
min. The collected supernatant was filtered through 0.22-�m-pore-size
filters. The capsular extract antigens were isolated, purified by column
chromatography, and then lyophilized.

Purified LAM from H37Rv was obtained from the Biodefense and
Emerging Infections Research Resources Repository (BEI; Manassas,
VA), and the recombinant proteins MS and MPT51 were expressed in
Escherichia coli and were purified as described previously (2).

Antibody detection assays. Enzyme-linked immunosorbent assays
(ELISAs) were performed essentially as described previously (2, 27).
Briefly, the wells of 96-well microtiter plates (Immulon 2HB; Fisher Sci-
entific, NY) were coated with either AM, glucan, or LAM at 10 �g/ml or

with MS or MPT51 at 4 �g/ml (all antigens were used at 50 �l/well).
Serum samples, diluted 1:50, were added in duplicate to the antigen-
coated wells, and the bound Abs were detected with either alkaline phos-
phatase (AP)-conjugated protein A (protein A-AP) (1:1,000; Sigma, St.
Louis MO), goat anti-human IgA-AP, or goat anti-human IgM-AP (1:
1,000; Sigma), followed by p-nitrophenyl phosphate substrate (60 min at
37°C). Secondary Abs for the detection of IgG subclass Ab responses were
mouse anti-human IgG1-AP, IgG2-AP, IgG3-AP, and IgG4-AP (1:1,000;
Southern Biotech, Birmingham, AL). Optical densities (OD) were mea-
sured at 405 nm. Negative controls were processed in duplicate as de-
scribed above, except for the addition of serum. Each assay was repeated
on two separate days.

Statistical analysis. Statistical analysis was performed using STATA
software, version 9.2 (StataCorp, College Station, TX), and GraphPad
Prism software, version 5.02 (GraphPad Inc., San Diego, CA). All Ab
responses were compared using nonparametric tests, the Mann-Whitney
U test and the Spearman rank correlation test, because Ab responses to
some antigens were not normally distributed.

RESULTS

TB cases (n � 47) and controls (n � 80) were categorized by HIV
status. No statistically significant differences in sex, age, or the
results of sputum smears for AFB were found between HIV� (n �
33) and HIV� (n � 14) TB patients (Table 1). HIV� controls (n �
42) were younger than HIV� controls (n � 38) but did not differ
in sex (Table 1). Of the HIV� controls, 22/42 (52%) were TST
positive (TST�) and had a history of BCG vaccination. Of those,
10/22 (45%) were QFT positive (QFT�), indicating the presence
of LTBI. Of the HIV� controls, 11/38 (29%) were TST� and were
not further categorized by QFT due to the unavailability of this
test for this group.

Ab responses to AM. Unless otherwise specified, Ab responses
were against AM isolated from the BCG strain Pasteur. Among
both HIV� and HIV� subjects, IgG responses to AM were signif-
icantly higher for TB cases than for controls (Fig. 1A). They were
also significantly higher in HIV� than in HIV� TB patients and
significantly higher in HIV� than in HIV� controls. When TB
cases were further categorized by AFB smear results, significantly
higher IgG responses to AM were seen in smear-positive than in
smear-negative TB patients in both the HIV� and HIV� groups
(Fig. 1B). Interestingly, among HIV� controls, there was a wide
range of IgG responses to AM that were significantly higher in
TST� QFT� than in TST� QFT� individuals. The IgG responses
to AM isolated from BCG strain Pasteur versus AM isolated from
M. tuberculosis H37Rv correlated strongly and highly significantly
with one another in both TB patients (r � 0.90; P � 0.0001) and
controls (r � 0.91; P � 0.0001), regardless of HIV status (Fig. 2A
and B). In the majority of TB cases, the predominant IgG subclass

