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Mycobacterial lipoarabinomannan: an extraordinary lipoheteroglycan with
profound physiological effects
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Early perception of arabinomannan
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The existence of an arabinose- and mannose-containing, §ero-

Detailed structural and functional studies over the last |ogically active polysaccharide in mycobacterial cell wall was
decade have led to current recognition of the mycobacterial first recognized in the 1930s (Chargaff and Schaefer, 1%5
lipoarabinomannan (LAM) as a phosphatidylinositol an-  Menzel and Heidelberger, 1939; Seibert and Watson, 1941).
chored lipoglycan with diverse biological activities. Fatty ~Some 20 years later, Tsumitzal.(1960) and then Ohashi (1970%
acylation has been demonstrated to be essential for LAM to  among others, demonstrated that there are two classes of
maintain its functional integrity although the focus has large-  arabinomannan (AM) imM.tuberculosis namely acylated and3
ly been on the arabinan motifs and the terminal capping func-  nonacylated. Only the “macromolecular I|popolysacchéir|c§
tion. It has recently been shown that the mannose caps may type which contains palmitic and tuberculostearic acids vgas
be involved not only in attenuating host immune response, active in the hemagglutination assay. 3
but also in mediating the binding of mycobacteria to and Despite this observation, the early perception of AM was
subsequent entry into macrophages. This may further be mainly that of a neutral polysaccharide, propounded by a seTies
linked to an intracellular trafficking pathway through which — of structural studies by Azuma, Misaki, and coworkers (Azuma
LAM is thought to be presented by CD1 to subsets of T-cells. et al, 1968; Misakiet al, 1977), who also characterized the
The implication of LAM as maj.or histocompatibility colmplex related arabinogalactan (AG) of mAGP. Working on a ponsgt
(MHC)-independent T-cell epitope and the ensuing immune  charide fraction isolated by vigorous alkaline extraction, ey
response is an area of intensive studies. Another recent focus concluded that AM consists of am(1- 6)-linked b-Manp
of research is the biosynthesis of arabinan which has been packbone to which were attached short side chains 2 of
shown to be inhibitable by the anti-tuberculosis drug, o(1- 2)linked p-Manp residues and(1- 5)-linked p-Araf
ethambutol. The phenomenon of truncated LAM as syn- residues. In addition, a serologically inactive mannan whase
thesized by ethambutol resistant strains provides an invalu-  structure may resemble that of the mannan core of AM was é?lso
able handle for dissecting the array of arabinosyltransferases isolated.
involved, as well as generating much needed structural vari- In independent work, Weber and Gray (1979) isolated @d
ants for further structural and functional studies. Itis hoped  partially characterized an acidic AM froM.smegmatisvhich ¢
that with more systematic investigations based on clinical iso- was shown to comprise approximately 56 arabinosyl residues, 11
lates and human cell lines, the true significance of LAM inthe  mannosy! residues, 2 phosphates, 6 monoesterified succin@tes,
immunopathogenesis of tuberculosis and leprosy can event- and 4 ether linked lactate groups. After saponification, tbis
ually be explained. polysaccharide could be separated into phosphorylated and
. , ) nonphosphorylated forms, but there was no mention of faity
Key words:C_:Dl/ethamb_uto!/I|po_arabmomar_1nan/hpomanna_n/ acylation. The polysaccharide had the ability to preC,p,téte
mycobacteria/phosphatidylinositol mannosides/tuberculosis  gntisera from rabbits immunized with cell walldbEmegmatis &
and it was concluded that both AM and AG shared the comrﬁon
immunodominant epitope, i.e.,, chains of contiguots
0-(1-5)-linked arabinofuranosyl residues.
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Introduction

Mycobacteria have evolved many specific adaptations that enal EﬁM the current structural model

them to infect and survive within specific host cells. Suc

host—pathogen interactions are mediated by specialized mofeur present day understanding of the cell wall associated AM and
cules, in particular, those associated with the unique cathannan as true lipoglycans, termed LAM and lipomannan (LM),
envelope. The essence of the mycobacterial cell wall is thespectively, stems from the seminal work by Hunter, Chatterjee,
mycolyl arabinogalactan—peptidoglycan complex (MAGP) an&8rennan, and coworkers (Huntet al, 1986; Hunter and

the associated lipoarabinomannan (LAM) (Brennan and Nikaid&rennan, 1990; Chatterjet al, 1992a). Critically important in
1995; Figurel). mAGP constitutes the underlying core of thethese works was the development and successful application of
wall proper, whereas LAM has been shown to exert profoundrganic solvent extraction procedures followed by phenol-water
physiological effects. We review here our current understandirtgjphasic wash, to yield LAM/LM in their native acylated states
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Fig. 1. A chemical model of the mycobacterial cell walhe

LM can be resolved on such hydrophobic interaction columns.
With an increasing propanol gradient, their elution profile was

apparently dominated by the large size difference of the glycan
moieties and then, secondly, by the number of fatty acids.

