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Section 1.
MEDICAL MICROBIOLOGY AND IMMUNOLOGY






IMMUNOLOGICAL ASPECTS OF
LIPOPOLYSACCHARIDE: STRUCTURE- FUNCTI()N
'RELATIONSHIPS

Introduction

DIANE M. JACOBS
State University of New York, Buffalo, New York 14214

Lipopolysaccharide (LPS).is a major compo-
nent of the outer membrane of gram-negative
bacteria. It is essential for maintaining the:inte-
gral form and function of the membrane and thus
of the intact bacterial cell. The pathophysnologl-
cal consequences of many gram-negative infec-
tions, including fever, hemodynamic changes,
disseminated intravascular coagulation, and
shack, once attributed to an integral toxic com-
pongnt of the bacterial cell wall (endotoxin}. can
hé reproduced with purified LPS (10). The ef-
fects of LPS on host immune responses are
diverse, reflecting activation oflvmphocyt?:s and
macrophages, specific and nonspecific cells in
host-defense systems (4, 9}. Our firther under-
standing of the various biological effects of LPS
Jn host cells depends on our knowledge of its
structure and the structural variations which
may exist. The basic chemical composition of
LPS, particularly the LPS from the family

“nterobacteriaceae, has been known for close
w20 years,-and we have had & structural model
for some ‘9 years (1). It is now comrionly ac-
“epted that LPS units are composed’ of three
regions: lipid A, core, and O anugen The im-
rortance of the hinid A moiety in the endotoxic
Properties of LPS. as well 45 many of-its other
Livjogicaf properties, has focused efforts on elu-
cadating its structural features and the structural
determinants of various biologieal activities. (8).
‘x’é‘cen‘tly several lines of chemical mvestigition
nave provided néw information onfi) the chem-
weal basis of the microheterogeneity of; punﬁen
hpid A (14, 22), 1) clarification of the: site of
“nkage of hpid A to the 2-keto-3-deoxyoctulo-
-onic acid compaonent of the core polysaccharide
16-18), and (1) precise lucalization and identi-
wation of hydroxylated zed nenbhydroxyiated
Sty actds (13,19, 251, In wddition, ihe isolation
{bacterial mutants defective in the synthesis of
rid A has led to the identification of monosac-

)

charide and disaccharide phospholipid precursors
of lipid A (7, 15, 20, 21). The convergence of these
new data has resulted in a revised mode! for the
structure of lipid A (16, 19, 21), the organic syn-
thesis of lipid A analogs according to the revised
model, and the confirmation that synthetic lipid A
has biological activities comparable to those of
natural lipid A (6. 23). The first paper of the group
which follows concerns some aspects of lipid A
structure. Takayama'and Qureshi describe the use
of new and powerful techniques to fractionate and
analyzé lipid A and its precursors which aid in our
understanding of both microheterogéneity and
biosynthesis of lipid A. This approach will make it
possible to delineate precise relationships be-
tween the structure of this compiex ‘molecule
and its activities. One example of such a refa-
tionship is the work presented by Ribi ep al. in
which they discuss the nontoxic monophospho-
ryl hipid A and the structural basis for toxicity, its
useful immurological characteristics as. an en-
hancer of other immunological adjuvants, and the
importance of solubility for biological activities.
The 'ngxt thrie "papers  address a different

structure:function relationship.” The structural

features of the O-antigen polysaccharides have
been of immunological interest primarily as
serologicai detcrmmants We are now begmmng
{0 dppru.,mie {hat the’ pon SdCChdrlde fegion of