TABLE 1 Characteristics of 47 TB cases and 80 controls stratified by HIV status

Characteristic

TB patients Controls

HIV� (n �33) HIV� (n � 14) P HIV� (n � 42) HIV� (n � 38) P

No. (%) male 23 (70) 12 (86) 0.30a 17 (40) 17 (45) 0.70a

Mean age (yr) � SD 39 � 13 43 � 10 0.25b 41 � 10 46 � 11 0.04b

No. (%) sputum smear positivec 17 (52) 6 (43) 0.59a

Median (range) CD4 count NAd 122 (17–483) NA NA 547 (11–1,541) NA
a Determined by the chi-square test.
b Determined by the t test.
c At least one of initial three sputum smears positive for acid-fast bacilli.
d NA, not applicable.
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response to AM was IgG2 (Fig. 3B), levels of which were signifi-
cantly higher in HIV� than in HIV� TB cases (P � 0.01). How-
ever, some patients had an IgG1 or IgG3 response, while there was
little IgG4 response overall (Fig. 3A, C, and D). In HIV� TB pa-
tients, specific IgG subclass responses to AM did not correlate
significantly with one another (Fig. 4A, C, and E), indicating a
heterogeneous subclass response. In contrast, for HIV� TB pa-
tients, certain IgG subclass responses correlated more and signif-
icantly with one another despite the lower number of cases in this
group (Fig. 4B, D, and F). In TB patients, IgA responses to AM
were statistically significantly lower than IgG responses (P �
0.0001), but these responses correlated strongly with one another
(r � 0.71; P � 0.001). For both HIV� and HIV� subjects, IgA Ab

responses to AM were statistically significantly higher in TB pa-
tients than in controls (Fig. 1C). Like IgG responses, IgA responses
to AM were higher in smear-positive than in smear-negative pa-
tients, although this difference was significant only for HIV� TB
patients (Fig. 1D). Overall, IgM responses to AM were much lower
than IgG responses, and there was no statistically significant dif-
ference in IgM responses between TB cases and controls (Fig. 1E).
No significant differences among TB cases according to AFB
smear results were seen, although there was a trend toward higher
IgM responses for smear-positive than for smear-negative HIV�

TB patients (Fig. 1F).
Ab responses to glucan. Ab responses to glucan isolated from

the BCG strain Pasteur were determined. In TB cases, IgG re-
sponses to glucan were significantly lower than those to AM (P �
0.0001), but these correlated significantly with one another (r �
0.49; P � 0.001). IgG responses were slightly higher in TB cases
than in controls, a difference that was significant for HIV� sub-
jects (Fig. 5A). There was no significant difference among TB cases
according to AFB smear results (Fig. 5B). IgA responses to glucan
were low in all groups (Fig. 5C), and IgM responses did not differ
significantly between the groups (Fig. 5D).

Ab responses to LAM. Among both HIV� and HIV� subjects,
IgG responses to LAM were significantly higher in TB cases than in
controls (P, �0.0001 and 0.02, respectively). As was observed with
AM, IgG responses to LAM were significantly higher in HIV� TB
patients than in HIV� TB patients (P � 0.001). However, in con-
trast to AM, no significant differences in IgG responses to LAM
were seen between smear-positive and smear-negative TB pa-
tients. In both TB cases and controls, IgG responses to LAM cor-
related strongly and significantly with those to AM regardless of
HIV status (Fig. 6A and B). In TB cases, IgA responses to LAM also
showed a spectrum similar to those for AM, and these responses
correlated strongly with one another regardless of HIV status (Fig.
6C and D). IgM responses to LAM were particularly high in HIV�

smear-positive TB patients and significantly higher than in HIV�

smear-negative TB patients (P � 0.0001). They were also signifi-
cantly higher than IgM responses to AM (P � 0.0001). While IgM
responses to LAM did not correlate with those to AM in HIV� TB
cases (Fig. 6E), these responses correlated strongly and signifi-
cantly with one another in HIV� TB cases (Fig. 6F).