Phosphatidylinositol mannoside anchor

To date, our cumulative structural data are consistent with the
mannan core in both LAM and LM being based oroan. 6
linked backbone, substituted to varying degrees at position 2 with
singlea-Man residues, and directly attached to position 6 of the
myainositol of a phosphatidylinositol (PI) anchor (see Fidlire
for schematic model).

In cases where the Pl anchor portion of LM and LAM has been
examined in detail (Chatterjegal, 1992a; Venisset al, 1995),
it was found to be indistinguishable from the dimannosylated
phosphatidylinositides (PIB), the structures of which were
established over 30 years ago (Lee and Ballou, 1964). The
predominant fatty acyl chains are palmitate (C16:0) and 10-me-
thyloctadecanoate (tuberculostearate, C19), with smatier
amounts of C14:0; C17:0; methyl-C17:0; and C18:0. Just as Phl
and other higher phosphatidylinositol mannosides (PIMs)
known to carry up to four fatty acyl chains, with additiongl

three-dimensional and spatial arrangement of the key molecules are largely acylation on the mannoses (Pangborn and McKinney, 1966;

unknown. It is thought that most mycobacterial cell walls conform to this
model with mAGP and LAM as the two principal constituents. The surface
glycolipids include a variety of species- and strain-specific
glycopeptidolipids, lipo-oligosaccharides, and phenolic glycolipid, the

chemical identity and amount of which varies from one species to another.

Brennan and Ballou, 1967; Khab al, 1995a), a portion of the3
Pl mannan core of LAM and LM fronM.tuberculosisand ==
M.leprae was likewise implicated to carry additional fattﬁ
acylation on their Pl moiety (Khooet al, 1995a). This is &
consistent with the findings of Leopold and Fischer (1993),

resolved LAM and LM fronM.tuberculosisnto species carryin93

devoid of most of the proteins and neutral polysaccharidesvo to four fatty acyl chains on their hydrophobic mteractl(gn
Currently in the author’s laboratory, the extracted LAM and LMcolumns.

are routinely separated as individual entities using size exclusion On the other hand, Venisseal.(1995) recently reported th@
column chromatography with a matrix of Sephacryl S-200 in thpresence of a portion of mannan core without Pl anchors ex@ng
presence of a buffer containing deoxycholic acid, 0.5 M EDTAalongside those which do terminate with Blkhoiety, in a §

1 M NaClin 10 mM Tris at pH 8.0 (Chatterjetal, 1992a). This

deacylated LAM preparation frorivl.bovis BCG, after acid <

allows most of the structural analysis, as well as biologicateatment (0.1N HCI, 10@, 15 min). More intriguing is the—*
studies, to be carried out on relatively pure LAM and LMidentification by the same group of a phosphoinositols- glyceraa—

preparation from various strains of mycobacteria.

rabinomannan (abbreviated to PI-GAM by the authors) fr@m

Additionally, LAM/LM have been shown to bind to the M.smegmatisvhich apparently carries a nonacylated phosphﬁl-
hydrophobic matrix of octyl Sepharose through their fatty acyhositol-glycerol at the reducing end. The absence of C16 and €19
chains at low concentrations of propanol (5—-15%, v/v) and sdftty acids in their PI-GAM preparation was in support of t
(=0.05 M) (Leopold and Fischer, 1993). This property has beeronclusion drawn from detailed NMR analysis but was contréBry
exploited to further separate LAM/LM from nonacylated formsto most other studies on LAM froid.smegmatisvhere fatty £

or contaminating polysaccharides (Kheal, 1996). Alterna-

tively, Leopold and Fischer (1993) demonstrated that LAM antished observation).
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Fig. 2. Schematic visualization of the structural relationship of LAM, LM, andPIM
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From these studies, it is almost certain that there aremanatl-2Manat— f-D-Araf —>2-0-D-Araf —>3.
heterogeneity and species/strain variations in the position aqfﬂnana1—>2Manu1»
degree of fatty acylation on LAM. However, by virtue of their
extraction and purification procedures, as well as electrophoretic
mobility on SDS—PAGE, LAM and LM are without doubt true tManat—2Manai— -D-Araf —>2-a-D-Araf —>5-o-D-Araf —>5-a-D-Araf
lipoglycans, and a majority, if not all, do carry a Blhchor.

