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TABLE 1. Similarity to protein sequences of ORFs in cosmid clone no. 253 derived from M. intracellulare serotype 16 strain ATCC 139507

Predicted . y . .
ORF molecular Predllcted Exhibits similarity to: E value i e;]mg |der;t1ty Accession no.
mass (kDa) p (no. matched/total no.)
GtfB 45.6 6.35 Glycosyltransferase GtfB 0.0 417/418 BAF45360
Orf 1 452 6.10 Putative glycosyltransferase 0.0 416/417 BAF45361
Orf 2 78.9 851 Putative acyltransferase 0.0 557/728 BAF45368
Orf 3 31.0 5.88 Putative methyltransferase 2e-89 382/421 NP_218045
Orf 4 15.7 4.94 Conserved hypothetical protein le-39 73/129 BADS50406
Orf 5 16.0 4.69 Conserved hypothetical protein Se-40 75/135 EAXS55190
Orf 6 411 5.88 Aminotransferase/DegT_DnrJ_EryC1 6e-119 208/357 ABD68440
Orf 7 40.6 9.65 Conserved hypothetical protein 2e-89 178/304 AAS03547
Orf 8 36.7 5.32 Conserved hypothetical protein 2e-52 116/298 CAE06954
Orf 9 223 9.79 Putative N-acetyltransferase 4e-14 58/166 EAU11841
Orf 10 25.3 7.82 Short-chain dehydrogenase/reductase Te-47 101/233 EA061220
Orf 11 23.8 6.05 Putative hydrolase 4e-24 64/196 ABGB85599
Orf 12 37.2 6.50 Ketoacyl-acyl carrier protein synthase I11 3e-55 126/331 EAX48715
Orf 13 425 7.72 Short-chain dehydrogenase/reductase 2e-42 97/248 ZP_01289005
Orf 14 65.8 4.70 Predicted enzyme involved in 6e-85 201/575 ABB73590
methoxymalonyl-acyl carrier protein
biosynthesis
Orf 15 50.0 6.23 Acyl coenzyme A synthetases 2e-128 233/445 EAT27362
Orf 16 39.1 8.00 Putative glycosyltransferase 2e-106 196/318 NP_855197
Orf 17 37.7 9.46 Putative glycosyltransferase 8e-160 278/323 BAF45369
DrrC 28.6 11.47 Daunorubicin resistance protein C 6e-132 233/261 BAF45370

respectively (Fig. 6; Table S1 in the supplemental material).
These results demonstrated unequivocally that the terminal
amido-Hex was B configuration and H-2 was in the axial posi-
tion. The terminal amido-Hex is considered to be derived from
glucose or galactose, not Rha.

Next, we explored the genetic mechanism of GPL biosyn-
thesis, because the elongation of carbohydrate chains in sero-
type-specific GPLs is poorly understood. The ser2 gene cluster
of the M. avium serotype 2 strain (31) and a 27.5-kb DNA
fragment of the M. avium serotype 4 strain (28) were identified
to be responsible for the biosynthesis of each OSE in GPLs.

Recently, enzymatic characterizations of glycosyltransferase
and methyltransferase of nonpolar GPLs have been reported
for Mycobacterium smegmatis (36, 38). In the serotype-specific
polar GPL biosynthesis of MAC, only the rtf4 gene was func-
tionally clarified to encode the transfer of L-Rha to 6-d-Tal, but
which gene cluster transfers the sugars next to L-Rha elongated
from 6-d-Tal is unclear.

In this study, we cloned the biosynthetic cluster of the sero-
type 16 GPL and analyzed its sequence. Seventeen ORFs were
detected in the serotype 16 strain, and the sequence homology
was analyzed. The transformant of the M. avium serotype 1
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FIG. 7. Comparison and overview of genetic maps of GPL biosynthetic cluster. The M. avium strain 724 annotated sequence obtained
from GenBank (accession no. AF125999) (A); the M. avium strain A5 annotated sequence obtained from GenBank (accession no.
AY130970) (B); the M. intracellulare ATCC 35847 sequenced in our previous study (GenBank accession no. AB274811) (C); the M.
intracellulare ATCC 139507 sequenced in this study (GenBank accession no. AB355138) (D). The orientation of each gene is shown by the
direction of the arrow. In panels A and B, putative ORFs not showing homology to known proteins sequences are not depicted. The
sequences extending upstream in panels A and B and downstream in panel B are not included in the figure.
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FIG. 8. TLC pattern of M. avium serotype 1 and its transformant with cosmid clone no. 253 and proposed complete structure of the serotype
16 GPL. (A) The alkaline-stable lipids derived from M. avium serotype 1 (lane 1), its transformant (lane 2), and purified serotype 16 GPL (lane
3) were developed with the solvent system of chloroform-methanol-water (60:16:2, vol/vol/vol). (B) Predicted biosynthesis gene clusters are

indicated by arrows.

strain carrying cosmid clone no. 253 produced serotype 16
GPL. These results strongly implied that this gtfB-drrC region
is responsible for the biosynthesis of the serotype 16-specific
GPL. From the structural analysis of the serotype 16 GPL and
the sequence of cosmid clone no. 253, it is possible to predict
the relationship between the biosynthesis of serotype 16 GPL
and the function of each ORF.

The genetic map of the serotype 16 GPL biosynthetic cluster
was compared to those of serotype 2 GPL from M. avium strain
724, serotype 4 GPL from M. avium strain A5, and serotype 7
GPL from M. intracellulare strain ATCC 35847" (12, 18, 28).
Significant differences were found in the neighborhood of the
conserved region. The genetic organization of the serotype 16
GPL gene cluster was distinct from that of serotype 7, except
for some of the ORFs, and the ORFs in this region of serotype
2 and serotype 4 were completely different from ORFs 1 to 17
in serotype 16 (Fig. 7).

In addition to M. intracellulare serotype 7 (18) and serotype
16 strains, we have analyzed similar gene clusters of M. intra-
cellulare serotype 12 and 17 strains. The sequence homology of
the regions of ORF 1 and ORF 17 was highly conserved be-
tween only M. intracellulare serotype 16 and 17 strains (unpub-
lished data). ORFs 1, 16, and 17 may lead to transfer of the two
additional molecules of L-Rha and terminal amido-Hex. ORF
2 was assigned to acyltransferase and may be responsible for
biosynthesis of the 3-2'-methyl-3'-hydroxy-4'-methoxy-pen-
tanoyl-amido group in the terminal Hex. ORF 3 is probably
responsible for the transfer of the O-methyl group at the C-4
position in the third L-Rha from 6-d-Tal. ORF 6 is homologous
to aminotransferase and possibly associated with the biosyn-
thesis of an amido group in the terminal Hex. The deduced
amino acid sequences of ORF 6 in serotype 16 and ORF 4
in serotype 7 have homologies to DegT_DnrJ_EryCl amino-
transferases. However, these two ORFs are dissimilar to each

other. Serotype 16 and 7 GPLs have an amido group at the
terminal Hex, although the attachment position is different.
The serotype 7 GPL has an amido group at the C-4 position in
the terminal Hex, but the serotype 16 GPL has it at the C-3
position. Nine ORFs between ORF 7 and ORF 15 are possibly
involved in fatty acid synthesis of the acyl chain moiety linked
by an amido bond of the terminal Hex. Taken together, this
gene cluster may participate in the biosynthetic pathway of the
serotype 16-specific GPL, although further study is needed to
clarify the function of each ORF.

Recent studies suggest that GPLs play an important role in
the phenotype and pathogenicity of MAC. The colony mor-
phology is considered to be influenced by cell wall GPL. MAC
colony phenotypes spontaneously occur from smooth to rough
type, and this is due to a mutation lacking GPL (3, 13, 22). The
deletion of genomic regions encoding GPL biosynthesis may
result in the loss of GPL. Danelishvili et al. demonstrated that
the uptake by and growth in macrophages of a MAC mutant
with the gene belonging to the GPL synthesis pathway inacti-
vated by transposon insertion were decreased (11). Bhatnagar
and Schorey have reported that macrophages infected with
MAC release exosomes containing GPLs that result in the
transfer of the GPLs to uninfected macrophages and induce a
proinflammatory response (4). These findings imply that GPL
participates in the pathogenicity of MAC. By contrast, our
previous studies have demonstrated that anti-GPL antibodies
are detected in the sera of most immunocompetent patients
with MAC pulmonary disease and that the detection of anti-
GPL antibody is useful for the serodiagnosis of MAC disease
(15, 26, 27).