Ab responses to MS and MPT51. IgG responses to MS and
MPT51 were lower overall than IgG responses to AM (Fig. 7A to
D). IgG responses to both MS and MPT51 were significantly
higher in TB cases than in controls regardless of HIV status (P �
0.001). In accordance with our prior studies, Ab responses to
MPT51 were higher in HIV� than in HIV� TB cases, a difference
that almost reached statistical significance (P � 0.06), while Ab
responses to MS did not differ significantly between these two
groups (2). In contrast to IgG responses to AM, no statistically
significant difference was seen between smear-positive and smear-
negative TB cases. IgG responses to MS or MPT51 did not corre-

FIG 1 Antibody responses to arabinomannan (AM) isolated from the BCG strain Pasteur in tuberculosis (TB) patients and controls stratified by HIV status. (A)
IgG responses to AM in TB patients and controls stratified by HIV status. (B) IgG responses to AM in HIV� and HIV� controls further categorized by tuberculin
skin test (TST) and QuantiFERON test (QFT) results and in HIV� and HIV� TB patients further categorized by sputum smear (sm) results for AFB. (C) IgA
responses to AM in TB patients and controls stratified by HIV status. (D) IgA responses to AM in HIV� and HIV� controls further categorized by TST and QFT
results and in HIV� and HIV� TB patients further categorized by sm results for AFB. (E) IgM responses to AM in TB patients and controls stratified by HIV
status. (F) IgM responses to AM in HIV� and HIV� controls further categorized by TST and QFT results and in HIV� and HIV� TB patients further categorized
by sm results for AFB. The Mann-Whitney U test was used to test for statistical significance in two-group comparisons.

FIG 2 Correlation of IgG responses to arabinomannan (AM) isolated from
the BCG strain Pasteur with IgG responses of AM isolated from Mycobacterium
tuberculosis H37Rv. (A) Correlation for all tuberculosis (TB) patients com-
bined; (B) correlation for all controls combined. The Spearman rank test was
used to test for statistical significance.
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late significantly with those to AM in HIV� TB cases (Fig. 7A and
C). In contrast, the correlation between IgG responses to MS and
AM was significant, and that for anti-MPT51 and anti-AM IgG
was almost significant, in HIV� TB cases (Fig. 7B and D). Simi-
larly, the correlation between IgG Ab responses to MS and MPT51
was much stronger in HIV� than in HIV� TB cases (Fig. 7E and
F). IgA and IgM responses to MS and MPT51 were relatively low
in all groups (data not shown).

DISCUSSION

To our knowledge, this is the first study analyzing the spectrum of
Ab responses to the mycobacterial capsular polysaccharide anti-
gens AM and glucan in a large number of TB cases and controls
categorized by HIV status. We found significantly higher Ab re-
sponses to AM in TB patients than in controls with and without
LTBI, regardless of HIV status. These results complement data

from a recent study showing significantly higher Ab responses to
AM in a limited number of HIV� smear-positive Indian TB pa-
tients than in HIV� TST� controls (27). In our TB patients, IgG
responses to AM were significantly higher than IgA and IgM re-
sponses. This is consistent with data on Ab responses to other
antigens in TB and is likely due to the fact that TB is predomi-
nantly a reactivation disease (reviewed in reference 44). The IgG
responses to AM isolated from a BCG strain and the IgG responses
to AM from an M. tuberculosis strain correlated highly and signif-
icantly with one another, strongly suggesting that the same AM
epitopes are recognized in these two strains. Of note is the wide
spectrum of IgG responses to AM in our control groups, with
some especially high titers in a few HIV� TST� and HIV� TST�

QFT� individuals. In addition, we observed significantly higher
Ab responses in healthy HIV� TST� QFT� individuals than in
healthy HIV� TST� QFT� individuals. A positive QFT result is

FIG 3 IgG subclass responses to arabinomannan (AM) in tuberculosis (TB) patients and controls stratified by HIV status. HIV� and HIV� controls are further
categorized by tuberculin skin test (TST) and QuantiFERON test (QFT) results, and HIV� and HIV� TB patients are further categorized by sputum smear (sm)
results for acid-fast bacilli. (A) IgG1; (B) IgG2; (C) IgG3; (D) IgG4. The Mann-Whitney U test was used to test for statistical significance in two-group
comparisons.
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indicative of “true” LTBI, while a positive TST with a negative
QFT result is more likely due to prior BCG vaccination and/or
exposure to nontuberculous mycobacteria. All of our HIV� TST�

controls had a history of BCG vaccination, and significantly in-
creased IgG responses to LAM have been reported in patients after
BCG vaccination (3). Furthermore, conjugate vaccines with AM
have resulted in modest protection of mice against M. tuberculosis
infection (15, 18). Thus, the high levels of Abs to AM in some
controls could be due to cross-reactivity or could potentially have
some protective function against infection with M. tuberculosis.