LPS is also impostant in-some LPS-mediated

biological events. As Leive -discusses; the O-
antigen struciure controls complement activa-
tion via the aliernafive-pathway. As a’ conse--
quence of such interaction, gram- negalrve,bac-
teria acquire surface C3b which interacts with
C3b receptors ¢n host phagocytic cells. Varia-
tions m thc saccharide cémposition of different
Salmonelia sirains change the efficiency of both
complement activation and host resistance, thus
demonstrating a new role for the O antigen in the
interaction between pathogen and host (7a).
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Variations in O antigen exist even between
LPS monomers within bactesia of a smooth
strain of a member of the Enterobacteriaceae.
Such LPS subunits can be fractionated in the
presence of detergent into two major popula-
tions which differ from each other in the number
of repeating units making up the O antigen (2,
11, 12). These fractions appear to differ from
each other in some activities which are lipid A
dependent, suggesting that the carbohydrate
side chain can modulate such lipid A activities
with respect to lymphocytes as binding and mito-
genesis (3, 5, 24). My own paper, next, discusses
my contributions to this emerging area of inter-
est. Finally, Morrison has contributed a timely
review of the use of the C3H/HeJ mouse as a
tool for studying host responses to LPS, includ-
ing recent research from his own laboratory.
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Lipopolysaccharides (LPS) are located on the
outer surface of the outer membrane of gram-
negative bacteria (3, 13). Their structure con-
sists of three regions: the serologically active O
antigen (polysaccharide), the intermediate core
(heptose-containing), and the hydrophobic inner
region called lipid A (7). The lipid A anchors the
LPS to the membrane. The isolated LPS have a
wide range of immunological and pathophysio-
logical activities (14), but most of these biologi-
cal activities can be directly attributed to the
lipid A region.

When LPS are hydrolyzed under mild acid
conditions, several forms of free lipid A are liber-
ated. Although extensive biological studies using
such preparations were done and interesting re-
sults were obtained, past studies on the chemical
composition were not so successful as a result of
certain problems in fractionation and limitations in
instrumental analysis (2). Thus, very little was
known about the composition of free lipid A
preparations. Our recent studies using newly de-
veloped approaches for fractionation and modern
techniques of instrumental analysis now allow us
to describe the precise chemical composition of
such preparations (15-17, 19). From these studies,
we have determined the complete structure of the
lipid A moiety of the LPS obtained from the
Salmonella strains (15, 19).

SOURCES OF LIPID A AND PRECURSORS
FOR STRUCTURAL STUDIES

Several select gram-negative bacterial strains
were used in the structural studies of lipid A
(Table 1). They included Escherichia coli MN7,
which provided the monosaccharide precursor
called lipid X (21); Salmonella typhimurium 150, a
2-keto-3-deoxyoctonate-deficient mutant, which
provided the disaccharide precursor designated
as IVA (C. R. H. Raetz, K. Takayama, L.
Anderson, 1. J. Armitage, and S. M. Strain, Fed.
Proc. 43:1567, 1984); and the two deep rough
mutants of S. typhimurium G30/C21 and S.
minnesota R595, which provided the free lipid A
containing six and seven fatty acyl groups, re-
spectively (15-17, 19).

LIPIDS X AND Y

The purified lipid X was analyzed by both
positive and negative ion fast atom bombard-

rent (FAB)-mass spectrometry (21). From
these results the M, was calculated to be 712.
The dimethyl derivative of lipid X was prepared
and analyzed by proton-nuclear magnetic reso-
nance (NMR) spectroscopy. A substantial down-
field shift in the signal of the proton at the 3
position of the sugar of 5.2 ppm (from the normal
3.6 to 4.1 ppm) indicated that the hydroxy group
at this position is esterified. The structure of
lipid X shown in Fig. 1 was established. This
lipid is structurally related to lipid Y, which has
an additional palmitate residue esterified to the
oxygen of the amide-linked hydroxymyristate
(20).

PRECURSOR LIPID A

The precursor lipid A was obtained from §.
typhimurium 150 by an extraction procedure
identical to that for lipid X (21). The extractis a
complex mixture containing at least eight dif-
ferent structurally distinct components (Raetz et
al., Fed. Proc. 43:1567, 1984). It was initially
fractionated on a DEAE-cellulose column using
a linear gradient of 17 to 117 mM ammonium
acetate in chloroform-methanol-water (2:3:1, vol/
vol) to achieve separation according to the net
charge (C. R. H. Raetz, S. Purcell, M. V. Meyer,
N. Qureshi, and K. Takayama, J. Biol. Chem., in
press). Fractions I, II, III, and IV were obtained,
of which fractions I through III contained either
aminopentose or phosphorylethanolamine or
both. Fraction IV is a major component, has a net
charge of —4, and is the last fraction to be eluted
from the column. Fraction IV was desalted by
using a two-phase chioroform-methanol-water
(10:5:6, vol/vol} system and was further fraction-
ated on a silicic acid column with the solvent
system of chloroform-pyridine-methanol-88%
formic acid-water (60:60:14:3:3, vol/vol). Separa-
tion was achieved according to the number of fatty
acyl groups per molecule to yield fractions IVB
(containing five fatty acids), IVA (containing four
fatty acids), and IVC (containing three fatty acids),
which are listed in the order of elution.