To understand the role of GPLs in MAC and its hosts, it is
necessary to define the chemical structure and biosynthesis path-
ways of GPLs. Elucidation of the structure-function relationship
of GPL may open a new avenue for controlling MAC disease.
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Abstract

Mycobacterium tuberculosis (tubercle bacilli) and the related acid-fast bacteria including
Mycobacterium bovis Bacille Calmett—Guerin (BCG) have a characteristic cell wall (CW) containing
various lipoglycans and glycolipids. Such lipoglycans have been reported to activate type-l
inflammatory responses via dendritic cells (DCs) through Toll-like receptor 2. In this study,

lipoglycans, lipoarabinomannan (LAM), lipomannan (LM) and phosphatidylinositol mannoside (PIM),
were purified from the CW fractions of M. bovis BCG Tokyo-172, and the effect on the differentiation of
human peripheral blood naive CD4 T cells into T;,1 and T,,2 was examined. LAM/LM molecules

enhanced Ty,1 differentiation under both T,1 and T,2 conditions, whereas some other glycolipids and
phospholipid enhanced T,2 differentiation under T2 conditions. Other components had little effect
under the given conditions. Even in highly purified CD4 T cell cultures, LAM/LM enhanced T}1

generation only under Ti,1 culture conditions. These results indicate that LAM/LM possesses a potent
augmenting activity in T,1 differentiation in human CD4 T cells. LAM/LM appeared to act directly on
naive CD4 T cells to enhance T,,1 differentiation under T,1 culture conditions, while acting indirectly
to up-regulate the generation of T,,1 cells via IL-12/DCs under T,1 and T2 conditions. Therefore, these
results provide the first evidence indicating that LAM/LM from M. bovis BCG may possess a potent

modulating activity in the human system, and thus supporting the strategy for the use of BCG
components in the vaccine development for such T,2 diseases as allergic asthma and rhinitis.

Introduction

The mycobacterial cell envelope consists of diverse lipo-
phylic components such as mycoloyl glycolipids, lipo-
mannan (LM)/lipoarabinomannans (LAM), lipopeptides and
phosphatidylinositol mannosides (PIMs) or cardiolipin as
shown schematically in Fig. 1 (1, 2). LAM is a major amphi-
pathic molecule in the cell wall (CW) components of myco-
bacteria and is regarded as a modulin acting through its
diverse immunoregulatory and anti-inflammatory effects,
which may support the survival of the mycobacteria within
the infected hosts. These effects are mediated by the inhi-
bition of IFN-y-dependent activation of macrophages (3, 4),
inhibition of antigen-induced T cell proliferation (5) and scav-
enging of oxygen-derived free radicals (6). LAM acts as a vir-
ulence factor responsible for macrophage deactivation by

mannose receptor down-regulation and also is implicated in
phagocytosis of mycobacteria (7). Furthermore, PIMs, that
are assumed to be precursors of LM and LAM have recently
been proposed to recruit NKT cells, which play a primary
role in the granulomatous response in mycobacterial infec-
tion (8, 9). The precursor-product relationship of phosphati-
dylinositol (PI), PIMs, LM and LAM has recently been
proposed based on biosynthetic (1, 10) and genetic studies
(11, 12), but the details of this pathway remain unclear. On
the other hand, however, the structures of LAM from many
species of mycobacteria, nocardia and rhodococcus includ-
ing Mycobacterium tuberculosis, Mycobacterium leprae,
M. bovis Bacille Calmett-Guerin (BCG) and Mycobacterium
smegmatis have been vigorously investigated over the last
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Fig. 1. Schematic structure of the mycobacterial cell envelopes. The individual compartment was shown to be a cytoplasmic membrane,
peptidoglycan layer, arabinogalactan and mycolic acid layer (right side). The structures of the major lipid and lipoglycan molecules from BCG
Tokyo-172 are shown; cardiolipin, Ac3PIM2, Ac4PIM2, Ac4PIM6, LM and LAM.

decade. LAM is a complex lipoglycan composed of D-mannan
and D-arabinan attached to a Pl moiety that anchors to
the cytoplasmic membrane in the mycobacterial cell enve-
lope (13). Although fatty acyl moiety is consistent among
mycobacteria, the carbohydrate chain structure of LAM dif-
fers greatly according to the mycobacterial species, such
as LAM with mannose caps (ManLAM), AraLAM and PILAM.
However, the relationship between the molecular structure
and immunomodulating activity of LAM has not yet been fully
established especially in human immunocompetent systems.

Dendritic cells (DCs) play a crucial role in the induction of
cellular immunity against intracellular pathogens including
mycobacteria (14-16). Human or murine myeloid DC
infected with M. tuberculosis or M. bovis BCG induced the

maturation with an increased IL-12 production (17, 18) and
induced a potent anti-tuberculous immunity against experi-
mental tuberculosis in mice (19). A Tp1 cytokine IFN-y has
been identified as a key cytokine controlling mycobacterial
infections (20-23). Patients defective in genes for IFN-y or
the IFN-yR are prone to serious mycobacterial infections
(24). Therefore, IFN-y plays a crucial role in anti-mycobacterial
immunity. ManLAM, which is produced by slow-growing
mycobacteria including M. bovis BCG, which has been
reported to exert an immunosuppressive effect (25-27) and
contributes to the persistence of slow-growing mycobacteria
in humans. In contrast, LAM having phospho-myo-inositol
units and LAM without capping are called PILAM and are
produced from fast-growing mycobacteria. PILAM produces
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a variety of pro-inflammatory cytokines through the activation
of Toll-like receptor 2 (TLR2) (28-30). LM was shown to acti-
vate the macrophages in a TLR2-dependent and TLR4- and
TLR6-independent manner (31-33). The balance of Man-
LAM/LM could thus be a parameter influencing the net
immune responses against mycobacteria (34). Many investi-
gators have reported that LAM/LM molecules induced type-I
responses accompanied with the enhanced production of in-
flammatory cytokines, such as tumor necrosis factor a
(TNFa) and IL-12 in DCs, and increased CD1 molecules on
antigen-presenting cells (APCs). However, the regulation of
the To1/Th2 balance in the human immune system with
PBMC induced by LAM/LM has not yet been reported.

In the present study, purified ManLAM/LM molecules from
M. bovis BCG Tokyo-172 were structurally and functionally
characterized, and the effect of LAM/LM on T,,1/T,.2 differen-
tiation was assessed using an established human T,1/T,2
differentiation culture system. As a result, two distinct regula-
tory pathways were identified in which mycobacterial LAM/
LM controls the balance of T,1/T,2 directly or indirectly via
APCs.

Methods

Bacterial strain and growth conditions

Mycobacterium bovis BCG Tokyo-172 (ATCC 35737) was
grown as a surface culture at 37°C in Sauton medium for
8 days. The bacterial culture was harvested by centrifuga-
tion after autoclaving at 121°C for 15 min.

Isolation and purification of LAM/LM, phosphatidylinositol
dimannoside, hexamannoside and cardiolipin

Lipids were extracted with chloroform-methanol (2:1, by vol-
ume) and the crude lipids were separated by the solvent
fractionation method (35). The PIMs [phosphatidylinositol
dimannoside (PIM2) and hexamannoside (PIM6)] and cardi-
olipin were isolated from the chloroform-soluble fraction by
thin-layer chromatography on a silica gel (Uniplate and
Analtech) with the solvent system of chloroform-methanol-
water (65:25:4, by volume). For purification of LAM/LM, the cells
were re-suspended in deionized water and were passed
three times through a French pressure cell (5501-MF,
OHTAKE WORKS, Tokyo, Japan) at a pressure of 180 Mpa
and disrupted. The unbroken cells were removed by centri-
fugation twice at 6760 X g for 20 min at 25°C. The broken
cells (crude CW fraction) were separated from the superna-
tant by ultracentrifugation at 18 000 X g for 1 h at 25°C,
and the supernatant containing lipoglycan was lyophilized.
Contaminating glucans, proteins, DNA and RNA were re-
moved by enzymatic degradation using a-amylase, trypsin,
DNase 1 and RNase treatments followed by dialysis. An equal
volume of 90% phenol was then added to the water
containing lipoglycans, and the mixture was incubated with
shaking at 68°C for 1 h. After separation of the aqueous
phase from the phenol layer by low-speed centrifugation,
the phenolic phase was again extracted with an equal vol-
ume of water. The two aqueous extracts were combined
and residual phenol was removed by extraction with the
chloroform. The aqueous phase containing the crude lipogly-
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cans was evaporated to dryness. The crude lipoglycans
were subjected to Triton X-114 phase separation (36). The
resulting lipoglycans (LAM/LM) were re-suspended in buffer
A, 0.2 M NaCl, 0.25% sodium deoxycholate (w/v), 1 mM
EDTA and 10 mM Tris, pH 8.0, and loaded onto gel filtration
columns (Superdex 75 prep grade column, 50 X 1 cm, Amer-
sham Bioscience) and eluted with buffer A at a flow rate 0.2
ml min~". The fractions were collected and analyzed by
SDS-PAGE followed by silver staining. The LAM and LM frac-
tions pooled were dialyzed extensively against water, lyophi-
lized and stored at —20°C.

