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Tuberculous glycolipid (TBGL) antigen is a cell wall component of Mycobacterium tuberculosis and has been
used for the serodiagnosis of tuberculosis. We investigated correlations between the levels of anti-TBGL
antibodies and a variety of laboratory markers that are potentially influenced by tuberculous infection.
Comparisons between patients with cavitary lesions and those without cavitary lesions were also made in order
to determine the mechanism underlying the immune response to TBGL. Blood samples were obtained from 91
patients with both clinically and microbiologically confirmed active pulmonary tuberculosis (60 male and 31
female; mean age, 59 * 22 years old). Fifty-nine patients had cavitary lesions on chest X-rays. Positive
correlations were found between anti-TBGL immunoglobulin G (IgG) and C-reactive protein (CRP) (r = 0.361;
P < 0.001), between anti-TBGL IgA and soluble CD40 ligand (sCD40L) (r = 0.404; P < 0.005), between
anti-TBGL IgG and anti-TBGL IgA (r = 0.551; P < 0.0000005), and between anti-TBGL IgM and serum IgM
(r = 0.603; P < 0.00000005). The patients with cavitary lesions showed significantly higher levels of anti-TBGL
IgG (P < 0.005), anti-TBGL IgA (P < 0.05), white blood cells (P < 0.01), neutrophils (P < 0.005), basophils
(P < 0.0005), natural killer cells (P < 0.05), CRP (P < 0.0005), KL-6 (sialylated carbohydrate antigen KL-6)
(P < 0.0005), IgA (P < 0.05), and sCD40L (P < 0.01). The observed positive correlations between the
anti-TBGL antibody levels and inflammatory markers indicate the involvement of inflammatory cytokines and

NKT cells in the immunopathogenesis of pulmonary tuberculosis.

There were an estimated 8.8 million new tuberculosis (TB)
cases in 2005. TB incidence reached a peak worldwide, but the
total number of new TB cases is still rising. The numbers of
human immunodeficiency virus (HIV)-positive and multidrug-
resistant TB patients diagnosed and treated are increasing
(22). To develop new drugs and vaccines against TB, it is
essential to study its immunopathogenesis. Lipoarabino-
mannnan (LAM), a complex glycolipid, is a major cell wall
component of Mycobacterium tuberculosis. It has been re-
searched extensively as an immunomodulator (4, 7, 9, 24, 26).
LAM has also been used as a glycolipid antigen in the sero-
diagnostic method for TB. In addition to LAM, there are many
glycolipids constituting the mycobacterial cell wall, such as
trehalose 6,6-dimycolate (TDM). We used TDM, a glycolipid
antigen purified from Mycobacterium tuberculosis H37Rv, in an
enzyme-linked immunosorbent assay (ELISA) and reported
that its sensitivity was 81% and its specificity was 96% (14).
Subsequently, by combining TDM with more hydrophobic gly-
colipids, a new tuberculous glycolipid (TBGL) antigen was
designed and a more sensitive serodiagnostic kit for TB, an
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anti-TBGL immunoglobulin G (IgG) test, was developed (11).
Although TBGL has been used as a serodiagnostic antigen for
TB and its clinical evaluations have been reported in several
studies, how TBGL is involved in tuberculous pathogenesis has
not been studied. Since TBGL is one of the cell wall compo-
nents of Mycobacterium tuberculosis, like LAM, it may have
some important roles in the immunopathogenesis of TB, as
does LAM. In order to determine the mechanism underlying
the immune response to TBGL, we measured plasma IgA,
IgM, and IgG titers specific for TBGL and investigated corre-
lations between those antibody titers and laboratory markers
potentially influenced by TB infection in patients with active
pulmonary TB. The measured markers were the numbers of
white blood cells with differential counts, CD3-positive lym-
phocytes (T cells), CD20-positive lymphocytes (B cells), and
CD56-positive lymphocytes (natural killer cells) and levels of
serum IgG, serum IgA, serum IgM, serum albumin, serum
creatinine, serum C-reactive protein (CRP), plasma soluble
CD40 ligand (sCD40L), and plasma KL-6 (sialylated carbohy-
drate antigen KL-6). KL-6 is a mucinous high-molecular-
weight glycoprotein expressed on type II pneumocytes, and it
was reported to be elevated in the sera of patients with inter-
stitial pneumonia (13). We used plasma samples, but the level
of KL-6 is known to show no significant difference between
serum and plasma. We measured KL-6 because TB patients
with extensive radiographic changes were also reported to have
higher KL-6 values (8).
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CDA40L is expressed on the surfaces of activated CD4" T
cells, basophils, and mast cells. The binding of CD40L to its
receptor, CD40, on the surfaces of B cells stimulates B-cell
proliferation, adhesion, and differentiation. A soluble isoform
of CD40L has been shown to exist in the circulation, exhibiting
full activity in B-cell proliferation and differentiation assays
(16). It was reported that the treatment of wild-type CD40
mice with sSCD40L fusion protein elicited a pulmonary inflam-
matory response that was not observed in identically treated
CD40 knockout mice (21). Based on these reports, we mea-
sured sCD40L as a possible marker of pulmonary inflamma-
tion.