These samples were methylated with diazo-
methane and purified by high-pressure liquid
chromatography as previously described (15).
The highly purified tetramethyl IVA and IVB
were analyzed by FAB-mass spectrometry and
proton-NMR spectroscopy.
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TABLE 1. Gram-negative bacterial sources of free
lipid A and its precursors used in the structural

studies
Growth S N e
Bacterium temp L'Tg:r:g?:s::nd
°C)

E. coli MN7 (pgsA . 42-44  Lipid X, lipid Y
pgsB) : :

S. typhimurium 42-44  Precursor lipid A
150 (kdsA) (fractions IVA,

1VB)

N I&p’himurium 37 Monophosphoryl and
G30/C21 deep diphosphoryl lipid
rough mutant A homologs
‘(Re) : ;

_ 8! minnesota R595 37 Heptaacyl lipid A
deep rough mu- containing palmi-
tant (Re) tate

. Positive ion FAB-mass -spectrometry,  of

tetramethyl [IVA gave an adduct ion (M+Na)" at
mlz 1,484 and an (M-PO42CH,) " ion .at m/z
1,336 (Fig 2). From these results the M, of the
tetramethyl derivative was determined to be
1,461. This suggested that the molécule contains
four. -methyl groups, twg glucosamines, two
phasphates, and four hydroxymyristates,: An
oxonium, ion representing the distal unit (16)
appeared at m/z 722, which indicated that it
contains two hydroxymyristate and one dimeth-
ylphosphate groups. It follows that the reducing
unit must also contain the same groups. Proton-
NMR spectroscopy of this compound showed
that there was a downfield shift in the signals of
the protons.at the 3.and 3’ positions of the sugar
of, 5,63 and 5.70 ppm, respectively; indicating
that,the hydroxyl groups;at these two: positions
are esterified, It also showed: that a phosphate
group 'ispresent at: the 1 position .with an «
anomeric  configuration (S. M. Strain, I, M.
Armitage, I Anderson, K Tak,;ydma N Qu[e~
shi, and C R H Raetz, ., Biol, Chem-, in
press). The complete, slrucmre of the prﬁcwso'r
lipid. A (fracnon AVA) was then; determmeq and
18, shown‘ in Fig, 1.-The precursor lipid A> thpt
wasisolated and only, partially chaydctep;eq by
Rick et al; (18) and by. Lehmann {10) is identical
to. thc above deﬁcnbed fraction IVA,

Positive, .ion, FAB-mass. spectrcxrne;r)" a,nd"

pro;on-\lMR spectroscapy. of . tetramethyl LIV.B
indicated that the structure is,identical to that, 9{
IVA, except for the addmonal Presence. .

palmxtate in . an lacyloxyacyl Lmkage ojn,lthe
amide-linked hydroxymynstate at.the 2 po§mon
(St{am et,al., In press).

| LIPID A’ FROM S’}‘?‘YFPHIMURIUM

Thc: dlphosphoryl' id; A, TLC:3,, pi)t
from S. typhimurium, ,-30‘/(;21 »\a‘ aug}ygg

positive ion FAB-mass spectrometry (16, 17, 19).
The molecular formula and M, of the major-com-
ponent were established to be C94HmN2025P»
and 1,797 (as the free acid), respectively. Similar
analysis of the monophosphoryl lipid A, ‘TLC-3,
showed that the distal unit contains two hydroxy-

. myristate, one myristate, and one laurate resi-

¢o . col, o0 ‘
Che CHa O-R7=0 a
CH-OH  CH-OH °H .
CHedg  (CHahg }
CH3 CH3y

Lipid X

c- Yl JugRg ] e gom
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_bas 3"‘»'\:‘:.;‘;. maaang 4 1o 2ine ;[s
21 Diphesphoryl Lipid A (TLC3) i
"FIG}' 121 Established structures of: the: monosaceha-
ride precursor (lipid X), the‘disAccharide [precussor
(fraction IVA), and the free or complete diphosphory!

lipid A. In the /nafive [ZPS{!thd.jpolysaccharide is
aftached to the hwd A, lhrough lhe Zketo; L}rdequm -
tonate umt at tlpe Q ppu
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dues, whereas the reducing-end unit contains
two hydroxymyristates.