Loss .Of fatty acylation or the Pl ?.ﬂC_hOF probably represen[:.g_ 3. The nonreducing termini of the arabinan in LAM. The branchegd Ara
experimental artefacts, or degradation in the normal or induceghg Ara motifs are shown here with the most abundant cap, namely, Man

turnover and secretion of AM into the culture medium (Lemassuvhich therefore yields Magrag and ManAra, as the most abundant
and Daffé, 1994), components in the endoarabinase digestion products of ManLAM.

oa-D-Araf —»5-o-D-Araf
p-D-Araf —>2-a-D-Araf — 5

From PIM, to mannan core Mycobacterium(Chatterjeeet al, 1991), revealed two distinct
types of nonreducing termini, which would give rise to the linear

The biosynthesis of PIMs M.tuberculosisvas pursued as early Aras and branched Agamotifs (Khoo et al, 1995b) when

as 1967 (Brennan and Ballou, 1967). The fundamental pathW@jgesied with a novel endoarabinanase obtained from a soil
that emerged from this early work wé: — PIM 1~ PIM2~  cejjylomonasspecies by selective culturing on mycobacterial
PIM3 ~ PIM4— PIMs — PIMg, with GDP-mannose as the rapinagalactan (McNedt al, 1994) (Figures).

mannosyl group donor (the subscript on M denotes the number of e restingly, the same two terminal arabinan motifs were
mannose residues). It was believed thatd:iﬂ\.fhot on the direct subsequently found to be extensively 710%) capped with <
pathway to the formation of LAM but is an end product. On theggjqes ofi-Manp in LAM from the virulent Erdman strain of>
other hand, Pl (or possibly PIM and PIM) could be extended v ¢ perculosis a product which was then termed ManLA

to a linear1-6 mannan with a chain length of approximately 1§ chatterjeeet al, 1992b). The mannose-caps consist exclusively
residues, by sequential transfer wimannose residues from ¢ \ono- di- and trimers ofo-p-mannoses (Mart 3

GDP-mannose to PI via particulate microsomal enzymes (Besirf,. lanol _)directly linked to C-5 of the terminB!o-Araf 3
et al, 1997). However, heptaprenyl-P-Mangé®-Man) and the o.1.2-) y Rio =

decaprenyl-P-Man (6P-Man) have since been discovere dUpon digestion with endoarabinanase, ManLAM yieldgd
b ) > d ManA th t abundant products, al
(Yokoyama and Ballou, 1989), and these are now believed to aruAras and ManArgy as the most abundant products, along

- S L h Arap deriving from, presumably, the inner chains which link
also the mannosyl donors in the initial polymerization of thg,a termini together and attach them to the Pl-mannan Gore
=

mannan core of LAM (Besra and Brennan, unpublished Obser"&‘,hatterjeeat al, 1993). _
tions). o The initial speculation that mannose-capping is restrictect to

Within this context, little is known about the status of LM, ;- ient strains ofM.tuberculosiswas not supported by mores
whether it represents another end product from a COMMQQcent stryctural studies. It has since been shown that LAMs ffom
biosynthetic pathway, or whether it is an intermediate and &, w tuberculosis strains examined (Erdman, H37Rv an%i
substrate for arabinosylation. Nor is it known whether addition 37Ré) as well as the attenuatddovisBCG vachine strain, &
a single mannose stub along the linear6 mannan backbone 5. mannose-capped with the extent of capping varying between
bears any significance to the regulation of biosynthesis froy,_7qo (Prinzigt al, 1993; Venisset al, 1993: Khooet al, o

9 1 " H L] 0]

PIMSth L:\A and dLAM' Thﬁ mannan clores from L('jA‘MbOf both 1 995p). A considerably smaller proportion of the nonreducing
M.tuberculosisErdman (Chatterjeet al, 1993) andM.bovis o mini of LAM fromM.lepraewere also found to terminate with

BCG (Venisseet al, 1095) were inferred to be highly branched,;nnoses, whereas those from the fast groMisgegmatiare &
and estimated to be around 20 mannose residues in total, n%} (Khooet al, 1995b: Gilleroret al, 1997) @
£l 3 7 . o

considerable heterogeneity with respect to the exact length and,, addition, a novel inositol phosphate capping motif was

degree of branching. The LM of Erdman appeared to be muglified on a minor portion of the otherwise uncapped arabiian
longer than that of the corresponding LAM mannan Core, g8 minj of AraLAM, which may partly account for its characteris-

estimated from one MALDI-MS analysis (Khoo and Chatterjegy; pio|ogical properties associated with macrophage activafjon
unpublished observations). In contrast, both LAM mannan COfRhoo et al, 1995b). Based on one-dimensiordP and o