Furthermore, it was reported that the positive rate and the
titers of anti-TBGL IgG were higher in pulmonary TB patients
with cavitary lesions than in those without cavitary lesions (15).
Considering this result, we subdivided the patients into two
groups, those with cavitary lesions (cavity” group) and those
without cavitary lesions (cavity~ group), and compared multi-
ple laboratory markers to determine associations.

In addition, we categorized the patients into three groups
based on chest X-ray findings, namely, minimal, moderately
advanced, and far advanced, according to the classification of
the National Tuberculosis and Respiratory Disease Associa-
tion of the USA (NTA) (6), and compared all the measured
laboratory markers, including anti-TBGL antibodies, among
the three groups to determine if there were any parameters
related to disease progression and severity.

MATERIALS AND METHODS

Subjects. We designed a cross-sectional study using 121 patients at Tokyo
Metropolitan Fuchu Hospital between May 2004 and August 2005. These pa-
tients were clinically diagnosed as having active TB and admitted to the hospital
for treatment. Medical histories were taken from the enrolled patients, and all of
them underwent physical examination, chest X-rays, blood test and culture test
for acid-fast bacilli, and/or TB-PCR test of sputum samples. Ninety-one subjects
were selected (60 males and 31 females; mean age [+ standard deviation], 59 +
22 years old) for analysis according to the following criteria: (i) diagnosed as
having pulmonary TB by positive culture or positive PCR for Mycobacterium
tuberculosis in sputum, (ii) untreated or undergoing less than 2 weeks of TB
treatment, (iii) negative for Mycobacterium avium complex infection, (iv) nega-
tive for HIV infection, (v) no malignancy, and (vi) no other active pulmonary
diseases. The remaining 30 patients were excluded for the following reasons: 4
for both negative culture and a negative PCR test for Mycobacterium tuberculosis
in sputum, 5 for more than 2 weeks of TB treatment, 2 for Mycobacterium avium
complex infection, 4 for HIV infection, 3 for malignancy, 2 for interstitial pneu-
monia, and 10 for insufficient data collection. We enrolled patients with less than
2 weeks of treatment based on a report that anti-TBGL IgG did not decrease
until 1 month after the commencement of chemotherapy (15). The study was
approved by the Ethics Committee of Tokyo Metropolitan Fuchu Hospital. We
obtained written informed consent from all the enrolled patients.