The purified monophosphoryl lipid A, TLC-3
fraction, was converted to the dimethylpenta-
trimethylsilyl derivative and analyzed by proton-
NMR spectroscopy at 400 MHz (19). The results
indicated that the 3 and 3’ positions on the sugar
rings were acylated. From the combined FAB-
mass spectrometry and proton-NMR spectros-
copy as well as the chemical degradation stud-
ies, the complete structure of the free diphos--
phoryl lipid A with the highest degree of acyla-
tion (six fatty acids) was determined (Fig. 1).

As shown in Fig. 1, we have established a
structural relationship between the monosac-
charide precursor (lipid X), the disaccharide
precursor (fraction IVA), and the free or com-
plete lipid A (diphosphoryl lipid A, TLC-3).
Thus, lipid X can serve as a precursor for either
a reducing or a nonreducing unit of fraction
IVA. The addition of laurate and myristate in
acyloxyacyl linkage to the distal unit of the
precursor disaccharide yields the complete lipid
A.

HEPTAACYL MONOPHOSPHORYL LIPID A
FROM S. MINNESOTA

Prior to our investigation, studies done by
others specificaily on the LPS obtained from S.
minnesota R595 had established the following:
(i) Gmeiner et al. (5) showed that lipid A con-
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tains a glucosamine disaccharide with a (1'—6)
linkage and a phosphate group occupies the 4’
position, (ii) Batley et al. (1) showed that the
reducing-end sugar has an a configuration, and
(iii) Wollenweber et al. (22) showed that their
unfractionated lipid A preparation contains laur-
oxymyristate and palmitoxymyristate in amide
linkages. In our study (15), monophosphoryl
lipid A obtained from the LPS of the heptoseless
mutant S. minnesota R595 was fractionated on a
silicic acid column to yield the heptaacyl,
hexaacyl, and pentaacyl lipid A. Each of these
was methylated with diazomethane to yield the
dimethyl derivative and purified to homogeneity
by reverse -phase high-pressure liquid chroma-
tography.

Positive ion FAB-mass spectrometry of puri-
fied dimethyl heptaacyl monophosphoryl lipid A
allowed us to establish the molecular formula
and M, of C;;;H»; N,02:P and 1,983, respec-
tively. It also showed tHat the distal sugar unit
contained one dimethyl phosphate, two hydroxy-
myristates, one laurate, and one myristate,
while the reducing sugar unit contained two
hydroxymyristates and one palmitate. By utiliz-
ing two-dimensionai NMR spectroscopy, we
found that the 3 and 3’ positions were occupied
by ester groups. FAB-mass spectrometry of the
hexaacyl and pentaacyl lipid A showed that
these structures were identical to the previously
designated TLC-3 and TLC-S fractions, respec-
tively, from S. typhimurium (16, 17). On the
basis of these results, the structure of a diphos-
phoryl lipid A from R595 would be identical to
that of the diphosphoryl lipid A, TLC-3, shown
in Fig. 1, except for the additional presence of a
palmitate in an acyloxyacyl linkage to the
hydroxymyristate located at the 2 position.

It is interesting to note that the unique forms
of lipid A-containing palmitate residue exist at
the monosaccharide (lipid Y), disactharide (frac-
tion IVB), and complete lipid A (heptaacyl)
levels. The significance of this observation is not
clear.