and LM fromM.smegmatisvere shown to be averaging about 26, ,_gimensional {H-31P) heteronuclear studies (Gillerenal.,
residues (Khoetal, 1996) and only about half of thé-mannan 1997y " these phosphoinositide motifs were further showr,.to
backbone residues are further substituted at position 2. Des upy the termindd-d Araf motifs of the AraLAMSs. About four &
detailed NMR and chemical analysis, the exact position and tQgqp, phosphoinositide motifs were found to be present Csper
number of the _attachmgn_t site(s) for the arabinan chains h. lecule of AraLAM of which three were found to be milg}
never been defined. This is further compounded by the putatiygajine jabile. These recent studies resolved the earlier reports on
presence of additional phosphorylation on the mannan Cojig, presence of alkaline stable and labile inositol phosphate on
(Venisseet al, 1995; Khoo and Chatterjee, unpublished observas g am from fast growing species (Hunter and Brennan, 1990)
tions). but still left the succinyl and lactyl substituents (Weber and Gray,
1979; Huntelet al, 1986) unaccounted for.

€8

Arabinan motifs and capping functions

While the Pl mannan core may be entirely embedded within tklféAM as a heterogeneous lipoglycan

cell wall, the arabinan of LAM has been demonstrated to béis now well appreciated that LAM from any single source is

exposed on the surface and directly implicated in the immunbeterogeneous in size, branching pattern, acylation, and phos-
pathogenesis of leprosy and tuberculosis (Breehah 1990).  phorylation, on both the arabinan and mannan portions. Thus, any
The seminal work, on what has been called arabinofuranoswytructural feature that can be physicochemically defined is a
terminated LAM (AraLAM) from a rapidly growing strain of weighted average of the composite molecular species. The
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extreme heterogeneity is evident from the broad diffuse band Based onthe known structure of arabinan, it may be speculated
observed on SDS—PAGE analysis of LAM and LM (Huetetl,  that the polymerization of arabinan is essentiallyodn+5
1986), as well as from several recent MALDI-MS studies whiclelongation of the arabinan chains punctuated®ypranching.
afforded an indication of the mean distribution of true moleculafhe linear terminal Aamotif is a consequence of nonbranched
weight. It was shown that native LAM froM.bovisBCG and  termination withB2-Ara, whereas the terminal Arenotif is the
M.tuberculosisgave a broad peak centered at 17.3 kDa, anranched counterpart. Thus, Emb may be inhibiting all or most of
16.7 kDa after deacylation, with a reported size distribution ahe arabinosyltransferases involved in the biosynthesis of arabi-
4 kDa heterogeneity (Venisset al, 1993). Likewise, the nan, a phenomenon not unexpected, given that all individual
molecular weight of LAM fronM.smegmatigvas estimated to be arabinosyltransferases are likely to recognize and utilize the same
around 15 kDa from the MALDI mass spectrum of thedonor such as DPA, and hence containing structurally homolo-
permethylated samples (Khab al, 1996). Depending on the gous active sites. The differential effect of Emb in eliciting
species/strains, the total arabinose averages around 70 - s§@thesis of truncated LAMs but normal AG in the resistant
residues, with different degrees of branching and relativetrains is a consequence of the differential requirement of these
amounts of the Arpand Arg terminal motifs. In fact, the latter two arabinan-containing components in growth. Selection for
feature, as estimated from high pH anion exchange chromatoggaewth in culture in the presence of Emb entails that the mutant
phy (HPAEC) analysis of the endoarabinanase digestion prodr recombinant must now be able to make functional AG,
ucts, becomes an important criterion in distinguishing th&hereas a defective LAM is tolerable, at leasirfatitro growth.
arabinan of LAM and AG (Khoet al, 1996). These would translate into a more stringent requirement for the
a3-branching arabinosyltransferase (or the composite biosyn-
thesis machinery specifically required for makingghra target S
needs neutralization by overexpression or mutation in ordeg to
grow. In the presence of Emb, the competition between branc@ng