Mass spectrometric analysis of lipoglycans LAM and LM

MALDI TOF-MS spectra were acquired on a Voyager DE-
STR MALIDI TOF-MS spectrometer (Applied Biosystem) with
a pulse laser emitting at 337 nm. The samples were ana-
lyzed in the reflectron mode with an accelerating voltage op-
erating in the negative ion mode of 25 kV. As the matrix, 2,5-
dihydroxybenzoic acid was used at a concentration of 10 mg
mi~", in a mixture of water. A total of 1.0 ul of lipoglycan, at
a concentration of 10 mg mi~", was mixed with 1.0 pl of the
matrix solution. The sample mixture was applied onto the
sample plate as a 1.0-ul droplet. The samples were then
allowed to crystallize at room temperature.

Preparation of human PBMCs and CD4 T cells

Whole blood was obtained from six healthy donor volunteers
between 24 and 50 years old. The protocol was approved
by the Institutional Ethics Committee (No. 1972). PBMCs
were isolated by Ficol-Paque (Pharmacia-Upjohn, Uppsala,
Sweden) gradient centrifugation (37). Naive CD4* T cells
were stained with anti-CD8/CD45RO-FITC and then purified
using anti-FITC magnetic beads (Miltenyi Biotec) and Auto-
MACS cell sorter (Miltenyi Biotec) by negative sorting.

Preparation of highly purified naive CD4 T cells and monocyte
derived dendritic cells

Highly purified naive CD4 T cells (CD4*, CD45RA*) were
prepared using a human naive CD4 T cell isolation kit (Miltenyi
Biotec Inc.) and an AutoMACS sorter. The purity (CD4*,
CDA45RA") was >95%. For preparation of monocyte derived
dendritic cells, whole PBMCs were allowed to adhere to cul-
ture flasks for 1.5-2 h at 37°C and then adherent cells were
cultured for 5-7 days in the presence of human IL-4 (500 U
mi~", R&D Systems, Minneapolis, MN, USA) and human
granulocyte macrophage colony-stimulating factor (800 U
mi~") (38). CD11c* cells were purified using a MACS sepa-
ration column (Miltenyi Biotec) according to the manufac-
turer's protocol. Purified DCs (7.5 x 10% per well) were
added to the in vitro T cell differentiation culture.

In vitro T cell differentiation culture

Naive CD4 T cells or highly purified naive CD4 T cells (7.5 X
10° per well) were stimulated with 20 pg mi~! immobilized
anti-CD3 mAb (Raritan, Somerset County, NJ, USA) for 2
days in the presence of 50 U ml IL-2 (Shionogi & Co., Ltd,
Osaka, Japan), 1 ng ml~" IL-12 (R&D Systems) and 5 pg
mi~" anti-IL.-4 mAb (BD Bioscience) under Tn1 culture condi-
tions (39). For T2 conditions, the cells were stimulated with
20 pug ml~" immobilized anti-CD3 mAb in the presence of
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50 U ml~"IL-2, 1 ng mI~" IL-4 (R&D Systems) and 5 pg ml~"
anti-IFN-y mAb (BD Bioscience). For neutral conditions, the
cells were stimulated with 20 pg mi~" immobilized anti-CD3
mAb in the presence of 50 U mI~" IL-2. The cells were then
transferred to new plates and cultured for another 5 days in
the presence of cytokines and antibodies used in the same
culture conditions. Since IL-4-producing cells were not in-
duced significantly in a week culture under Tp2 culture con-
ditions, two cycles of the stimulation were used. Where
indicated, anti-IL-12 mAb (2 pg mi~", U-CyTech Biosciences,
Utrecht, The Netherlands) was added to the culture. The fi-
nal concentration of CW, LAM/LM, PIM2 and PIM6 was ad-
justed to 100 pg mi~".

Intracellular staining of IL-4 and IFN-y and flow cytometry
analysis

The cultured T cells were re-stimulated with PMA (10 ng mi~")
and ionomycin (1 pM) for 4 h in the presence of 2 pM mon-
ensin, which inhibited the secretion of newly produced pro-
tein. Next, the cells were fixed with 4% PFA for 10 min at
room temperature and were permeabilized with 0.5% Triton
X-100 (in 50 mM NaCl, 5 mM EDTA and 0.02% NaNg,
pH7.5) for 10 min on ice. After blocking with 3% BSA in PBS
for 15 min, the cells were incubated on ice for 45 min with
anti-IFN-y-FITC, IL-4-PE (BD Bioscience) and CD4-allophy-
cocyanin (BD Bioscience) as described (39). A flow cytometry

analysis was performed on FACScalibur® (Becton Dickinson,
Franklin Lakes, NJ, USA), and the results were analyzed using
the CELLQUEST® software program (Becton Dickinson).

Results

Purification of LAM/LM from BCG Tokyo-172

The experimental procedures to extract LM and LAM from
M. bovis BCG Tokyo-172 are based on successive detergent
and phenolic extractions, thus leading to the recovery of
nucleic acid-, protein- and lipid-free materials.

LAM and LM fractions were fully separated and collected
by gel filtration chromatography (Fig. 2A). The purity of each
component was assessed by SDS-PAGE (Fig. 2B), and the
molar ratios of mannose and arabinose in LAM and LM frac-
tions were analyzed by gas chromatography/mass spec-
trometry (data not shown) and MALDI TOF-MS spectrometry
(Fig. 2C and D). The accurate molecular weights of LAM
and LM were determined on the basis of the deprotonated
ions [M-H]~. As a result, LAMs from M. bovis BCG TOKYO-
172 was identified to be highly heterogeneous lipoglycans
possessing 16-46 mannose residues and 50-60 arabinoses
and three acyl groups with the molecular weight ranging
from 11 000 to 19 000 Da (Fig. 2C). On the other hand, LM
from M. bovis BCG Tokyo-172 showed clear [M-H]™ ions in
MALDI TOF-MS analysis ranging from m/z 3600 to 8400,
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Fig. 2. Purification of BCG Tokyo-172 LAM and LM and MALDI TOF-MS spectra of the purified fractions. (A) Gel filtration profile of the Triton
X-114 fraction containing lipoglycans. The fraction was loaded onto a Superdex 75 prep grade column and eluted with deoxycholate buffer. (B)
SDS-PAGE analysis of purified fractions from LAM and LM. (C) Negative ion mode MALDI TOF-MS spectra of the fraction LAM. (D) Negative
MALDI TOF-MS spectra of the fraction LM that corresponded to triacylated forms, with 2C16 and 1C19 fatty acids. The numbers shown in the

figure represent the number of mannose residues in LM.
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indicating that they have 16-48 mannoses and three acyl
groups, C16:0, C16:0 and C19:0, mainly (Fig. 2D).

Effects of LAM/LM in human T,1/Tx2 cell differentiation

An in vitro Th1/T,2 differentiation culture system was used
with human peripheral blood naive CD4 T cells to evaluate
the effects of BCG CW components on human T,1/T,2 differ-
entiation. First, the effect of whole CW fraction and the mix-
ture of LAM/LM were assessed. BCG CW components were
homogenously suspended in PBS and then the vehicle was
used as negative control. Under T,1 culture conditions, the
generation of Tp1 cells (IFN-y positive and IL-4 negative)
was significantly enhanced in the presence of CW and LAM/
LM (37.5 versus 80.7 and 73.6%, respectively) in compari-
son to the vehicle control (Fig. 3A). Under T2 culture condi-
tions, the generation of T,2 (IL-4 positive and IFN-y
negative) was inhibited significantly in the presence of CW
and LAM/LM (25.7 versus 12.5 and 13.9%, respectively),
whereas that of T,1 was enhanced greatly (10.9 versus 37.6
and 38.8%, respectively). Under neutral conditions, they
were cultured for 1 week (Fig. 3A) or 2 weeks (Fig. 3B) with
anti-CD3 mAb with IL-2, and the generation of IFN-y-produc-
ing Th1 and that of IL-4-producing T2 were marginal, and
the levels of these T, 1/T2 were not affected in the presence
of CW or LAM/LN. These results indicate that CW and LAM/
LM enhance T,1 differentiation and inhibit T2 differentiation
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under both Tp1 and Tn2 culture conditions. Ac4PIM2,
Ac3PIM2, Ac4PIM6 and cardiolipin, which are precursors of
LAM/LM and cytoplasmic membrane lipids, did not enhance
Th1 differentiation significantly, but showed some induction
of Th2 under Tp2 culture conditions (Fig. 3C), indicating that
the precursors of LAM/LM may have different effects from
LAM/LM on T,1/T,2 differentiation in human PBMC cultures
in vitro under the given conditions.

