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INTRODUCTION

The use of adjuvants to aid in the vaccination of human
beings stabilized approximately a half century ago with the
incorporation of bacterial vaccines into aluminum hydroxide
gels. Their efficacy along with minimal side effects dampened
any impetus to substitute other adjuvant compounds. Never-
theless, substances that amplified humoral and cell-mediated
immunity continued to be developed and characterized in
animals, and these contributed greatly to the magnification and
subsequent understanding of heretofore complex, subliminal,
immunological events.

Recently, knowledge of the epitopes defining antigenicity in
microorganisms has attained a degree of sophistication that
should permit use in vaccines of well-defined synthetic struc-
tures devoid of potentially harmful contaminants. Such low-
molecular-weight epitopes, however, are poor antigens gener-
ally, and this fact has stimulated the search for equally
well-defined synthetic adjuvants necessary for amplification of
the weak antigenicity of these epitopes. The current surge in
our knowledge of adjuvants in the United States was stimu-
lated in large part by an Office of Naval Research program that
supported and brought together investigators concerned with
developing new approaches to vaccine formulations, the results
of which were published in 1987 (97). Accordingly, this review
will discuss selected adjuvant models that recently have shown
reasonable promise for optimizing the immune response of
human beings to microbial vaccines. In addition, prophylactic
treatment of animals with a number of immunomodulators,
independent of antigen, has been shown to result in a remark-
able increase in ability to ward off subsequent challenge with
multiple 50% lethal doses (LD50) of a wide range of bacteria,
viruses (97), and some parasites (see below). This phenome-
non also will be explored.

* Phone: (218) 726-7561. Fax: (218) 726-6235.

LPS

General Characteristics
The early finding that the immune response to vaccines

containing diphtheria and tetanus toxoids was elevated when
Haemophilis pertussis or other gram-negative organisms were
included (38) inspired studies to isolate the responsible factor
(86, 147). They revealed the lipopolysaccharide (LPS)-protein
complexes (endotoxins) extracted from the outer membrane of
gram-negative bacteria to be remarkably potent adjuvants.
Initial studies showed that the nitrogen content could be
reduced to as low as 0.6% without loss of adjuvant action,
indicating that the protein moiety was not essential for adju-
vanticity (61). However, in later studies, the endotoxin-associ-
ated protein has been found to possess inherent adjuvant
action (128). Both humoral and cell-mediated immunity (58,
104) could be elevated markedly by LPS. However, the pro-
found toxicity of these endotoxins precluded their use in
human vaccines (85). Within the last decade, rapid progress
has been made in our knowledge of these extraordinary
compounds. It has resulted in identification of lipid A as the
active component (37), as well as in structural elucidation (123,
133) and synthesis of this adjuvant-active structure (52, 53),
along with multiple analogs (46, 65, 75). This has led to an
understanding of structure-function relationships such that a
separation of toxic from beneficial properties has now been
accomplished.

Multiple reviews covering earlier studies of the adjuvant
action of LPS exist (54, 57, 58, 104, 146). In brief, heightened
interest in understanding the molecular structure of this fasci-
nating molecular complex with many diverse properties was
initiated following the isolation and characterization of LPS by
the hot phenol-water extraction method of Westphal and
Luederitz (148). In particular, the isolation of endotoxins from
polysaccharide-deficient mutant organisms resulted in knowl-
edge that the adjuvant action, as well as many of the other
endotoxic properties, lay in the structurally highly conserved
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Lipid A from Escherichia coli Lipid A from Salmonella minnesota

(A) (B)
FIG. 1. Chemical structure of synthetic lipid A from E. coli (A) and S. minnesota (B). In native LPS the polysaccharide chains occur via KDO

linked to the hydroxyl group at C-6' of the nonreducing glucosamine unit. The numbers in circles indicate the number of carbon atoms in acyl
chains.

lipid moiety, termed lipid A (36, 122). As such, lipid A received
concerted efforts to elucidate its structure. The structure was

established first for enterobacterial lipid A's of Salmonella
typhimurium (133), Escherichia coli (51, 153), Salmonella min-
nesota (123), and Proteus mirabilis (127). The successful syn-

thesis of E. coli lipid A was described in 1985 (52), and its
structure, together with that of synthetic S. minnesota lipid A,
is shown in Fig. 1. This synthesis allowed multiple changes in
architecture in constructing synthetic lipid A partial structures
and analogs. As detailed below, the adjuvant action of lipid A
or LPS was readily duplicated by several of these synthetic
structures with markedly diminished toxicity. Thus, their ap-
plicability to human vaccination is indicated.