CONFIRMATION OF STRUCTURE OF LIPID
A BY ORGANIC SYNTHESIS

Shiba, Kusumoto, and co-workers organically
synthesized lipid X (12). precursor lipid A IVA)
(11), and the diphosphoryl lipid A, TLC-3 (6)
(structure as shown in Fig. 1). These synthetic
lipid As and precursors were then tested exten-
sively for biological activities, and the results.
showed that they were essentially identical to
the corresponding glycophospholipids obtained
from natural sources (4, 8). This is significant,
since previous examination of a series of syn-
thetic lipid A with the ‘‘incorrect’ structures
gave biological activities that were generally
much lower than the LPS or the lipid A from
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natural sources (9). Thus, it can now be stated
that the correct stricture of the free diphospho-
ryl lipid A (containing sik fatty acids) from'S.
typhimurium, as shown ‘in Fig. 1, has been
conﬁrmed by orgamc svnthesis. '
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Biological Activities of Monophosphoryl Lipid A
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Ribi ImmunoChem Research, Inc., Hamiiton, Montana 59840

Endotoxin has for many years been a double-
edged sword, capable of such beneficial effects
as tumor regression, yet also causing a number
of unfavorable and potentially iethal side effects.
A long-standing goal has been to find some way
of attenuating the toxic nature of endotoxin
without destroying or diminishing its im-
munostimulatory properties. This goal was fi-
nally realized when it was discovered that acid
hydrolysis of endotoxin from heptoseless mu-
tant strains of gram-negative bacteria reieases a
nontoxic form of lipid A, referred to as
monophosphoryl lipid A (MPL) (8, 11). MPL is
nontoxic, but is still a potent immunostimulator;
it therefore represents the beneficial side of
endotoxin’s double-edged character (3).

The three sections ot this paper review some
of the work which has been done to characterize
and explain the biological activities of MPL in
relation to those of the parent endotoxin. The
first section focuses on the nontoxic nature of
MPL., with reference to the structural features in
endotoxin which appear to be required for tox-
icity. The next section summarizes the immuno-
togical activities of MPL. Special attention is
drawn to the ability of MPL to dramaticaily
enhance the immunostimulatory properties of
adjuvant-active compounds derived from myco-
bacterial cell walls. Finally, in the third section,
the relationship between the solubility proper-
ties and the biological activities of MPL and
related compounds is examined.

NONTOXIC NATURE OF MPL

Ironically, the realization that endotoxin can
be detoxified by acid hydrolysis came aboutas a
result of efforts to obtain a highly toxic lipid A.
By use of the procedure of Rosner et al. (9),
endotoxin isolated from a heptoseless Re mutant
strain of Salmonella typhimurium was subjected
to miid acid hydrolysis (0.02 M sodium acetate,
pH 4.5) to release lipid A from the small amount
of core present in this mutant strain endotoxin
(12). Careful fractionation of the hydrolysate by
ion-exchange chromatography resuited in the
isolation of a relatively small amount of a
nontoxic form of lipid A, which still possessed
the ability of endotoxin to cause tumor regres-
sion when combined with trehalose dimycolate
(TDM) plus a peptidic component. Subsequent
work showed that both lipid A and Re mutant

endotoxin can be essentially quantitatively con-
verted into this nontoxic form of lipid A by
treatment with 0.1 N HCl in a boiling-water bath
6).

Chemical and physical techniques have been
used to show that the nontoxic form of lipid A
which is released by acid hydrolysis of Re
mutant endotoxin is identical to toxic lipid A

-(referred to here as diphosphoryl lipid A, or

DPL), except that it lacks a phosphate group at
the C-1 position of the reducing-end gluco-
samine (Fig. 1) (4, 5, 11). This nontoxic form of
lipid A is therefore called monophosphoryl lipid
A, or MPL. It is now apparent that the toxicity
of the lipid A released by acid hydrolysis of
endotoxins from smooth and rough strains of
bacteria is determined by the relative amounts of
(toxic) DPL and (nontoxic) MPL (8; E. Ribi, I,
L. Cantrell, K. Takayama, H. O. Ribi, K. R.
Myers, and N. Qureshi in Proceedings of the
International Symposium on Biomedical Sci-.
ence, The Biology of Endotoxins, in press).
More detailed structural studies on DPL and
MPL were initially frustrated by the heteroge-
neous nature of these compounds. This hetero-
geneity is evident from the thin-layer chroma-
tography (TLC) patterns of DPL and MPL (Fig.
2). As reported by Takayama and Qureshi (this
volume), methods have been developed which
allow both DPL and MPL to be fractionated into
the individual components which are visible as
TLC bands in Fig. 2. The individual compo-
nents, referred to in terms of the order in which

~ they appear in the TLC pattern (i.e., TLC 1, 3,

5, 7, and 9), were isolated; purified, and then
structurally characterized by using a variety of
chemical and spectroscopic techniques (4, 5, 8).