Next, to confirm the effects of CW and LAM/LM on T,1/T,2
differentiation, the analysis was extended to naive CD4
T cells from 10 healthy volunteers. Similar T,,1/T,,2 cultures
were used in the presence of CW and LAM/LM (Fig. 4). As
expected, the addition of CW and LAM/LM to the induction
culture enhanced Ty1 differentiation under both T,1 (Fig. 4A
and C) and T2 culture conditions (Fig. 4B and D, right pan-
els), and the addition of CW suppressed T2 differentiation
under Th2 culture conditions (Fig. 4B, left panel) in most of
the healthy volunteers tested. The addition of LAM/LM
inhibited Tn2 differentiation in some but not all individuals
(Fig. 4D, left panel). Thus, these results clearly indicate that
CW and LAM/LM enhance Tn1 differentiation while they in-
hibit T,2 differentiation. No significant effect was observed
under neutral conditions (Supplementary Figure 1, available
at International Immunology Online). Ac4PIM2, Ac3PIM2,
Ac4PIM6 and cardiolipin did not affect the levels of either
Th1 differentiation under both Ty1 and T,,2 culture conditions
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Fig. 3. Effect of BCG CW components on human T,1/T,2 differentiation. Naive CD4 T cells from human PBMC were stimulated with anti-CD3
(20 pg mI~") in the presence of anti-IFN-y mAb, IL-4 and IL-2 (T2 conditions), in the presence of anti-IL-4 mADb, IL-12 and IL-2 (T,,1 conditions) or
in the presence of IL-2 (neutral conditions). The cultured cells were subjected to intracellular staining with anti-IL-4 and anti-IFN-y. A 1-week
culture (A) and a 2-week culture (B) were performed. CW and LAM/LM (100 ug mi~") (A and B) or Ac4PIM2, Ac3PIM2, Ac4PIM86 or cardiolipin (C)

(100 pg miI~") were added to the culture.
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(Fig. 5A-H). In addition, the effect of these components on
the differentiation of T,2 was seen in some cultures but the
effects were marginal (Fig. 5B, D, F and H).

Cellular mechanisms underlying the LAM/LM-mediated
modulation of human T,1/T,2 differentiation

The CD4 T cells from human PBMC, which were used in the
experiments described above, were prepared by removing
CD8*CD45R0O" cells with an AutoMACS cell sorter as de-
scribed in Methods. These cell preparations contain sub-
stantial numbers of forward-scatter"®"/side-scatter™" cells
and CD4-negative cells (Fig. 6A, Fraction A). To further en-
rich CD4 T cells, a naive CD4 T cell isolation kit and Auto-
MACS cell sorter were used (Fig. 6B, Fr. B). Positive cells
for CD8, CD14, CD16, CD19, CD36, CD45R0O, CD56,
CD123, TCRy$ or glycophorin were removed in this separa-
tion procedure. Concurrently, CD11c-positive in vitro gener-
ated DCs from PBMCs were isolated using PE-conjugated
anti-CD11c mAb, anti-PE magnetic beads and AutoMACS
(Fig. 6C, Fr. C). Using these crude naive CD4 T cells (Fr.
A), highly purified naive CD4 T cells (Fr. B) and the mix-
ture of purified naive CD4 T cells (Fr. B) and enriched
DCs (Fr. C), Ty1/Tn2 differentiation cultures were set in the
presence of LAM/LM (Fig. 7). Under Tp1 culture conditions,
the generation of IFN-y-producing cells was enhanced by
LAM/LM in all cultures with Fr. A, Fr. B and the mixture of Fr.

B and Fr. C (Fig. 7A, left). Under neutral conditions, the in-
duction of IFN-y-producing cells was marginal after a 1-
week culture with Fr. A and Fr. B, and no significant effect
was observed (Fig. 7A, right). However, in the culture of the
mixture of purified naive CD4 T cells (Fr. B) and DCs (Fr. C),
the generation of IFN-y-producing cells was enhanced. Un-
der Tn2 culture conditions, the enhancement of the genera-
tion of IFN-y-producing cells and the inhibition of the
generation of IL-4-producing cells in the presence of LAM/
LM were observed in the cultures with Fr. A but not in the
cultures with Fr. B (Fig. 7B, left panels). Interestingly, how-
ever, the effects of LAM/LM were restored by the addition of
DCs (Fr. C) into purified naive CD4 T cells (Fr. B) (Fig. 7B,
left bottom). The addition of anti-IL-12 mAb inhibited the en-
hancement of the generation of IFN-y-producing cells (10.3
versus 3.2%) and the suppression of the generation of IL-4-
producing cells (24.4 versus 40.3%) in the Fr. A cultures. No
effect was observed in the Fr. B cultures (15.8 versus
15.4%). A small but moderate rescue effect was observed
in the culture with the mixture of Fr. B and Fr. C (3.1 versus
4.5%). Basically, the same pattern as that seen after the 1-
week culture (Fig. 7A, right) was observed after the 2-week
culture under neutral conditions (Fig. 7B, right). These
results indicate that LAM/LM acts directly to CD4 T cells to
enhance the generation of IFN-y-producing cells under T,1
culture conditions and that LAM/LM acts indirectly via DCs
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Fig. 5. Effect of Ac4PIM2, Ac3PIM2, Ac4PIM6 and cardiolipin on human T,1/T,.2 differentiation. Effects of Ac4PIM2 under T 1 (A) or T2 (B)
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conditions in Ty1/T,,2 differentiation are shown.

to CD4 T cells to enhance the generation of IFN-y-producing
cells and inhibit the generation of IL-4-producing cells under
Th2 culture conditions. IL-12 appears to play an important
role in the indirect regulation by LAM/LM.

Effects of purified LAM and LM in human T,1/T,2
differentiation cultures

The balance of ManLAM/LM is considered to be important for
the protection from mycobacterial infection (34). To further
confirm the effects of LAM and LM on the T,1/T,2 differentia-
tion, each component was purified from the mixture of LAM/
LM and added into the Ty1/T2 cultures. Under T,1 culture
conditions, both LAM and LM enhanced the IFN-y-producing
Th1 cells (58.8 versus 67.3 and 65.5%, respectively), although
the levels were slightly lower than those of the cultures with
LAM/LM mixture (83.0%; Fig. 8, upper panels). Under T,,2 cul-
ture conditions, LAM and LM also induced the generation of

IFN-y-producing Tn1 cells (18.1 versus 35.0 and 29.5%, re-
spectively; Fig. 8, lower panels). No obvious inhibition of the
generation of IL-4-producing cells was observed in the pres-
ence of LAM or LM. These results indicate that both LAM
and LM components possess the ability to enhance T,1 differ-
entiation. In addition, the balance of LAM/LM may also con-
tribute to the effect on T, differentiation.

Discussion

The present study using an in vitro To1/Tn2 differentiation
culture system with human peripheral blood naive CD4
T cells demonstrated that LAM/LM from M. bovis BCG en-
hanced Ty1 differentiation by two distinct pathways (Fig. 9).
LAM/LM acts directly to naive CD4 T cells to enhance T,1
cell differentiation under Ty 1 culture conditions. LAM/LM also
acts indirectly via DCs to induce polarization in T, differenti-
ation from T2 to Ty1 under T2 culture conditions.
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95.3%. (C) Purification of DCs from in vitro-generated DCs. In vitro-cultured DCs were stained with PE-conjugated anti-CD11c mAb, and the
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It is reported in mouse system that TLRs recognize LMs,
and TLR2 play important roles in the induction of type- in-
flammatory responses (40-42). The signals via TLR2 in-
duced the expression of CD1 and T cell activation (43).
Gilleron et al. showed that PIM2 and PIM6, which are the an-
chor motif of LAM/LM, activate primary macrophages to se-
crete TNFo through TLR2, irrespective of their acylation
pattern (44). These results suggest that PIM2 and PIM6 acti-
vate APC via TLR2. In the current study, however, PIM2 and
PIM6 did not enhance Tn1 differentiation under Tn1 culture
conditions, but enhanced T2 differentiation in some individ-
uals under Tn2 culture conditions (Fig. 3C). These results
suggest that PIM2 and PIM6 may negatively regulate Tn1
generation through the enhanced differentiation of T2 under
Th2 conditions. The discrepancies in the response of APC
against PIM2 and PIM6 may be due to the difference in the
physicochemical properties of micelle sizes or the solvent
used between the PIM products of Gilleron et al. (44) and
ours. The former PIMs are less polar than that of LAM/LM
and produce larger micelle particles in the endocytotic pro-
cess. In any event, it is likely that LAM/LM stimulates DCs
via TLR2 and modifies the balance of T,1/T2 differentiation.