Despite apparent structural similarity, the biosyntheses of tI%]d etlong.ancl)n ngld thel? be _dlstthortetrj] in favor of th? tbranclg:jg
arabinans of AG and LAM are differentially inhibited by the ,&al\?l erminal motl, resuiting in the pnenomenon o runcaz
anti-tuberculosis drug ethambutol (Emb). It has been demo#‘r— :
strated that the incorporation df€]glucose into the cell wall ) ) ,
arabinan of M.smegmatiswas immediately inhibited upon Oriéntation of LAM in cell envelope
addition of Emb to young cultures but that into LAM was nofThe observation that a full size mature LAM is not a requisite §)r
apparent until after 1 h of exposure (Takayama and Kilburn, 19881ycobacterial growth in culture does not discount the biologizal
Denget al, 1995; Mikusovéet al, 1995). Furthermore, when significance in its partial inhibition. It may be argued that in orcgar
grown in the presence of Emb, an Emb-resistant mutant deriviaf LAM to effectively induce and/or suppress the proper immugne
from M.smegmati®y consecutive passage in media containingesponse in the host (see following sections), a fully functiogal
increasing concentrations of Emb, apparently made “ndcatkl  LAM is required and that most of its function will be criticé&}
wall AG but while the LAM was truncated (Mikusoed al,  depending on the integrity of its terminal arabinan motifs, fgs
1995). Truncation in the structureas subsequently demon- exposure on the surface and perhaps active secretion. To date, it
strated as primarily a consequence of selective and partialstill unclear how LAM is associated with the ceIIwaII.ByvirtL?
inhibition of the synthesis of the linear Atarminal motif, which  of its extraction methods, LAM appears to be firmly, but net
constitutes a substantial portion of the arabinan termini in LAMovalently, attached to the walls. Furthermore, monocloal
but not in AG (Besrat al, 1995; Khocet al, 1996). antibodies to LAM recognize whole mycobacterial cells ih
Similar truncation of LAM was observed whiglhsmegmatis ELISA experiments, suggesting that at least part of the moleéule
was transfected with plasmids containing ¢habregion from  is situated on the exterior of the cell, accessible to the environrﬁent
M.aviumwhich encodes for Emb resistance. Sequence analy¢{Saylordet al.,1987). 2
indicated that there are three genes in this regimtR, embA, Two possible situations have been hypothesized: (1) LANLis
andembB and that the translationally coupleshbAandembB  anchored in the plasma membrane by its “lipid anthamd fn%
genes are necessary and sufficient to confer an Emb-resistamtrudes through the thickness of the wall so that its termmal
phenotype when expressedirsmegmatisn a multicopy vector arabinose or mannose-capped arabinose units are accessife tc
(Belangeret al, 1996). Thus, Emb resistant strains were derivethe outside (McNeil and Brennan, 1991); (2) LAM is incorpg-
by electroporation with the plasmids pAEB 148 (containingated by its Pl-anchor into the outer leaflet of a proposed
embR embA andembB and pAEB 109 (containing onBmbA  outer-membrane analogue in mycobacteria, and along with cther
andembB. A cell-free system developed by Letaal.(1995) was  polar wall-associated lipids makes up this membrane (Rastggi,
previously shown to be effective in using the lipid carrier1991). Both these hypotheses are consistent with extethal
decaprenylphosphoarabinose (DPA), as a donor of arabinosepiresentation of terminal arabinose or mannose caps. The
the polymerization of arabinan. The incorporation of radiolabelecklatively strong conditions needed to release LAM from
Arainto a polymer of arabinan was inhibited to a maximum levahycobacteria seem to favor the first hypothesis, but there is no
of 70% when increasing amounts of Emb were added to ttsrong evidence to support either hypothesis. A third possibility
reaction mixture containing membrane fractiondafmegmatis is that LAM has no permanent situation in the envelope, but is
A comparative study showed that similar extracts from the Eméssentially a secreted molecule which passes through the
resistant recombinant strains carrying pAEB148 and pAEB108nvelope, so that the envelope-associated population merely
were only inhibited to about 30—35% and 55-60%, respectivelgpresents those molecules in transit between a probable site of
(Belangeret al, 1996). These results indicated teatbAand  synthesis in the plasma membrane and the exterior of the
embB gene are associated with high level of Emb-resistamhycobacterial cell. Lemassu and Daffé (1994) further
arabinosyltransferase activity and ttehbRis required for demonstrated the existence of non-PI containing arabinomannan
maximum resistance. in the so-called capsular polysaccharide associated with

Ethambutol resistance and truncated LAMs

eoe//:sdy
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M.tuberculosiswhich consists of mannose-capped arabinato attract both acute and chronic inflammatory infiltrates
motifs essentially identical to ManLAM. This raised the possibil-associated with necrotizing granulomas in lung tissue and thus
ity that recognition by antibody of the whole cell was directegbarticipates in the process of containment of the pathogen. In
against these extracellular arabinomannans which may also &ddition, ManLAM from the virulent strains M. tuberculosis
partly responsible for the many biological activities attributed t§erdman and H37Rv), but not AraLAM, could stimulate
LAM. phagocytosis by interacting with the human macrophage mannose
receptor (Schlesinger, 1993; Schlesingéral, 1994, 1996).
Thus, mannose-caps on ManLAMMftuberculosisstrains may
Biological functions of LAM mediate efficient binding and entry, and regulate the initial events