Multiple facets of the immune system are influenced both in
vivo and in vitro by the toxic native LPS. These have been
reviewed extensively (57, 104, 105) and establish that LPS can
act in vitro directly on each of the three cells making up the
immunocompetent islet responsible for generating immunity:
i.e., the macrophage, thymus-derived (T) cells, and bone
marrow-derived (B) cells. However, in recent years it has
become clear that an analysis of the stimulatory action of LPS
on the immune system in vivo becomes an analysis of the
function of the multiple cytokines demonstrated to be released
by cells stimulated with LPS (142). Sequential tracing of the
triggering and subsequent events instigated by LPS or lipid A
in vivo, however, becomes difficult with the knowledge that
they can bind to and affect many different cells that secrete
different cytokines (91). Individual cytokines, in turn, can

influence more than one cell type (41). In addition, both in
vitro and in vivo tests described conditions wherein LPS can

either enhance or suppress the response to antigens (58, 137,
139). Consequently, the cell population(s) initially triggered by
this adjuvant to start the cytokine cascade leading to a height-
ened immune response could be singular or multiple.

The increased expression of humoral or cell-mediated im-
munity was found to be effectively accomplished also by lipid A
(21), as well as by certain synthetic derivatives of diminished
toxicity resulting from substitution of fatty acids and deletion
of phosphate groups (73). Several classic reports established
that synthetic lipid A's mimicking those native to E. coli,
designated 506 or LA-15-PP, and S. minnesota, designated 516
or LA-16-PP, were both excellent adjuvants (35, 73, 74). An
example is illustrated in Table 1, and the data served to initiate
the quest for manipulation of the structural moieties such that
the adjuvant action would be retained but the toxicity would be
eliminated. The structures of lipid A and its analogs are
described in Fig. 2 and 3. Their effects on immunocompetent
cell functions are summarized below.

Structure-Function Relationships

When the basic S. minnesota lipid A was altered with respect
to the number and position of the fatty acids and/or phosphate
groups, a variety of compounds emerged, some with lessened
toxicity which still retained adjuvanticity (Table 2). Notable
among these was compound LA-18-PP, in which the fatty acids
at R3 and R3' were changed from 3-OH-14:0 to 14:0. Activities

TABLE 1. Adjuvant action of synthetic lipid A'sa

Compound LD50 Log increase in IL-1Compound ~~(ng)" anti-BSA titer' (U)

LA-15PP (E. coli 506) 13 6.6 38
LA-16PP (S. minnesota 516) 5 5.3 11

"Data taken from references 73 and 74.
h Determined in galactosamine-sensitized mice.
'BSA, bovine serum albumin.
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SYNTHETIC Nature of:
COMPOUND RI R2 R3 R2 R3' 4'

Precursor Ia LA- 14-PP (406) PO(OH)2 3-OH-14:0 3-OH-14:0 3-OH-14:0 3-OH-14:0 PO(OH)2

LA-14-HP (405) PO(OH)2 3-OH-14:0 3-OH-14:0 3-OH--14:0 3-OH- 14:0 H

LA-14-PH (404) H 3-OH- 14:0 3-OH-14:0 3-OH-14:0 3-OH- 14:0 PO(OH)2

E. coli LipA LA-15-PP (506) PO(OH)2 3-OH-14:0 3-OH-14:0 3-0(12:0)-14:0 3-O(14:0)-14:0 PO(OH)2

LA- 1S-PH (504) H 3-OH-14:0 3-OH-14:0 3-0(12:0)-14:0 3-O(14:0)-14:0 PO(OH)2

S. minnesota LA-16-PP (516) PO(OH)2 3-0(16:0)-14:0 3-OH-14:0 3-0(12:0)-14:0 3-0(14:0)-14:0 PO(OH)2
LipA

LA-17-PP PO(OH)2 14:0 14:0 14:0 14:0 PO(OH)2

LA-17-PH H 14:0 14.0 14:0 14:0 PO(OH)2

LA-18-PP PO(OH)2 3-OH-14:0 14:0 3-OH-14:0 14:0 PO(OH)2

LA-18-PH H 3-OH-14:0 14:0 3-OH-14:0 14:0 PO(OH)2

FIG. 2. Chemical structure of the partial structures and analogs of synthetic lipid A's.