The main IgG subclass elicited by AM was IgG2, a finding in
agreement with a prior study (27) and consistent with the known
observation that this subclass predominates in human Ab re-
sponses to polysaccharide antigens (10, 31, 41). HIV infection can
be associated with an impaired IgG2 subclass response, and sig-

nificantly lower IgG2 responses to LAM have been found in HIV�

than in HIV� TB patients (7). The significantly higher IgG2 re-
sponse, and thus the higher overall IgG response, to AM in our
HIV� TB patients than in our HIV� TB patients is in agreement
with these findings.

The finding of significantly higher IgG titers in smear-positive
than in smear-negative TB patients was unexpected. Although
higher titers of Abs to mycobacterial proteins have been found in
smear-positive than in smear-negative TB patients from regions
of endemicity (reviewed in reference 44), our group found no
differences in Ab responses to the mycobacterial proteins MS and
MPT51 in U.S. TB patients, who, in general, are diagnosed at
earlier disease states (2). However, in a prior study, we did find
significantly higher Ab responses to those proteins in Indian than
in U.S. TB patients, in agreement with other studies demonstrat-
ing higher titers of Abs to proteins in advanced versus earlier states
of disease (2, 21). By comparing data generated simultaneously
from the same U.S. TB patients, the results of this study suggest
that Ab responses to AM are a more sensitive indicator of myco-
bacterial burden than Ab responses to the mycobacterial proteins,
especially in HIV� TB patients. This hypothesis is further sup-
ported by the significant correlation between AM detection and
CFU in the lungs of M. tuberculosis-infected mice and by the as-
sociated proportional increase in titers of Ab to AM (39).

Ab responses to glucan were significantly lower than Ab re-
sponses to AM in TB patients, although responses to these two
polysaccharides correlated strongly and significantly with one an-
other. Even though Ab responses to M. tuberculosis polysaccharide
fractions containing glucan have been detected in some TB pa-
tients (5), and mice infected with M. tuberculosis mount Ab
responses to glucan (40), our data suggest that glucan has lim-
ited immunogenicity in humans. We hypothesize that this lim-
ited immunogenicity could be explained by the structural re-
semblance of glucan to glycogen, a ubiquitous intracellular
polysaccharide (12, 23).

Overall, the differences in the profiles of Abs to mycobacterial
antigens between HIV� and HIV� TB patients were remarkable.
HIV� TB patients had a more heterogeneous IgG subclass re-
sponse to AM, with no significant correlation between the sub-
classes. In contrast, HIV� TB patients had a more homogeneous
IgG subclass response, with significant correlations between
anti-AM IgG2 and IgG3 as well as IgG1 and IgG3. In a similar
manner, IgG responses to AM did not correlate with IgG re-
sponses to the mycobacterial protein MS or MPT51 in HIV� TB
patients, while they correlated significantly in HIV� TB patients.
Even the correlation between IgG responses to the proteins MS
and MPT51 was much stronger and more significant in HIV�

than in HIV� TB patients. To our knowledge, Ab responses to
mycobacterial polysaccharides and proteins have not been corre-
lated before. However, studies have documented the heterogene-
ity of Ab responses to proteins in HIV� TB cases, which might be
explained by the broad range of clinical presentations at the time
of sample acquisition (9, 21, 24, 34, 35). Despite a predominant
IgG2 response, variations in IgG subclass titers to LAM were as-
sociated with different clinical manifestations of leprosy (11). It is
conceivable that several factors in our HIV� TB patients contrib-
uted to the lack of significant correlation between AM and either
MS or MPT51: (i) the stronger IgG responses to AM than to MS
and MPT51, (ii) the differences in IgG subclass responses, and (iii)
the heterogeneity of IgG responses to mycobacterial proteins. In