TBGL antibody. Anti-TBGL antibodies were measured using a Determiner
TBGL antibody ELISA kit (Kyowa Medex, Tokyo, Japan), an in vitro ELISA for
the quantitative measurement of anti-TBGL IgG antibody in serum or plasma.
This assay employs glycolipid antigens purified from Mycobacterium tuberculosis
H37Rv (TBGL antigen) coated on a 96-well plate. The details of the assay were
described in our previous studies (2, 11), but briefly, plasma was diluted 41-fold
and added to wells that bound TBGL antigen. The wells were washed, and
horseradish peroxidase-conjugated rabbit anti-human IgG, IgA, and IgM, all of
which are specific to each heavy chain (Dako Japan, Kyoto, Japan), were added,
followed by 60 min of incubation at room temperature. The plates were washed
three times with washing buffer, 100 wl of TMBZ (3,3',5,5'-tetramethylbenzi-
dine) solution was added to each well, and the plates were incubated for 15 min
at room temperature. To stop the enzyme reaction, 100 wl of 1 M H,SO, was
added, and the absorbance at 450 nm was measured with an MTP-120 plate
reader (Corona Electric Co., Tokyo, Japan). The antibody titer was expressed
according to a cutoff index. We scored the sample as positive when the titer was
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TABLE 1. Health status of patients in the study

Value for group

Parameter
Total Cavity™

No. of patients 91 59 32

Cavity ™~

Age (yrs [mean = SD]) 5922 56*+21 64=*22
Gender (no. of males/no. of females)  60/31 42/17 18/14
No. of patients with history of:
TB 20 14 6
Gastrectomy 3 3 3
Diabetes mellitus 14 7 7
Chronic renal failure 5 2 3
Diabetes mellitus and chronic 1 0 1

renal failure

above the cutoff index for anti-TBGL IgG of 2.0 U/ml, the cutoff point proposed
by Kishimoto et al. for the screening of patients with TB based on the diagnostic
efficiency by receiver operating characteristic curve analysis (12). The cutoff
values for anti-TBGL IgA and IgM are not available.

Measured laboratory markers. We investigated the correlations between anti-
TBGL antibodies and laboratory markers of TB infection, including immuno-
competent cells. We measured the number of white blood cells with differential
counts and the numbers of lymphocytes positive for CD3, CD20, and CD56 by
FACSCalibur flow cytometry (Becton Dickinson and Company, NJ), using phy-
coerythrin-conjugated Leu-4 monoclonal antibody (MADb), fluorescein isothio-
cyanate-conjugated Leu-16 MAb, and phycoerythrin-conjugated Leu-19 MAb,
respectively (Becton Dickinson and Company, NJ). Serum albumin and serum
creatinine were measured because malnutrition and chronic renal failure are
major risk factors for TB infection. We also measured IgA, IgG, IgM, and CRP
by using serum and sCD40L and KL-6 by using plasma. The rationales for
measuring SCD40L and KL-6 were stated in the introduction. sCD40L and KL-6
ELISA kits were purchased from Medsystems Diagnostics (Vienna, Austria) and
from Sanko-Junyaku (Tokyo, Japan), respectively. The titers were measured
according to the manufacturers’ protocols.

Radiographic classification. We subdivided the patients into two groups, the
cavity " group and the cavity~ group. We also categorized the patients into three
groups based on chest X-ray findings, namely, minimal, moderately advanced,
and far advanced, according to the classification of the NTA. Minimal lesions
include those that are of slight to moderate density but do not contain demon-
strable cavitation. They may involve a small part of one or both lungs, but the
total extent, regardless of distribution, should not exceed the volume of lung on
one side which is present above the second chondrosternal junction and the spine
of the fourth or the body of the fifth thoracic vertebra. Moderately advanced
lesions may be present in one or both lungs, but the total extent should not
exceed the following limits: disseminated lesions of slight to moderate density
may extend throughout the total volume of one lung or the equivalent in both
lungs; dense and confluent lesions must be limited in extent to one-third the
volume of one lung; and the total diameter of cavitation, if present, must be less
than 4 cm. Far advanced lesions are more extensive than moderately advanced
lesions (6).

Statistical analysis. Laboratory data were analyzed using Stat Flex, version 5
(Artec, Osaka, Japan), and Statcel 2 (OMS Publishing Inc., Saitama, Japan).
Correlations between levels of each parameter were evaluated by Spearman’s
rank correlation coefficient. The significances of differences were evaluated by
the Mann-Whitney test. P values of <0.05 were considered significant. Bonfer-
roni adjustment was used for multiple comparisons.