LAM exhibits a wide spectrum of immunomodulatory functions,Of phagocytosis as well as survival within the host macrophages.

but the biological implication of the vitro immunological data N .

is not always clear. Using AraLAM, ManLAM, arM.leprae  Migration and t-cell recognition of LAM

LAM, the early data obtained include LAM-induced abrogatiorDespite many of the well documented activities of LAMs on cells
of T-cell activation (Kaplaret al, 1987); inhibition of various of lymphomonocytic origin, mechanisms by which LAMs
IFN-y-induced functions including macrophage microbicidal andnediate these effects are poorly understood. Although most of the
tumoricidal activity (Sibleyet al, 1988), scavenging of poten- immunobiological activities are thought to be directly elicited by
tially cytotoxic oxygen free radicals (Chaet al, 1991); the terminal carbohydrate head group, such as the mannose
inhibition of protein kinase C activity (Chaet al, 1991); and capping on ManLAM or phosphoinositol capping on the
evocation of a large array of cytokines associated with macréwalLAM, it has been shown that the lipid moiety is nonetheléss
phages such asTNF (Morenoet al, 1988, 1989; Barnest al,  essential to maintain its functional integrity (Baretal, 1992a). =

1992a; Chatterjeet al, 1992c; Adamst al, 1993), granulocyte- In a recent elegant report (Llangumagdral, 1995), it was :%’
macrophage-CSF, IL-1a, IL-1b, IL-6, and IL-10 (Bare¢sl, demonstrated that LAM could integrate directly into the host cell
1992b). membrane through its Pl anchor, an event that couldShe

In these studies, AraLAM was consistently shown to be muatompetitively inhibited by Pl In the same study, it was alse-
more potent in evoking-TNF and other responses, relative toshown that LAMs were preferentially incorporated into plasma
ManLAM. Similarly, although both LAMs elicited immediate membrane domains enriched in endogenous GPI-linked protgins
early response genes (including c-fos, JE, KC) in murine borad interfere with the lateral mobility of the GPI-linked Thyél
marrow—derived macrophages (Roathal, 1993), only Ara- surface glycoproteins in the plane of the membrane. The acyl
LAM induced botho-TNF and a potentially lethal TNF-depend- chains on LAM were found to be critical for LAMs to interact
ent NO response (Roaehal, 1995). Recently, AraLAM and not with the target cell membrane. Thus, LAM was claimed to %e
ManLAM was found to induce interleukin 12 (IL-12) expressiorinserted directly into the plasma membrane bilayer of target Gglls
in murine macrophages which may thus drive naive T-celthrough the acyl chains of its Pl anchors without apparént
toward T-helper type 1 (Th1) cell development (Yoshida anthvolvement of the surface receptors. This interaction is qi%te
Koide, 1997). The earlier hypothesis linking the mannosedistinct from the interaction of the ManLAM with macropha@
capping function of LAM to attenuation in immunopotency andnannose receptor involved in the phagocytosis of LAM-coaied
thus serving as virulence factor, was somewhat weakened by th&rospheres (Schlesingest al, 1994). Not only can theo
subsequent realization that LAMs fravhtuberculosisirrespec-  mannose receptor mediate the initial uptake and mternallzaiaon
tive of virulence status, are all mannose-capped (Kdtoal,  but it may also deliver LAM to late endosomes for eventdal
1995b). Furthermore, the activity of AraLAM may be entirelypresentation to T-cells by CD1b molecules (Prigetzsi, 1997).
due to its inositol phosphate capping, a feature not found on T-cell recognition of LAM and other mycobacterial hydrds
LAMs from pathogenid/.tuberculosi®r M.leprae(Khooetal,  phobic nonpeptide antigens have been the major findings Iea@ing
1995b; Gilleroret al, 1997). to the currently accepted phenomenon of major histocompatébil-