FIG 4 Correlation of IgG subclass responses to arabinomannan (AM) in tu-
berculosis (TB) patients stratified by HIV status. (A and B) Correlation be-
tween IgG2 and IgG1 responses to AM in HIV� (A) and HIV� (B) TB patients.
(C and D) Correlation between IgG2 and IgG3 responses to AM in HIV� (C)
and HIV� (D) TB patients. (E and F) Correlation between IgG1 and IgG3
responses to AM in HIV� (E) and HIV� (F) TB patients. The Spearman rank
correlation test was used to test for statistical significance.
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contrast, the impaired IgG2 response coupled with the mostly
IgG1 associated hypergammaglobulinemia observed in HIV in-
fection could explain the significant correlation of IgG subclass
responses to AM in our HIV� TB patients (19, 22). Since IgG
responses to proteins are driven mostly by IgG1 and IgG3, while
those to polysaccharides are due more to IgG2 (10, 31, 41, 43), the
same argument could be made for the more homogenous Ab re-
sponse to polysaccharide and protein antigens in HIV� TB pa-
tients. Our findings suggest that TB serology is relatively more
complex in immunocompetent TB patients than in HIV� TB pa-
tients and that evaluation of IgG subclasses in HIV� TB cases
could provide additional serodiagnostic information.

Given the lack of a significant difference between IgG re-
sponses to AM and LAM and the strong and highly significant
correlation between these responses in our TB and control groups,

it remains to be determined whether Abs are directed against the
capsular AM or the arabinose-containing portion of LAM. Of
note, in smear-positive HIV� TB patients, IgM responses to LAM
were significantly higher than IgM responses to AM, and these
responses did not correlate with each other, indicating that the
IgM responses are directed to different epitopes in AM and LAM
in HIV� TB cases. A recent study demonstrated that LAM, in
addition to being a glycolipid cell wall antigen, is also abundantly
present in membrane vesicles released by pathogenic mycobacte-
ria and contributes to an inflammatory host response (30). Thus,
it is conceivable that components contained in these vesicles elicit
a humoral immune response that could contribute to ongoing
stimulation of IgM responses in smear-positive HIV� TB. By
studying the characteristics of the binding of four different murine
monoclonal Abs (MAbs) to AM and other arabinose-containing

FIG 5 Antibody responses to glucan isolated from the BCG strain Pasteur in tuberculosis (TB) patients and controls stratified by HIV status. (A) IgG responses
to glucan in TB patients and controls stratified by HIV status. (B through D) IgG (B), IgA (C), and IgM (D) responses to glucan in HIV� and HIV� controls
further categorized by tuberculin skin test (TST) and QuantiFERON test (QFT) results and in HIV� and HIV� TB patients further categorized by sputum smear
(sm) results for AFB. The Mann-Whitney U test was used to test for statistical significance in two-group comparisons.
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fractions, Navoa et al. obtained data suggesting that AM and LAM
share many epitopes (27). However, one of their MAbs, MAb 9d8,
bound exclusively to capsular AM, indicating that parts of AM
may be structurally different from LAM. To determine whether
Ab responses in our TB patients are directed against the capsular
AM or the AM-containing portion of LAM requires competition
ELISAs with MAbs that are beyond the scope of this study.

Neither LAM nor AM is an M. tuberculosis-specific component
of the mycobacterial cell wall or capsule, respectively. However,
LAM displays species-specific heterogeneity at the nonreducing
arabinan termini (4, 17, 20), and some studies suggest differences
in the capsular composition of AM in different mycobacterial
strains (15, 39). The highly significant correlation between IgG
responses to BCG AM and M. tuberculosis AM in our study sug-

FIG 6 Correlations between IgG responses to arabinomannan (AM) and lipoarabinomannan (LAM) in tuberculosis (TB) patients stratified by HIV status. (A
and B) Correlations between IgG responses to AM and LAM in HIV� (A) and HIV� (B) TB patients. (C and D) Correlations between IgA responses to AM and
LAM in HIV� (C) and HIV� (D) TB patients. (E and F) Correlations between IgM responses to AM and LAM in HIV� (E) and HIV� (F) TB patients. The
Spearman rank correlation test was used to test for statistical significance.
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gests that the same epitopes are recognized in these two strains.
Thus, as seen for LAM-based TB serodiagnosis (49), cross-reactive
Ab responses to AM from different mycobacterial strains could
also limit the specificity of TB serodiagnosis with capsular poly-
saccharide antigens. Whether such cross-reactivity would reduce
the potential clinical value of polysaccharide-based serodiagnostic
tests for patients with respiratory diseases other than TB remains
to be determined.