retained were interleukin-1 (IL-1) release and stimulation of
delayed-type hypersensitivity (73).
A precursor of lipid A (compound 406 or LA-14-PP)

possesses the phosphates at R, and R4' but only 3-hydroxy
fatty acid residues at positions R2, R3, R2', and R3'. This
compound also was toxic in D-galactosamine-treated mice but
less so in nonsensitized animals (73). It was an excellent
adjuvant to antibody formation as well as a strong mitogen. It
was also capable of activating macrophages (34, 73, 129),
although it was incapable of inducing cytokine release (IL-1)
from human peripheral monocytes (94). When the phosphor-
ylation pattern was changed on this precursor molecule by
substitution of hydrogen for a phosphate group at either R4' or
R, (compounds 405 and 404), toxicity was apparent but
reduced, as was adjuvant action.

HO-N

R3- OR2|o_

SYNTHETIC Nature Of-
COMPOUND R1 R2 R3 R4

Lipid X LA-I1-HP (401) PO(OH)2 3-OH-14:0 3-OH-14:0 H

Lipid Y LA-13-HP (408) PO(OH)2 3-0(16:0)-14:0 3-OH-14:0 H

GLA-57 H 3-0(12:0)-14:0 14:0 PO(OH)2
GLA-27 H 3-0(14:0)-14:0 14:0 PO(OH)2
GLA-58 H 3-0(16:0)-14:0 14:0 PO(OH)2
GLA-59 H 3-0(14:0)-14:0 3-OH-14:0 PO(OH)2

GLA-60 H 3-OH-14:0 3-0(14:0)-14:0 PO(OH)2

FIG. 3. Chemical structure of the monosaccharide partial struc-
tures and analogs of synthetic lipid A's.

Of considerable interest is the adjuvant activity in the
absence of overt toxicity present in lipid Y, the reducing
monosaccharide unit of S. minnesota lipid A (35, 74). Contrari-
wise, lipid X, the reducing monosaccharide unit of E. coli lipid
A, was not lethal and did not display any adjuvant activity. As
Fig. 3 shows, lipid X contains 3-OH-14:0 groups at R2 and R3,
phosphate at Rl, and H at R4.
With respect to analogs of the nonreducing monosaccharide

region of lipid A, Kumazawa et al. (76) have shown excellent
adjuvant and mitogenic activities to be associated with inser-
tion of 3-0(14:0)-14:0 at position R2, a phosphate at R4, and a
3-OH-14:0 at R3. In a later study, a derivative carrying
3-OH(14:0)-14:0 at R2 and a 3-OH-14:0 group at R3 (desig-
nated glycolipid A-59, GLA-59) as well as a derivative revers-
ing the position of these two fatty acids (designated GLA-60)
showed reduced toxicity and strong adjuvant action on anti-
body synthesis and macrophage activities (77). Introducing two
3-acyloxyacyl groups [3-0(14:0)-14:0] at positions R2 and R3
(compound GLA-47) resulted in a nontoxic compound that
exhibited good adjuvanticity on antibody formation but no
effect on macrophage activity or IL-1 secretion. On the other
hand, substituting a 14:0 fatty acid for 3-0(14:0)-14:0 at R3
(compound GLA-27) resulted in an excellent nontoxic adju-
vant that also activated macrophages and induced IL-1 release
(130).

Consequently, manipulation of the phosphate or the fatty
acid content or their position appears to affect the toxicity and
adjuvant action. The 3-acyloxyacyl groups present in both E.
coli and Salmonella lipid A appear nonessential for adjuvant
action since compound 406, which is devoid of these, was a
good immunostimulant. Introduction of 14:0 at all four fatty
acid positions of the lipid A backbone (with retention of the
phosphate) diminished toxicity considerably but retained ad-
juvanticity. Similarly, compound LA-18-PP with 14:0 located at
positions R3 and R3' and 3-OH-14:0 at R2 and R2' was a good
adjuvant, exhibiting reduced toxicity.
As is the case with LPS, the temporal sequence of events

accentuated by lipid A in vivo is governed by multiple steps
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TABLE 2. Biological properties of synthetic lipid A analogs"

Compound' LD5() Fever (no. of rabbits Anti-BSA % Macrophage IL-1(ng)C positive/no. tested) titerd Cytotoxicity" activationf (U)