Nevertheless, in a recent study using human fetal microglidly complex (MHC)-independent pathways for antigen presefia-
cells, both ManLAM and AraLAM were shown to have TNF- tion (Melianet al, 1996; Jullieret al, 1997). In studies directlys
stimulating properties, suggesting that the source of macrophagetated to LAM (Sielinget al, 1995), twoa+, CD4-, CD8- =
may be an important determinant of the response to differe(double negative, DN) T-cell lines derived, respectively, frorri)a
LAMs (Petersonet al, 1995). Thus, only studies involving leprosy skin lesion and the peripheral blood of normal dongrs
ManLAM on human cell lines may be considered to bear realere found to be responsive to LAM/LM/PIMs in the preserge
semblance to infectiom vivo and pathogenesis. The granulo-of CD1b-expressing antigen presenting cells. Presentatiors of
matous immune response in tuberculosis is characterized these lipoglycan antigens required internalization and endosagnal
delayed hypersensitivity and is mediated by various cytokineidification, but was independent of both class | and clas® Il
released by the stimulated mononuclear phagocytes, includiMHC molecules. Significantly, the presence of an acylated PI unit
TNF-a and IL-1b. ManLAM, free of LPS contamination, hasand the mannan core wiiti—2 Marp residues was required and
been shown to stimulate mononuclear phagocytes to reledkat only LAM, but not enterobacterial lipopolysaccharides from
TNF-a, IL-1b, and IL-6 (Zhangt al., 1993, 1994). It was thought E.coli, lipophosphoglycans fromeishmania donovanor lipo-
that IL-6 may play a role in clinical manifestations andteichoic acids fronStreptococcus pyogen@gs reactive against
pathological events of tuberculosis infection as it was identifiethe derived DN T-cells. Furthermore, the T-cells derived from
in the granulomas in animal models of BCG infection. In deprosy skin lesion only responded to LAM frokhleprae
subsequent study, it was demonstrated that there is a strikinereas those from normal donors recognized LAMs from both
upregulation by ManLAM of IL-8 mMRNA expression in alveolar M.tuberculosis Erdman andM.leprae This suggests that
macrophages from patients with pulmonary TB (Zhahgl,  although the lipid units are required, probably for binding to the
1995). IL-8 synthesis and release is an early response lofdrophobica; and a, domains of CD1 which correspond
macrophages after phagocytosidvbfuberculosisvhich serves spatially to the peptide-binding groove in MHC molecules
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(Porcelli, 1995), fine specificity in binding may reside in theon delineating the roles of LAM in immunopathogenesis needs to
glycan epitopes. More recently, three other DN T-cell lines frorbe focused oim vivostudies involving human cell lines whenever
normal donors were found to recognize protease resistgmbssible. On the other hand, we now consciously direct our next
mycobacterial lipoglycan antigens in the context of CDlghase of structural studies on LAMs obtained from clinical
(Beckmanet al, 1996). Interestingly, one T-cell line was alsoisolates with a variety of virulence and drug resistant profiles. It
found to respond specifically tol.leprae LAM and not the is hoped that we can eventually delineate the structural motifs
structurally similaiM.tuberculosid. AM. which contribute as virulence factors and/or protective epitopes
The implication of CD1-restricted T-cell recognition of and thereby derive effective drugs and vaccines against tubercu-
LAM/LM is unclear at present. T-cells activated by LAM secretdosis.
proinflammatory cytokines and are cytolytic (Sielieg al,
1995). The presence ®f.leprae LAM-specific DN T-cells in
localized leprosy skin lesions indicates a role for this noveficknowledgments
antigen presentation pathway in host defense. It has be®he research reviewed in this article was possible only through
suggested that broad recognition of nonpolymorphic antigete dedication, enthusiasm, and creativity of scores of coworkers,
presenting molecules may be important in the acquisition of cellhose names are acknowledged on the publications cited from
mediated immunity to persistent intracellular pathogens thakis laboratory. External funding was provided by NIH, NIAID
synthesize a diverse range of unusual lipoglycans, includingl-37139 to D.C.
LAM. A model of LAM and CD1b trafficking through the
endosomal compartments of antigen presenting cells was recentl .
proposed. The colocalization of the mannose receptor, LAM, arffpbreviations

CD1b in the MHC class Il antigen IOading Compartment (M”C)AG' arabinoga|actan; AM, arabinomannan; AraLAM, noé_
prompted the suggestion that the mannose receptor delivers LANhnnose capped LAM; DN T-cellpB+, CD4-, CD8- double &
for loading onto CD1b in MIIC, followed by the trafficking of negative T-cells; Emb, ethambutol; ManLAM, mannose-cappgd
LAM-CD1b complex to cell surface (Prigory al, 1997). This | AM: LAM, liporabinomannan; LM, lipomannan; P, phosphati
pathway therefore links recognition of microbial antigens by @yilinositol; PIM,, phosphatidylinositol mannosides with sul:
receptor of the innate immune system to the induction of adaptiv@ript “x” denotes the number of mannose residues.
T-cell responses, and is relevant to LAM shed by infecting

mycobacteria in lung cavities. Alternatively, LAM may be

released into mycobacteria laden phagosomes and reaches th

endocytic pathway by intracellular trafficking through other~€'€rences o
lysosomal-like vesicles (Xat al, 1994). Adams,L.B., Fukutomi,Y. and Krahenbuhl,J.L. (1993) Regulation of murige