RESULTS

Health status of patients and positive rate. The health status
of the included patients is shown in Table 1. Among the 91
patients in this study, there were 20 patients with histories of
TB, 3 patients with histories of gastrectomy, 14 patients with
diabetes mellitus, 5 patients with chronic renal failure, and 1
patient with both diabetes mellitus and chronic renal failure.
Fifty-nine patients had cavitary lesions on chest X-rays. The
positive rate for the anti-TBGL IgG test, a commercialized
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log TBGL IgA

-1 0 1 2 3

log TBGL IgG

FIG. 1. Correlation between anti-TGBL IgG (TBGL IgG) and
anti-TBGL IgA (TBGL IgA) (r = 0.551; P < 0.0000005).

diagnostic test for TB, was 79.7% (47/59 patients) for the
cavity " group, 50% (16/32 patients) for the cavity ~ group, and
69.2% (63/91 patients) overall. No patient was on steroid ther-
apy.

Correlations between anti-TBGL antibodies. We sought cor-
relations between each of the anti-TBGL antibodies. Anti-
TBGL IgG had a positive correlation with anti-TBGL IgA (r =
0.551; P < 0.0000005) (Fig. 1). No other correlations were
shown between the anti-TBGL antibodies.

Correlations between anti-TBGL antibodies and influential
laboratory markers. Anti-TBGL IgG had positive correlations
with IgA (r = 0.228; P < 0.05), CRP (r = 0.361; P < 0.001),
and KL-6 (r = 0.275; P < 0.01) and negative correlations with
creatinine (r = —0.249; P < 0.05) and albumin (r = —0.240;
P < 0.05). Anti-TBGL IgA had positive correlations with IgG
(r = 0.285; P < 0.01), IgA (r = 0.300; P < 0.005), KL-6 (r =
0.225; P < 0.05), and sCD40L (r = 0.404; P < 0.005). Anti-
TBGL IgM had positive correlations with IgM (r = 0.603; P <
0.00000005) and albumin (r = 0.251; P < 0.05).

TABLE 2. Measured parameters (mean * SD) and comparison
between cavity " group and cavity~ group

Value for group

Parameter P value®
Total Cavity " Cavity ™~

TBGL-IgG (U/ml) 13.2 £ 235 171 =276 6.0*=99 <0.005*
TBGL-IgA (U/ml) 226 +954  320=1172 53 *157 <0.05*
TBGL-IgM (U/ml) 6.0 =5.6 59+58 62*+53 NS
1gG (mg/dl) 1,518 =471 1,523 =510 1,509 =+ 395 NS
IgA (mg/dl) 416 = 213 451 + 236 348 =140  <0.05*
IgM (mg/dl) 106 = 57 103 = 58 111 = 55 NS

White blood cells/ul 7,236 = 2,706 7,830 + 3,020 6,141 = 1,513 <0.01*

Neutrophils/ul 5,567 = 2,532 6,192 + 2,798 4,415 = 1,362 <0.005*
Monocytes/ul 397 £ 223 424 * 243 347 £ 172 NS
Eosinophils/ul 115 = 119 126 + 135 94 + 80 NS
Basophils/ul 24 * 45 22 * 46 29 =43 <0.0005*
Lymphocytes/ul 1,128 =740 1,061 =766 1,253 = 685 NS
CD3™ cells/pl 751 = 509 715 = 517 815 = 496 NS
CD20™ cells/pl 131 = 115 114 + 93 161 + 143 NS
CD567 cells/ul 208 + 197 197 * 223 231 =140  <0.05*
CRP (mg/dl) 45+52 57+58 22x29 <0.0005*
KL-6 (U/ml) 564 = 459 662 *= 518 382 =241  <0.0005*
sCD40L (ng/ml) 1.8 +25 21%30 12+1.0 <0.01*
Creatinine (mg/ml) 1.0+ 15 0.8 0.6 15+24 NS
Albumin (g/dl) 3408 33x07 3.6*+0.8 NS

“ Asterisks show significant differences between the cavity™ group and the
cavity~ group. NS, no significant difference. The significances of differences were
evaluated by the Mann-Whitney test. P values of <0.05 were considered signif-
icant.
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FIG. 2. Anti-TBGL IgG (TBGL IgG), anti-TBGL IgA (TBGL
IgA), IgA, and sCD40L levels in cavity" and cavity~ groups.