In accordance with prior studies, we found higher Ab re-
sponses to MPT51 in HIV� than in HIV� TB cases, albeit at a
smaller magnitude (P � 0.06), while, in contrast to the findings of
our prior studies, the Ab responses to MS were not significantly
different for those two groups. Possible explanations for the less
pronounced differences in Ab responses to the two proteins be-
tween HIV� and HIV� TB cases are (i) the higher number of TB
cases in our prior study than in our present study, allowing for

FIG 7 Correlations between IgG responses to arabinomannan (AM), malate synthase (MS), and MPT51 in tuberculosis (TB) patients stratified by HIV status.
(A and B) Correlations between IgG responses to AM and MS in HIV� (A) and HIV� (B) TB patients. (C and D) Correlations between IgG responses to AM and
MPT51 in HIV� (C) and HIV� (D) TB patients. (E and F) Correlations between IgG responses to MS and MPT51 in HIV� (E) and HIV� (F) TB patients. The
Spearman rank correlation test was used to test for statistical significance.
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more statistical power, and (ii) comparison of different values via
�ODs (subtracting the mean of negative controls � 3 standard
deviations) in our prior study, in contrast with the comparison of
OD values in our present study (2). Larger studies with HIV� and
HIV� TB patients from regions where TB is endemic are needed
to provide additional data on the difference in magnitude of Ab
responses to the mycobacterial proteins MS and MPT51.

The observation that smear-positive individuals had higher
Ab responses to mycobacterial polysaccharide antigens may
seem counterintuitive when considered in the context of recent
data that some MAbs can protect against M. tuberculosis (re-
viewed in reference 14). A similar phenomenon has been ob-
served with gamma interferon (IFN-�) detection in TB vaccine
studies of animal models (29). On the one hand, high IFN-�
levels correlated closely with the mycobacterial burden; on the
other hand, high levels also correlated with protection against
TB. However, in humans, some studies have shown decreased
IFN-� levels with advanced disease (6, 32). We caution against
drawing inferences from the observation of high titers of Abs to
AM in smear-positive TB patients, given that no information
on the biological activity of these Abs is available. In fact, one
can propose several possible explanations for this association
that could serve as hypotheses for future studies. For example,
higher Ab titers in smear-positive individuals may result from
exposure to higher antigen loads in individuals with higher
mycobacterial burdens. The finding of higher Ab titers could
represent the humoral component of a stronger inflammatory
response associated with cavitary disease and a higher myco-
bacterial load independent of any physiological function for
these Abs. Alternatively, higher Ab concentrations could pre-
dispose to more-severe disease through prozone-like effects in
vivo, as has been reported for mice (38). In this regard, the
dose-response relationship for Ab efficacy against M. tubercu-
losis is poorly understood, and experience with other systems
suggests that Abs that are protective at one concentration can
be nonprotective or even deleterious at other concentrations
(48).

In summary, our data suggest that the detection of IgG re-
sponses to AM could contribute to the serodiagnosis of TB and
distinguish between smear-positive and smear-negative TB, espe-
cially for HIV� TB patients. This study also provides new and
important insights into the differences in the profiles of Abs to
mycobacterial antigens between HIV� and HIV� TB patients.
Our detailed evaluation adds valuable information on the hetero-
geneity of Ab responses in HIV� TB, contributing to better un-
derstanding of the complexity of TB serology in non-HIV-
infected persons. In contrast, the homogeneity of Ab responses in
HIV� TB suggests a higher likelihood that an accurate serologic
test for TB can be developed for HIV-infected persons.
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