e : e s macrophage effector functions by lipoarabinomannan from mycobactegial
In addition to direct recognition, LAM may also specifically strains with different degrees of virulentefect. Immun.g1,4173-4181. 3

induce human peripheral blood T-cell chemotaxis. It was Show{}yma,1., Kimura,H., Ninaka,T., Aoki,!. and Yamamura,Y. (1968) Chemical
that the culture supernatants from human alveolar macrophagesmmunological studies on mycobacterial polysaccharides. I. Purification @nd
infectedin vitro with virulentM.tuberculosisould induce T-cell properties of polysaccharides from human tubercle batiBacteriol.,95,
migration (Bermaret al.,1996). Much of the migratory activity __263-271. :

. . mes,P.F., Chatterjee,D., Brennan,P.J., Rea,T.H. and Modlin,R.L.(19
presentin the supernatants could be blocked using a monocmﬁ% umor necrosis factor production in patients with lepripgct. Immun.60,

antibody against LAM, suggesting that LAM is one of the 1441-1446.
chemotactic factors released. Furthermore, both AraLAM arghmes PF., Chatteriee,D., Abrams,J.S., Lu,S., Wang,E., Yamamura,M., Bren-
M.tuberculosisManLAM, but not LAM from Mycobacterium nan,P.J. and Modlin,R.L. (1992b) Cytokine production inducedysobac-

bovis BCG, could induce T-cell chemotakisvitro. Thus, as in terium tuberculosifipoarabinomannan: relationship to chemical structure.&
! ) ! Immunol.,149,541-547.

the case of CD1-restricted T-cell recognition, fine structuraieckman,e.M., Melian,A., Behar,S.M., Sieling,P.A., Chatterjee,D., Furlong,SiT.,
differences among LAMs from different sources can be discrimi- Matsumoto,R., Rosat,J.P., Modlin,R.L. and Porcelli,S.A. (1996) CDHc

nating and important when considering their biological functions restricts responses of mycobacteria-specific T cells—evidence for anfigen
and potency in eIiciting host immune responses. The seemingly presentation by a second member of the human CD1 famitymunol.157, 2

2795-2803.
hEterOQ,eneous r!ature m,ay perhaps conceal a V\{Gll eVO|V§ nger,A.E., Besra,G.S., Ford,M.E., MikusovaK., Belisle,J.T., Brennan,%.‘].
adaptation enabling the intracellular pathogen to fine tune a and Inamine,J.M. (1996) TreenbABgenes oMycobacterium aviurencode -
perfect balance against the host defense system for its survivalan arabinosyl transferase involved in cell wall arabinan biosynthesis that igthe
and propagation. target for the antimycobacterial drug ethambuRabc. Natl. Acad. Sci. USA, €
93,11919-11924. o
Berman,J.S., Blumenthal,R.L., Kornfield,H., Cook,J.A., Cruikshank,W.W., Vé2-
meulen,M.W.,, Chatterjee,D., Belisle,J.T. and Fenton,M.J. (1996) Chemotdgtic
. activity of mycobacterial lipoarabinomannans for human blood T lympho-
Concluding remarks cytesin vitro, J. Immunol. 156, 3828—3835.
. . . . Besra,G.S., Khoo,K.-H., McNeil,M.R., Dell,A., Morris,H.R. and Brennan,P.J.
We end this review with some thoughts concerning the structure- (1995) A new interpretation of the structure of the mycolyl-arabinogalactan
to-function frontier. We have introduced a historical perspective complex ofMycobacterium tuberculosas revealed through characterization

on how our laboratory, starting with fascinating problems in the ©f oligodlycosytalditol fragments by fast-atom bombardment mass spectro-
field of structural definition, has gradually become involved in sy 20d H nuclear magnetic resonance spectroscBmehemistry34,

the issues of biosynthesis, immunology, and pathogenesis. Onggira,c.s., Morehouse,C.B., Rittner,C.M., Waechter,C.J. and Brennan,P.J.
the vital contributions which we bring to such progress is a (1997) Early steps in the biosynthesis of LANL Biol. Chem. 272,
sensitivity for precisely defined structures. Much has been 18460-18466.

: : : rennan,P.J. and Ballou,C.E. (1967) The biosynthesis of mannophosphoinosi-
learned about the chemistry and biology of LAM in the past fed tides byMycobacterium phieR42, 3046-3056.

years, ?md yet mU_Ch more remains to be d?fin_ed’ as is obViQygnnan,p.J. and Nikaido,H. (1995) The envelope of mycobacenial. Rev.
from this review. It is felt that for a true appreciation, future work  Biochem.p4,29-63.
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