Comparison between patients with and without cavitary le-
sions. We compared all the measured laboratory markers
between the patients with cavitary lesions (cavity " group) and
those without cavitary lesions (cavity group) in order to de-
termine new differences apart from that of the anti-TBGL IgG
level (15). As shown in Table 2, both anti-TBGL IgG and
anti-TBGL IgA levels were significantly higher in the cavity "
group (P < 0.005 and P < 0.05, respectively), but the anti-
TBGL IgM titers showed no difference between the two
groups. The numbers of white blood cells (P < 0.001), neutro-
phils (P < 0.005), basophils (P < 0.0005), and natural killer
cells (CD56™") (P < 0.05) were significantly higher in the cav-
ity" group. The levels of CRP (P < 0.0005), KL-6 (P <
0.0005), IgA (P < 0.05), and sCD40L (P < 0.01) were also
significantly higher in the cavity* group (Table 2; Fig. 2 and 3).

Radiographic changes and inflammatory markers. We com-
pared the levels of the inflammatory markers CRP and KL-6

20 CRP KL-6
1 P<0.001 3000 P<0.001
g 20 o
? : £ 2000
=10 e )
1000 Ed
il
0 0 -
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30 . P<0.0001 <
P<0 Q(.)ﬂl 3000 P<l|; 01:).11) o
g 20 ! )
4 E 2000
€ - e ;
I 1000 H
i ! 3B
0- i 0. : iEgr @
FA MA MN FA MA MN

FIG. 3. CRP and KL-6 levels in cavity” and cavity~ groups and
NTA classification groups. FA, far advanced; MA, moderately ad-
vanced; MN, minimal.
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among the three groups and found that the far advanced group
had significantly higher levels of CRP and KL-6 than did the
moderately advanced group (P < 0.0001 and P < 0.0005,
respectively) or the minimal group (P < 0.0001 and P <
0.00005, respectively). Although no statistical significance ap-
peared, CRP and KL-6 had a tendency to be higher in the
moderately advanced group than in the minimal group (Fig. 3).
However, there was no correlation between the levels of CRP
and those of KL-6. No other parameters, including anti-TBGL
antibodies, showed significant differences between the groups.

DISCUSSION

We report for the first time that the anti-TBGL IgG level
correlates with the CRP level. This may not be surprising
because CRP is a well-known inflammatory marker and in-
flammation is generally involved in antibody synthesis. How-
ever, the mechanism underlying the association between the
anti-TBGL IgG level and CRP was not readily understandable.
Trehalose 6,6'-dimycolate (“cord factor”) is one of the princi-
pal antigens in TBGL, and cord factor has mycolic acid side
chains. Mycolic acids are long-chain fatty acids that constitute
the lipid-rich cell wall framework of mycobacteria, and their
recognition is known to be mediated by CD1. Enomoto et al.
discovered a CD1-restricted human T-cell line specific for glu-
cose monomycolate, a glycosylated species of mycolic acids (5),
and most CD1-restricted T cells are known to be natural killer
T cells (NKT cells). Historical studies showed granuloma for-
mation in the lungs of mice after intravenous administration of
emulsified trehalose-6,6’-dimycolate (“cord factor”) (23). The
role of NKT cells in granuloma formation was also confirmed
by the fact that granulomas were actually formed in wild-type
mice injected with cell walls from Mycobacterium tuberculosis
but not in Ja281 ™ mice, which lack NKT cells (1). On the other
hand, Mempel et al. demonstrated that NKT cells migrate to
and accumulate at inflammatory sites and behave like inflam-
matory cells independently of the CD1 molecules (17), which
could lead to the production of inflammatory markers such as
CRP. The possibility of NKT-cell involvement in anti-TB im-
munity was also suggested in a recent study describing that
NKT cells are selectively lower in the peripheral blood mono-
nuclear cells of individuals with pulmonary TB (19). More
extensive studies are necessary to clarify the relationship be-
tween TBGL and NKT cells in tuberculous granuloma forma-
tion.