To examine the cellular mechanisms underlying the effect
of LAM/LM on the T,1/Tn2 differentiation, the results with
a crude naive CD4 T cell fraction and a highly purified naive
CD4 T cell fraction after eliminating APCs were compared.
Interestingly, the enhanced generation of T,1 by LAM/LM un-
der Ty1 culture conditions can be seen markedly in the ab-
sence of APCs, but the inhibition of T,2 generation under
Tw2 culture conditions is totally dependent on APCs (Fig. 7).
Human CD4 T cells express various types of TLRs including
TLR2, 5 and 7/8 (45). In another report, human naive CD4

T cells were found to express undetectable levels of TLR2
but the expression was significantly increased after anti-
CD3 stimulation (46). The expression of TLRs was examined
in our purified CD4 T cells and it was revealed that the puri-
fied CD4 T cells express substantial mRNA levels of TLR1,
2,5, 7, 9 and 10 (lto, T. and Nakayame, T., unpublished ob-
servation). Thus, it is likely that LAM/LM binds directly to
one of these TLRs and induces polarization toward Tn1 dif-
ferentiation. Recently, in a mouse system, stimulation
through TLR2 on T,1 cells was observed to induce IFN-y
production and proliferation, and this effect is augmented
by IL-2 or IL-12 (47). Thus, it is likely that LAM/LM acts on
early activated CD4 T cells and also on developing Th1 in
the culture and resulted in the polarized T,1 differentiation.

In the cultures under neutral conditions, the cytokine auto-
regulatory loops may proceed, and the effects observed un-
der neutral conditions may be more reflective of the in vivo
effects of LAM/LM. Unfortunately, in human CD4 T cell cul-
tures, the differentiation of naive T cells into T,1/Tp2 cells
was not efficiently observed under neutral conditions, and
no obvious effect of LAM/LM was detected (Figs 3 and 7).
However, we observed increases in the generation of IFN-y-
producing cells when we added DCs to the purified CD4 T
cell cultures (Fig. 7). Based on these results, we concluded
that even under neutral conditions, LAM/LM has an enhanc-
ing effect on the generation of IFN-y-producing Tr1. We will
investigate the effect of LAM/LM in the presence of various
kinds of DCs under neutral conditions in the near future.

It is possible that NKT cells play a role in the observed
LAM/LM-mediated induction of T,1 differentiation (48, 49).
However, during the process of the magnetic separation of
CD8~CD45R0O™ cells (naive CD4 T cells, Fr. A in Fig. 6A), all
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Fig. 7. Roles of DCs in the effect of LAM/LM on Ty, 1/T,2 differentiation. Naive CD4 T cells (CD8~CD45RO™ cells) (Fr. A), purified CD4 T cells (Fr. B) and
purified CD4 T cells (Fr. B) and DCs (Fr. C) were stimulated with anti-CD3 under Ty1 (panel A, cultured for a week), T2 (panel B, cultured for 2 weeks)
or neutral culture conditions (panels A and B, cultured for 1 or 2 weeks, respectively). Anti-IL-12 mAb was added at the beginning of T2 cultures.
Intracellular staining profiles of IFN-y/IL-4 are shown with percentages of cells in each area. Three experiments were performed with similar results.

Va24 NKT cells appeared to be eliminated and undetectable
in our preparing naive CD4 T cells (lto, T. and Nakayama, T.,
unpublished observation). Therefore, it is unlikely that Voa24
NKT cells are involved in the LAM/LM-mediated induction of
Th1 differentiation.

There are three types of capping motifs in LAM molecules.
One is named ManLAM having a mannosyl cap, and this is
isolated from M. tuberculosis and M. bovis including BCG
subspecies and Mycobacterium kansasii. Another is PILAM,
which has a phosphoinositol cap, and is isolated from
M. smegmatis. The third one is AraLAM, which has no capping
motif, and is isolated from Mycobacterium chelonae (44). It
is reported that LAM and PILAM but not ManLAM or AraLAM
activate macrophages and DCs to secrete IL-12 (26, 50, 51).

On the other hand, LM but not PIM induces apoptosis or
activates these cells to secrete IL-12 (25, 52). These results
may indicate that ManLAM possesses the ability to inhibit
LM-induced apoptosis and IL-12 secretion. In the present
study, both LAM and LM components showed the enhanc-
ing activity of T1 differentiation (Fig. 8). However, we did
not detect any inhibiting effects on the generation of IL-4-
producing Th2 (Fig. 8). We think that the inhibition of the
generation of IL-4-secreting cells is a secondary effect by
the enhancement of the generation of IFN-y-producing cells
because the inhibition was neutralized by the addition of
anti-IL-12 mAb (Fig. 7). Since the effects of LAM and LM on
the generation of IFN-y-producing cells were milder than
LAM/LM, we may not be able to detect the inhibition of the
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Fig. 9. Two distinct regulatory pathways for Tp1 generation induced by LAM/LM in human T,1/Tn2 cultures. In the presence of LAM/LM, the
generation of T,,1 cells was enhanced both under Ty1 culture conditions and Th2 culture conditions (panel B). Under Ty1 conditions, LAM/LM
directly act on CD4 T cells (direct pathway). LAM/LM act on DCs (DC-dependent pathway) and then induce the enhancement of Th1

differentiation under both T,,1 and T,2 conditions.

production of IL-4-secreting cells by LAM or LM (Fig. 8). LM
appears to induce Ty1 differentiation more prominently in lower
doses than LAM (lto, T., and Nakayama, T., unpublished ob-
servation). In addition, high doses of LM did not show the en-
hancing effect in T,,1 differentiation (Ito, T., and Nakayama, T.,
unpublished observation). These results may suggest that the
balance of LAM/LM is critically important for the induction of
Tn1 responses. Further investigations on the effect of the bal-
ance of LAM/LM in the human immune system may contribute
to the development of new immunotherapeutic approaches for
allergic diseases, cancer and infections diseases.

Supplementary data

Supplementary Figure 1 available at International Immunol-
ogy Online.
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APC antigen presenting cell
BCG Bacille Calmett-Guerin
Cw cell wall

DC dendritic cell

LAM lipoarabinomannan
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LM lipomannan

ManLAM LLAM with mannose caps

Pl phosphatidylinositol

PIM phosphatidylinositol mannosides
PIM2 phosphatidylinositol dimannoside
PIM6 phosphatidylinositol hexamannoside
TLR2 Toll-like receptor 2

TNFa tumor necrosis factor «
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Trehalose dimycolate (TDM), also known as cord factor, is a
major surface glycolipid of the cell wall of mycobacteria.
Because of its potent biological functions in models of infection,
adjuvancy, and immunotherapy, it is important to determine
how its biosynthesis is regulated. Here we show that glucose, a
host-derived product that is not readily available in the environ-
ment, causes Mycobacterium avium to down-regulate TDM
expression while up-regulating production of another major
glycolipid with immunological roles in T cell activation, glucose
monomycolate (GMM). In vitro, the mechanism of reciprocal
regulation of TDM and GMM involves competitive substrate
selection by antigen 85A. The switch from TDM to GMM bio-
synthesis occurs near the physiological concentration of glucose
present in mammalian hosts. We further demonstrate that
GMM is produced in vivo by mycobacteria growing in mouse
lung. These results establish an enzymatic pathway for GMM
production. More generally, these observations provide a spe-
cific enzymatic mechanism for dynamic alterations of cell wall
glycolipid remodeling in response to the transition from noncel-
lular to cellular growth environments, including factors that are
monitored by the host immune system.