LA-17PP 100 3/3 11 83 3.5 12
LA-17PH 2/3 6 ND 4.8 15
LA-18PP 126 0/3 10 83 5.2 11
LA-18PH 0/3 6 ND 4 5

"Data taken from reference 73.
h For structure, see Fig. 2.
c Determined in galactosamine-sensitized mice.
" Log anti-bovine serum albumin (BSA) hemagglutination titer.
' Percent killing of L929 cells by serum from M. bovis BCG-primed mice elicited by compound. ND, not determined.
J'Superoxide anion generation by 1 p.g of compound in guinea pig peritoneal macrophages (stimulation index).

that are regulated by cytokine release and the emergence of
their receptors and is still conjectural (41). Identification of the
initial cell triggered by LPS or lipid A would aid considerably
in clarifying their modus operandi. Whether a single entity is
provoked by lipid A or LPS to usher in the cascade of cellular
activation and cytokine release or multiple cells are stimulated
and each contributes independently to the heightened immune
response of the host is a key question. Conditions under which
a selective pathway might be triggered in vivo need to be
defined.

Stimulation of IL-1

A cytokine mandatory for generating many immunologic
reactions is a protein with hormone-like characteristics termed
IL-1 which is secreted by several cell types and has two major
isoforms, IL-la and IL-1p. The biological effects of IL-1 are
multifaceted and include stimulation of T and B cells to
differentiate along the pathway leading to antibody synthesis as
well as activation of the acute-phase response (72). A major
probe used in stimulating IL-1 release has been LPS. Recently,
the structural requirements for IL-1 release from human
peripheral monocytes have been studied, using LPS, lipid A,
and their partial structures (93, 94). LPS from both smooth (S)
and rough (R) forms of bacteria were strong inducers of IL-1,
as expected. Lipid A from both Escherichia and Salmonella
spp. also stimulated good activity but to a lesser extent. Of
interest was the capability of lipid A partial structures with a
marked diminution in toxicity to evoke IL-1 synthesis as well.
On the other hand, precursor molecules such as lipid X and
compound 406 exhibited little or no effect on IL-1 synthesis
(93, 94). The presence of 3-acyloxyacyl residues was necessary
for IL-1 induction.

Contrariwise, in a comparative study by Cavaillon et al. (15)
of the relative ability of LPS and lipid A to generate cell-
associated and secreted IL-1 in adherent murine peritoneal
macrophages, a much higher effectiveness of native LPS was
noted. Although lipid A isolated from Bordetella pertussis
induced significant levels of cell-associated IL-1, little IL-1
release was noted. Synthetic E. coli lipid A (compound 506)
also exhibited a much lesser capacity than LPS to induce the
secretion of IL-1. Similar findings were reported in studies of
adherent human monocytes (88). Since lipid A lacks the
3-deoxy-D-manno-octulosonic acid (KDO)-containing oligo-
saccharide moiety, an essential role for the latter was postu-
lated for the release of IL-1. In support, these authors reported
that exogenous sialogangliosides incubated with LPS blocked
LPS-induced IL-1 production. Nevertheless, as discussed
above, synthetic lipid A readily induced IL-1 release from
human peripheral monocytes at levels of 5 x 10-6 to 5 x 10-3
,ug of lipid A per ml. In addition, KDO-containing oligosac-

charides [Hep-ao (1.3) Hep-ac (1.5)-KDO] and the synthetic
a-methyl ketoside of KDO [a(2-4)-KDO] were capable of
effecting IL-1 secretion but at much higher concentrations (1
to 10 ,ug), confirming earlier results (93).

Lasfargues and Chaby (87) reported that lipid X as well as
lipid A elicited IL-1 production. In addition, synthetic propyl-
2-deoxy-2-[(3R)-3-hydroxytetradecanamido]-4-O-phosphono-
6-0-tetradecanoyl-,3-D-glycopyronoside (glycolipid M9) in-
duced IL-1 secretion in murine and human monocytes more
efficiently than LPS or lipid A, whereas several synthetic
derivatives of KDO failed in this respect. A monosaccharide
derivative of the basic structure of lipid A also has been shown
by Charon et al. to induce IL-1 (16). Dijkstra et al. (31)
reported that the incorporation of lipid A (from an Rc mutant)
or monophosphoryl lipid A into liposomes reduced by 12,000-
fold their IL-1-inducing capacity, suggesting that a direct
interaction of the lipid A with the macrophage membrane was
required for this property. The macrophage cell line RAW
264.7 was used as the target.