The anti-TBGL IgA level was correlated with sCD40L.
Wiley et al. reported that the treatment of wild-type CD40
mice with sCD40L fusion protein elicited a pulmonary inflam-
matory response that was not observed in identically treated
CD40 knockout mice and that CD40 ligation could play an
important role in the establishment of the inflammatory re-
sponse (21). On the other hand, the expression of CD40L was
reported to have a direct correlation with Mycobacterium tu-
berculosis-stimulated gamma interferon production by periph-
eral blood mononuclear cells (18). Since sCD40L is involved in
both pulmonary inflammation and TB infection, it could play a
role as an inflammatory marker in pulmonary TB. The corre-
lation between the anti-TBGL IgA level and sCD40L may also
reflect the following immunopathogenesis of Mycobacterium
tuberculosis infection. In the cavity* group, sCD40L and IgA
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were significantly elevated. It is known that CD40 engagement
by CD40L induces the production of endogenous transforming
growth factor beta (TGF-B) and IgA secretion (25) and that
TGF-B may be involved in the development and/or conse-
quences of tuberculous granuloma formation (3). Therefore,
the higher levels of sSCD40L and IgA in the cavity " group may
reflect the intense granuloma formation in cavitary lesions, and
these immune responses may have led to the correlation of
anti-TBGL IgA level and the sCD40L level.

The level of anti-TBGL IgG had a correlation with that of
anti-TBGL IgA. This correlation was not due to cross-reaction
of the secondary antibodies because unwanted antibodies had
been removed by solid-phase absorption. Julidn et al. con-
ducted a comparative study of IgG, IgM, and IgA antibody
responses to four trehalose-containing glycolipids, including
cord factor, purified from Mycobacterium tuberculosis in the
sera from 92 TB patients. They concluded that IgG antibody
was more sensitive, IgA antibody was more specific, and IgM
reactivity was negligible for all the glycolipid antigens used
(10). Since TBGL is a glycolipid antigen containing cord factor,
anti-TBGL IgA may yield a higher specificity than does anti-
TBGL IgG, and the detection of both anti-TBGL IgG and
anti-TBGL IgA may improve the diagnostic value. A prospec-
tive controlled study on anti-TBGL IgA will be necessary to
confirm this possibility.

There was a strong correlation between the levels of anti-
TBGL IgM and serum IgM. However, we concluded that this
did not reflect specific immunity in TB infection because IgM
has a low affinity and cross-reactivity in addition to its penta-
meric structure (20).

Inoue et al. reported that the serum levels of KL-6 in 57
patients with active pulmonary TB rose significantly according
to the increase in the extent of radiographic findings based on
the classification of the NTA, but there was no significant
difference between those with cavities and those without cav-
ities (8). In our study, the far advanced group had significantly
higher levels of KL-6 than did the moderately advanced group
and the minimal group, and although the difference was not
statistically significant, the moderately advanced group had
higher levels of KL-6 than did the minimal group. In contrast
to Inoue’s data, KL-6 was significantly higher in the cavity™
group. The same results were shown for the level of CRP (Fig.
3), but no correlation was seen between KL-6 and CRP. Based
on these findings, the level of KL-6 or CRP may reflect a
different component of disease progression and could be used
to evaluate the severity of pulmonary TB.

Although we found interesting correlations between anti-
TBGL antibody levels and inflammatory markers, suggesting
the involvement of inflammatory cytokines and NKT cells,
confirmatory experiments have not been done, which is a major
limitation of this study. Demonstrating specific immune re-
sponses to glycolipid antigens by using T cells from TB patients
and their characterization would help to elucidate the immu-
nopathogenesis of pulmonary TB.
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