Mycobacterium avium complex (MAC)? includes a group of
acid-fast bacteria that distribute widely in natural environ-
ments, including soil, water, aerosols, and dust (1). Although
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less virulent than Mycobacterium tuberculosis, these environ-
mental mycobacteria occasionally infect humans, especially
patients infected with human immunodeficiency virus type 1,
where they represent a major cause of morbidity. The incidence
of clinically overt MAC infection has increased significantly in
recent years, and because of the multidrug resistance evolved by
the microbes, MAC infection is difficult to clear with chemo-
therapeutic agents. Thus, M. tuberculosis and MAC are now the
two major groups of mycobacteria species that require further
efforts for prevention and treatment. Unlike M. tuberculosis,
which transmits primarily from individuals with active disease,
epidemiologic evidence suggests that such transmission path-
ways are unlikely for MAC. Rather, MAC infection appears to
occur when susceptible individuals are exposed to environmen-
tal MAC. These observations predict that, upon infection, envi-
ronmental MAC should undergo significant adaptive changes
to allow its survival and replication within the host.

Mycobacteria possess highly lipid-rich cell walls that are crit-
ical not simply for their acid-fast properties but also for their
survival and replication. The cell wall contains mycolic acids, an
a-alkyl-B-hydroxy fatty acid with extremely long carbon chains
(~Cgp), which are densely aligned in covalent association with
the 6-position of arabinose termini of the underlying arabi-
nogalactan sugar layer or exist as free molecules complexed to
sugars, either glucose or trehalose. Arabinogalactan-linked
mycolates are proposed to extend outward and interact nonco-
valently with carbon chains of the so-called surface-exposed
glycolipids, including trehalose 6-monomycolate (TMM), tre-
halose 6,6'-dimycolate (TDM), and glucose 6-monomycolate
(GMM), thereby forming the hydrophobic cell wall architec-
ture that is essential for protection against chemical attack,
such as reactive oxygen intermediates and hydrolytic enzymes
derived from the host cells. Among the most abundant surface-
exposed glycolipids is TDM that is biosynthesized from its pre-
cursor, TMM, by the mycolyltransferase activity of antigen 85
(Ag85) (2). Many biological functions have been assigned to
TDM (3) that may impact on survival of mycobacteria within
the host and possibly their virulence. Therefore, it is important
to determine how biosynthesis of TDM and other mycolic acid-
containing glycolipids is regulated by external factors. GMM
exists at varied levels in the mycobacterial cell wall (4, 5). In
addition to its role in cell wall barrier functions, GMM is a
granuloma-forming agent in mice (6) as well as a CD1b pre-
sented antigen in humans (7).
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Here we identify Ag85A as an enzyme that produces GMM
by transfer of mycolate to glucose. Furthermore, mechanistic
studies show that glucose present in its growth environment
regulates the spectrum of mycolylglycolipids made by MAC,
and glucose from the host influences GMM production in vivo
during infection of mice. Mechanistic studies showed that glu-
cose and trehalose compete as substrates for Ag85A, linking the
biosynthesis pathways of GMM and TDM.

EXPERIMENTAL PROCEDURES

Reagents and Bacteria—Chemical reagents were purchased
from Nacalai Tesque (Kyoto, Japan) unless otherwise indicated.
M. avium ATCC 35767 (serovar 4) was obtained from Ameri-
can Type Culture Collection (Manassas, VA). The bacteria
were maintained on a plate of Middlebrook 7H10 media sup-
plemented with 10% oleic acid/albumin/dextrose/catalase (BD
Biosciences). For extraction of the total lipid fraction, the bac-
teria were cultured in Middlebrook 7H9 broth media (contain-
ing 0.05% Tween 80 but not glycerol) supplemented with 10%
albumin/dextrose/catalase (BD Biosciences). The log phase
culture was diluted with 20 volumes of 7H9 media containing
various concentrations of glucose, and the culture was contin-
ued for another 5-7 days until the absorbance at 600 nm
reached ~1. In some experiments, bacteria were grown in
media containing either 0.01 or 0.1% glucose, and the media
were replaced every day with fresh media containing the same
concentrations of glucose. After 5 days, the bacteria were har-
vested for lipid extraction. To monitor early GMM production,
bacteria were grown either in 7H9 media containing 0.01 or
0.1% glucose or in human serum and were harvested after 2, 4,
8, 18, and 24 h of culture.

Preparation of Mycolylglycolipids from MAC—Total lipids
from mycobacteria were prepared as described previously (8).
The total lipids were then dissolved in chloroform/methanol
(C/M, 2:1,v/v), and 20 volumes of ice-cold acetone were added.
After 30 min of incubation on ice, the suspension was subjected
to centrifugation at 1,500 X g for 15 min at 1 °C, and the super-
natant was carefully removed. The pellet was then washed with
ice-cold acetone, and the residue was dissolved in C/M (2:1)
and fractionated by TLC using an Analtech TLC plate (Newark,
DE) with a solvent system of chloroform/methanol/acetone/
acetic acid (90:10:10:1, v/v). GMM, TDM and TMM fractions
were extracted with C/M (2:1) from the silica gels. For GMM
and TDM purification, the fractions-were further fractionated
by TLC with a solvent system of chloroform/acetone/metha-
nol/water (50:60:2.5:0.6, v/v). Finally, the GMM, TDM and
TMM fractions were extracted with C/M (2:1), dried, and
rinsed several times with methanol at room temperature to
remove any residual contamination of glycopeptidolipids and
phospholipids.

Matrix-assisted Laser Desorption lonization-Time of Flight
Mass Spectrometry (MALDI-TOF MS)—MALDI-TOF MS
analyses of glycolipids were carried out according to the
method described previously (9). Briefly, MALDI-TOF MS
spectra were acquired on a Voyager DE-STR MALDI-TOF
mass spectrometer (Applied Biosystems) with a pulse laser
emitting at 337 nm. Samples were analyzed in the reflectron
mode with an accelerating voltage operating in positive ion
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mode of 20 kV. As the matrix, 2,5-dihydroxybenzoic acid was
used.

Gas Chromatography-Mass Spectrometry (GC-MS)—GC-MS
analysis of the sugar moiety of GMM was carried out accord-
ing to the method described previously (9). Briefly, GMM
was hydrolyzed with 2 M trifluoroacetic acid at 120 °C for 2 h.
The aqueous phase was dried, reduced with 10 mg/ml solution
of NaBD, (1 M NH,OH/C,H,OH, 1:1, v/v) at room temperature
for 2 h, and then acetylated with acetic anhydride/pyridine (1:1,
v/v) at 100 °C for 1 h. The resulting alditol acetate derivatives
were analyzed by GC-MS with GCMS-QP2010 plus (Shimazu
Co., Ltd., Kyoto, Japan), using a fused silica capillary column
(SP-2380, 30 m X 0.25 mm inner diameter; Supelco Inc.). GC
oven was operated at 50 °C for 0.5 min, and then the tempera-
ture was increased to 235 °C at a rate of 65 °C/s. The tempera-
ture was then kept at 235 °C for 12 min. Flow rate of helium gas
was 44.4 cm/min.

Isolation of the Antigen 85A Gene from MAC, Preparation of
the Recombinant Enzyme and Its Enzymatic Assay—The
genomic DNA was isolated from the MAC strain using the Iso-
plant kit according to the manufacturer’s instruction (Wako
Pure Chemical Co. Ltd., Osaka, Japan). The gene that encoded
the mature Ag85A lacking the signal sequence was amplified by
PCR, using a specific primer set as follows: 5’-gga att cca tat gtt
ctc geg ccc cgg tct gee-3' (a sense primer, in which the Ndel
restriction site is underlined) and 5'-ccg ctc gag ggt gec ctgg ccg
ttc ccg g-3' (an antisense primer, in which the Xhol restriction
site is underlined). PCR was carried out using a Takara LA-
TagDNA polymerase (Takara Co. Ltd., Tokyo, Japan), and the
cycling conditions for PCR amplification were as follows: 94 °C,
2 min, followed by 30 cycles of 98 °C, 20 s and 72 °C, 1.5 min,
and a final extension step of 72 °C, 3 min. The amplified PCR
products were digested with Ndel and Xhol and ligated to a
Ndel-Xhol-digested pET-21c plasmid vector (Merck). The
nucleotide sequences of the Ag85A gene were determined for
four isolated clones. Escherichia coli BL21 (DE3) was trans-
formed with the Ag85A gene in pET-21c, and induction of pro-
tein expression was performed according to a method of Kre-
mer et al. (10).

The bacteria expressing the His-tagged mature Ag85A were
harvested and disrupted by sonication in ice-cold 20 mm Tris-
HCl buffer (pH 7.9) containing 0.5 M NaCl and 60 mM imidazole
(sonication buffer). The sonicate was centrifuged at 10,000 X g
for 30 min at 4 °C to remove insoluble materials, and then the
supernatant was applied onto a Ni*>* -resin column equilibrated
with the sonication buffer at 4 °C. After washing the column with
the sonication buffer, the recombinant Ag85A was eluted with 20
mM Tris-HCl buffer (pH 7.9) containing 0.5 M NaCl and 0.5 M
imidazole. The eluate was concentrated and dialyzed against 50
mM Tris-HCl buffer (pH 7.4) containing 10% glycerol overnight
at4 °C. Protein concentration of the recombinant Ag85A prep-
aration was determined by the Quick Start Bradford protein
assay kit (Bio-Rad). Purity of the preparation was determined by
SDS-PAGE and Coomassie staining.