These studies revealed that the components in
the TLC patterns for both DPL and MPL differ
only in terms of the number of fatty acyl groups
which are attached to the diglucosamine back-
bone (Table 1). The most polar component in the
TLC pattern, TLC 9, contains three fatty acyl
groups, while TLC 7 contains four, TLC 5
contains five, and so forth. Thus, DPL and MPL
are actually composed of a homologous series of
components, with only the number of fatty acyl
groups varying from homolog to homolog. Fur-
thermore, as shown in Table 1, there is an exact
correspondence between the homologs of DPL
and MPL (e.g., DPL. TLC 3 corresponds to MPL
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FIG. 1. Complete structure of TLC 3 homologs of

DPL and MPL. The two compounds are identical

except for the phosphate group at the C-1 position of
DPL. amu, Atomic mass units.

TLC 3, etc.). This is reflected by the fact that
each homolog in the MPL series is 80 atomic
mass units, or the mass of one phosphate group,
lighter than the corresponding homolog in the
DPL series.

The change in the toxic properties of endo-
toxin and DPL brought about by removal of the
reducing-end phosphate is striking (11): For ex-
ample, intravenous administration of doses as
low as 1 to 10 pg of endotoxin were lethal for
rabbits, while doses of up to 15,000 ug of MPL
were tolerated. Similar results have been ob-
tained with guinea pigs, dogs, and horses. MPL
is also 1,000 times less pyrogenic and 200 times
less reactive in the dermal Shwartzman test than
either DPL or the parent endotoxin when tested
in ‘rabbits (10). It is important to note that the
susceptibility of humans to endotoxin is esti-
mated to be similar to that of rabbits. In this
regard, a phase I drug trial has shown that MPL

can be safely administered clinically in doses of -

100 p.g/m? (13).

An important property of endotoxin is its
ability to dramatically enhance the immuno-
stimulatory properties of mycobacterial cell wall
components such as TDM and muramyl dipep-
tide. For example, such combinations are effec-
tive in causing tumor regression and in confer-
ring resistance to subsequent rechallenge. Un-
fortunately, the toxicity of endotoxin is also
amplified in these combinations. This is illus-
trated in the first part of Table 2, where the
effectiveness of various combinations of endo-
toxin, cell wall skeleton or muramyl dipeptide,
and TDM in causing regression of transplantable
line-10 tumors in guinea pigs is reported (8).
Animals in the group which received endotoxin

+ muramyl dipeptide + TDM became lethargic
for 24 h, and 14% of them died. In contrast to
this, animals in the test groups which recéived
MPL instead of ¢ndotoxin showed no signs of
any adverse reactions. Of key importance is the
fact that such combinations were still very ef-
fective in causing tumor regression (see the
paragraph on Antitumor activity in the next
section).

Recent work has established other structural
requirements for toxicity besides the presence of
a reducing-end phosphate group. Thus, the fol-
lowing structural features appear to be neces-
sary: a diglucosamine backbone, two phos-
phates, two amide-linked B-hydroxy fatty acids,
and at least one fatty acid which is ester linked
to a B-hydroxy fatty acid (2, 10, 11). For exam-
ple, the absence of an esterified B-hydroxy fatty
acid in an otherwise normal DPL would result in
a nontoxic molecule. This is actually observed in
the case of a precursor of lipid A, which lacks
any esterified B-hydroxy fatty acids and is
nontoxic (2, 10, 11).

IMMUNOLOGICAL PROPERTIES OF MPL

MPL in Water

- MPL can be dissolved in water containing
between 0.05 and 0.2% triethylamine to yield
solutions of vesicular aggregates (see the last

DPL MPL

CELDSO:
0.0088pg > 10 pg

TEA S8 S

origin o=

FIG. 2. TLC of toxic DPL and nontoxic MPL. A
silica gel TLC plate was developed in chloroform-
methanol-water-ammonium hydroxide (50:25:4:2) and
then visualized with phosphomolybdic acid spray.
(CELDsy, 50% lethal dose for chicken embryo.)