Mycolyltransferase assays were carried out by modification
of a method of Kremer et al. (10). Twenty ug of purified TMM
was dispersed by sonication in 150 ul of 50 mMm sodium phos-
phate buffer (pH 7.4) in the presence or absence of indicated
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after 3.6-3.9 min of elution under
these conditions. The accurate mass
experiment was carried out with an
Agilent 6520 Accurate Mass QTOF-
LC-MS operated in the positive
mode with an Agilent Technologies
1200 Series high pressure liquid
chromatography system. CID-MS
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1440 1520 is00  was carried out with a ThermoLCQ
Advantage Ion Trap mass spec-
trometer with nano-electrospray
ionization in comparison with
GMM derived from Mycobacterium
fallax (11).

J‘ GMM-specific T Cell Assays—
I The T cell receptor (TCR)-deficient

” Jurkat cells (J.RT3) reconstituted by
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FIGURE 1. A reciprocal production of TDM and GMM in MAC in response to glucose. A, MAC was cultured in
media containing 0.01% (w/v, lane 2), 1% (w/v, lane 3), 2% (w/v, lane 4), 5% (w/v, lane 5), and 10% glucose (w/v,
lane 6), and the total lipid fractions (50 ng each) were analyzed on a TLC plate that was developed with
chloroform/methanol/acetone/acetic acid (90:10:10:1, v/v). Purified TDM (lane 1) and TMM (lane 7) were used
as references. Glucose dose-dependent production of a lipid species (indicated with an arrow) was detected.
B, lipid species was purified and analyzed on a silica gel TLC plate that was developed with chloroform/
methanol (9:1, v/v). C, MALDI-TOF MS profiles of the purified lipid species. D, GC-MS analysis of the sugar moiety
of the purified lipid species. Arrows indicate retention times for the alditol acetate derivatives of arabinose (a),
mannose (b), galactose (c)/ and glucose (d). lon chromatogram of m/z 290 is shown. The retention time of the

major ion corresponded with that of a glucose alditol acetate derivative.

concentration of p-glucose. The reaction was started by the
addition of 50 ul of the enzyme preparation containing 50 ug of
protein. After 1 h of incubation at 37 °C, the reaction was
stopped by the addition of 2 ml of C/M (2:1) and 0.3 ml of
distilled water. The lipids were extracted by the method of Kre-
mer ef al. (10) and analyzed by silica gel TLC. The lipids on the
TLC plate were visualized by spraying 50% sulfuric acid and
baking.

GMM Detection in Vivo—Mouse infections were carried out
via the aerosol route with 10> M. tuberculosis Erdman strain
with mice sacrificed after ~21 days of infection. Lungs were
homogenized with beads and centrifuged at 2000 X g for 30 min
at room temperature. The bacterial pellet was treated with 2%
NaOH to disperse phospholipid bilayers, neutralized with 0.27
M phosphoric acid in phosphate buffered saline, and centri-
fuged at 2000 X g for 30 min to recover bacteria. Lipids were
extracted from this mixture with three serial extractions in
C/M (2:1, 1:1, and 1:2), evaporated to dryness under nitrogen,
and resuspended in 1:1 C/M. These lipids were further fraction-
ated by cold acetone precipitation to enrich for lipids that were
analyzed by normal phase chromatography on a diol column.
Solvent A was methanol, and solvent B was 60:40 (v/v) hexane/
2-propanol. Both solvents contained 0.1% (v/v) formic acid and
0.05% (v/v) ammonium hydroxide. A binary gradient was used
beginning at 5% solvent A for 3 min, linearly increasing to 40%
solvent A over 5 min, holding at 40% solvent A for 6 min, lin-
early increasing to 100% solvent A over 2.2 min, holding at 100%
solvent A for 3 min, linearly decreasing to 5% solvent A over 3.6
min, and finally holding at 5% solvent A for 3.2 min. Com-
pounds matching the expected mass for GMM were detected at
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R transfection with GMM-specific,

' CDlb-restricted TCRs have been
described previously (12). The T
cells (5 X 10*/well) were cocultured
in 96-well microtiter plates with the
CI1R human B-lymphoblastoid cells
(1 X 10°/well) stably transfected
either with CD1b (C1R/CD1b) or
with empty vector alone (C1R/
mock) (13) in the presence of phor-
bol 12-myristate 13-acetate (10
ng/ml) and indicated concentrations of lipid preparations. In
some experiments, monocyte-derived dendritic cells were used
as antigen-presenting cells. After 20 h, aliquots of the culture
supernatants were collected, and the amount of interleukin-2
(IL-2) released into the supernatants was measured by the IL-2
ELISA kit (BD Biosciences).

RESULTS

Reciprocal Production of TDM and GMM by MAC in
Response to Glucose—Glucose is an essential nutrient to living
organisms, which is utilized as a source not only for energy
production but also for biosynthesis of glycosylated constitu-
ents of cellular architecture. Unlike other hexose sugars, glu-
cose is maintained at high levels in the blood and tissues of
mammalian hosts. Therefore, we predicted that, upon infection
into the host, MAC grown in glucose-limited environments
might undergo significant alterations in glycolipid biosynthesis
by exposure to host-derived glucose. To gain insights into the
impact of exogenous glucose on glycolipid composition in
mycobacteria, we first monitored glycolipid production by M.
avium strain (serovar 4) that was harvested after cultivation in
liquid media supplemented with different concentrations of
glucose. The total lipid fraction was obtained by extracting each
bacterial preparation with chloroform and methanol. The lip-
ids were then analyzed on a TLC plate developed with a solvent
system suitable for separation of chemically diverse glycolipid
species (Fig. 1A). When grown in the presence of a trace
amount of glucose (0.01%, w/v), mycobacteria produced high
levels of TDM and TMM (Fig. 14, lane 2, shown with brackets).
As the glucose concentrations present in media were increased,

JOURNAL OF BIOLOGICAL CHEMISTRY 28837

—535—

6002 ‘0€ YoIB Uo NMVYOIVA OAIVMMOH 1e B1o-og-mmm wouy papeojumoq



The Journal of Biological Chemistry

Mycolyltransferase-mediated Glycolipid Exchange in M. avium

TDM production decreased, whereas the amount of TMM
remained constant (Fig. 14, lanes 2—6). Also, an increase in a
discrete, unknown lipid species with a retardation factor (R)
slightly greater than that of TDM was noted (Fig. 14, lanes 3-6,
indicated with an arrow). To determine the molecular identity
of the unknown lipid, it was purified and subjected to TLC and
MS analyses. The purified lipid was resolved as doublet bands
on a TLC plate developed with a solvent system of C/M (9:1,
v/v) (Fig. 1B). MALDI-TOF MS analysis revealed that the mass
numbers of given ions were matched with those of sodium
adducts of hexose monomycolate (Fig. 1C). Within the limits of
error of the method of detection, the masses matched both in
terms of the expected m/z of the dominant ions, the range of
mass variation expected of individual molecular species of
mycolate derivatives, and the absolute mass differences among
the major ions, which can be accounted for by differences in
carbon chain length and substitution of R groups (14). For
example, m/z 1452.4 corresponds to the expected mass of
sodium adduct of hexose monomycolate with Cg; fatty acid and
a wax ester-type R group on the meromycolate chain (Fig. 1C).
GC-MS analysis of an alditol acetate derivative of the sugar
moiety derived from the purified lipid identified glucose as the
hexose group attached to mycolates (Fig. 1D). The doublet
bands observed on a TLC plate were thus likely to represent two
stereoisomers of mycolates as described previously (5, 15).
Finally, the production of GMM in response to added glucose is
expected based on the ability of mycobacteria to couple abun-
dant hexose sugars at mycolyl esters (5). These results detected
a reciprocal production of TDM and GMM by MAC in
response to exogenous glucose without apparent alterations in
the steady state levels of TMM. This experiment, carried out
in live bacteria, raised the possibility that mycolyltransferases
might compete for carbohydrate substrates.

Ag85 Utilized Glucose for GMM Biosynthesis—Mycobacte-
ria-derived mycolyltransferases, known also as Ag85, catalyze
the final step of TDM biosynthesis, using TMM as a substrate.
Current models of the Ag85-catalyzed reaction predicted that
two molecules of TMM are captured in the two substrate-bind-
ing pockets of the enzyme, and the mycolyl acyl group of the
TMM substrate bound in one substrate-binding pocket (donor
site) is transferred to the other TMM substrate bound in the
other pocket (acceptor site), resulting in generation of one mol-
ecule of TDM and one molecule of trehalose (Fig. 24) (2, 16).
Although GMM can be an abundant structure in the cell wall
and functions to activate T cells and form granulomas, its
mechanism of synthesis was unknown. We hypothesized that
GMM biosynthesis could be catalyzed by Ag85 if glucose,
instead of TMM, occupied the acceptor site (Fig. 2B). To
address this possibility, we made recombinant Ag85A enzyme
from the M. avium strain (serovar 4), and we performed in vitro
enzymatic reaction experiments. To accomplish this, we first
carried out PCR from the genome of the MAC strain as a tem-
plate, and isolated the Ag85A gene that encoded the mature
protein lacking the signal sequence. DNA sequencing of the
isolated gene revealed that three nucleotides were altered as
compared with the previously reported Ag85A gene derived
from M. avium serovar 1 strain (17), but the deduced amino
acid sequences were identical in both strains. We then con-
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FIGURE 2. Proposed scheme for TDM (A) and GMM (B) production cata-
lyzed by mycolyltransferase. In model A, both the donor site and the accep-
tor site of the enzyme interact with TMM, resulting in TDM formation. In mode/
B, a glucose substrate competes against a TMM substrate for access to the
acceptor site. When glucose is readily available, glucose rather than TMM
preferentially gain access to the site, resulting in production of GMM.
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FIGURE 3. TDM-GMM exchange mediated by recombinant Ag85A. A, puri-
fied MAC Ag85A (left lane) and a size marker (right lane) were resolved on a
Coomassie-stained SDS-polyacrylamide gel. Positions for the 40- and 28-kDa
marker proteins are indicated. B, enzymatic reactions were performed at
37 °C at conditions indicated below, and the lipids were extracted from the
reaction mixtures, followed by analysis on a TLC plate. Lane 1, Ag85A and
TMM with 5% glucose (w/v), 0 h ofincubation; lane 2, heat-inactivated (100 °C,
3 min) Ag85A and TMM with 5% glucose (w/v), 1 h of incubation; lanes 3-6,
Ag85A and TMM either with 0.2% (w/v) glucose (lane 4), 1% glucose (w/v)
(lane 5), and 5% (w/v) glucose (lane 6) or without glucose (lane 3), 1 h of
incubation.

structed an expression plasmid in which the initiation codon
was placed at the 5'-end and the sequence encoding a His tag
was attached in frame at the 3'-end of the isolated Ag85A gene.
The His-tagged enzyme was expressed in E. coli and affinity-
purified by Ni**-charged resin column chromatography. The
purified material was resolved as a single band with an apparent
molecular mass of ~33 kDa on a Coomassie-stained SDS-poly-
acrylamide gel, consistent with its being the Ag85A protein
(Fig. 3A). Incubation of TMM in vitro in the presence of this
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enzyme preparation resulted in generation of TDM (Fig. 3B,
lane 3), confirming the mycolyltransferase activity exerted by
the recombinant protein. Strikingly, addition of glucose to this
reaction condition resulted in decreased TDM production in a
dose-dependent manner, which was associated with an
increase in GMM (Fig. 3B, lanes 3—-6). GMM synthesis was
completely abrogated when heat-inactivated enzyme was used
(Fig. 3B, lane 2). This further confirmed that GMM was pro-
duced enzymatically by the mycolyltransferase activity of
Ag85A but not as a result of nonenzymatic hydrolysis. These
results indicate that Ag85A mediates synthesis of GMM. In this
molecular model, we propose that TMM and glucose compete
for access to the acceptor site of the Ag85A, and the enzyme
preferentially catalyzes biosynthesis of GMM, rather than
TDM, when glucose is readily available (Fig. 2B). The substrate
selection by the mycolyltransferase would likely provide a
molecular basis for the glucose-dependent TDM-GMM
exchange detected in cultured MAC.

GMM  Production Occurs at a Physiological Glucose
Concentration—The observations made above have established
an enzymatic pathway for GMM production in live mycobac-
teria that are grown in the presence of high levels of exogenous
glucose. However, it remains to be addressed whether myco-
bacteria can produce GMM under physiological concentra-
tions of glucose present in mammalian hosts, which is main-
tained at ~100 mg/dl (0.1% w/v). To address this issue, we
measured GMM production by mycobacteria cultured in liquid
media with a glucose concentration comparable with that in the
host. The MAC culture was started in the presence of either
0.01 or 0.1% glucose, and every 24 h, the culture media were
replaced with fresh media to maintain the glucose concentra-
tions at constant levels. After 5 days of culture, the bacteria
were harvested, and the total lipids were extracted. Subse-
quently, methanol-insoluble lipids were isolated from these
total lipids, followed by separation on TLC plates (Fig. 44).
Although TDM production was readily detected in both cul-
tures, GMM production was detected only in the presence of
0.1% glucose (Fig. 44, lane 2) but not in the presence of 0.01%
glucose (lane 1). This was also confirmed by T cell-based assays
(Fig. 4B) in which Jurkat T cells expressing specific TCRs rec-
ognizing GMM in the context of CD1b molecules were used.
Incubation of the T cells with CD1b-expressing cells (C1R/
CD1b) in the presence of the total lipids from the 0.1% glucose-
containing culture resulted in dose-dependent IL-2 production
by the T cells, demonstrating high levels of antigenicity when
growing at physiological glucose concentrations (Fig. 4B, upper
panel). The specific response was not observed when CD1b-
negative cells (C1R/mock) were used as antigen-presenting
cells, supporting that the response was CD1b-restricted.

We then addressed how quickly induction of GMM produc-
tion occurred after exposure to 0.1% glucose. MAC was cul-
tured either in liquid media containing 0.01% (Fig. 54) or 0.1%
(B) or in human serum (C), and the bacteria were harvested at 2,
4, 8,18, and 24 h. GMM production was observed as early as 8 h
after the start of the culture both in 0.1% glucose-containing
media and in human serum but not in media containing 0.01%
glucose. These observations suggest that GMM production can
occur quickly after exposure to high levels of glucose presum-
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FIGURE 4. GMM production by mycobacteria cultured at a physiological
glucose concentration. A, MAC was cultured in liquid media containing
either 0.01 or 0.1% glucose, and the culture media were replaced with fresh
media every day to maintain the glucose concentrations. After 5 days, the
bacteria were harvested, and the total lipids were extracted. The methanol-
insoluble fraction was then obtained from 100 p.g of each total lipid prepara-
tion and analyzed by TLC. B, GMM-specific, CD1b-restricted TCR-expressing
Jurkat T cells were cocultured with either CIR/CD1b or C1R/mock in the pres-
ence of different concentrations of the total lipids derived from the 0.1%
glucose-containing (upper panel) and the 0.01% glucose-containing (lower
panel) cultures. The T cell response was assessed by measuring IL-2 released
into the media.

ably as a result of competitive substrate selection by preexisting
mycolyltransferases.

GMM Production Occurs in Mycobacteria-infected Tissues—
A previous study detected GMM comigrating lipids can be
derived from Mycobacterium leprae, raising the possibility that
GMM is produced by mycobacteria in tissues (5). However, the
chemical structures of such candidate glycosyl mycolates could
not be directly determined, and it remained unknown whether
M. tuberculosis produces GMM during infection. Therefore,
we infected CH3 mice with M. tuberculosis Erdman strain and
isolated mycobacteria directly from the lungs after ~3 weeks of
infection. Bacteria were enriched from lung preparations by
centrifugation and treatment with weak base to disperse lung
tissue. The resulting preparations contained predominantly
mycobacterial lipids when analyzed by LC-MS (data not
shown). By comparing total M. tuberculosis lipids from lung
with an M. fallax GMM standard in LC-MS experiments, we
analyzed the in vivo derived lipids that nearly copurified with
the GMM standard. Mass measurements with an Accurate
Mass QTOF capable of mass resolution of 10 ppm detected an
ionat 1317.2577 in lung-derived lipids (Fig. 64). Both the abso-
lute 7/z and the isotope ratios matched the predicted masses of
an ammonium adduct of a GMM carrying a C,4 a-mycolic acid
within expected error (Cg,, H, 6,04, C,4 GMM, expected m/z
1317.2613). Further supporting the identification of this ion as
GMM, mycolic acid derivatives are characteristically synthe-
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