Thus, the release of IL-1 appears capable of being initiated
optimally by LPS, to a lower extent by lipid A, and by some
partial structures as well as synthetic monosaccharide analogs
of lipid A.

Stimulation of NSR to Microbial Infection

Many of the properties of IL-1 are shared by tumor necrosis
factor alpha (TNF) (41), which can be induced to peak
nanomolar concentrations in serum 2 h after LPS injection into
normal rabbits, mice, and humans, in whom it produces severe
wasting along with hyperlipidemia (66). TNF is thought to be
a major mediator in producing endotoxin shock. However, it
has also been implicated as a mediator in the extraordinary
beneficial effect of LPS in inducing nonspecific resistance
(NSR) to infection by a variety of microorganisms when LPS is
given prior to challenge. This seeming paradox may be dose
related; i.e., high amounts of TNF are damaging, while lower
amounts are stimulatory to the immune system. Thus, Parant
et al. (116) found passively transferred TNF-rich serum to
offset lethal challenge of mice with Klebsiella pneumoniae.
Later studies showed that human recombinant TNF had the
capacity to protect against Klebsiella, Listeria, and Streptococ-
cus spp. (114). Similarly, LPS-induced IL-la has been impli-
cated as a mediator of NSR through its capacity to elevate
bactericidal properties of macrophages via an increased respi-
ratory burst (101). Also a candidate for contributing to NSR is
interferon gamma (IFN-y), which can be elicited by LPS (30,
39, 111, 136). Other cytokines released secondarily by TNF and
IL-1 may be contributory. Consequently, multiple mediators
from both macrophages and T cells may be responsible in
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combination for this potentially important prophylactic treat-
ment.
Of obvious importance is whether LPS analogs of dimin-

ished toxicity can produce the same NSR effect. Although the
initial studies of Lam et al. (84) showed that an injection of
synthetic lipid X (2 ,ug per mouse) protected mice significantly
against E. coli, Pseudomonas aeruginosa, Staphylococcus au-

reus, and Candida albicans, recent experiments with a synthetic
and highly purified preparation by Aschenauer et al. (5), as
well as Lam et al. (82), have demonstrated that lipid X is
devoid of immunostimulatory activity, although it blocks en-

dotoxin-induced in vitro and in vivo activities. The latter
observation is consistent with the finding by Proctor et al. (118)
that lipid X could protect mice against the lethality induced by
intravenous injection of endotoxin. It was most effective when
given near the time of endotoxin injection.
A number of other synthetic analogs of lipid A have been

shown to elevate prophylactically resistance to challenge with a

variety of infectious microorganisms. One of the most prom-

ising is a synthetic acylated glucosamine monosaccharide-i-
phosphate, termed SDZ 953, representing only the reducing
half of lipid A (83). In recent years (43), this nontoxic analog
has been shown to dramatically protect several species against
challenge with multiple LD5Os of P. aeruginosa, E. coli, and S.
aureus. The authors advance the hypothesis that increased
hematopoiesis and activation of macrophages account for the
resistance. In addition, this partial lipid A structure induced
tolerance to native endotoxins and blocked the toxicity of the
latter (26). As such, it offers potential for inclusion in the
therapeutic strategies for septic shock.

In this respect, an intriguing nontoxic diphosphoryl lipid A
has been isolated from Rhodopseudomonas sphaeroides which
was capable of blocking the induction of TNF (cachectin) and
reversing the tolerance induced by toxic LPS from several
genera (42). Its structure closely resembles that of the toxic
isolates from S. typhimurium and E. coli (132), and the authors
suggest that the inhibition may be due in the main to compet-
itive binding to macrophages. This property, together with the
compound's lack of toxicity, warrants its inclusion as a candi-
date for further study in alleviation of sepsis.

MPL

A successful approach to a formulation of lipid A with
considerably reduced toxicity and retention of adjuvanticity
was accomplished by Ribi and coworkers (120, 121). LPS
initially was extracted from cell walls obtained from the rough
(Re) mutants of Salmonella species. Treatment of this LPS
with acid resulted in a mixture of structural homologs that
varied in the number of acyl groups attached to the glu-
cosamine disaccharide backbone. When compared with toxic
lipid A, each of these homologs had lost the phosphate group

at the C-1 position; accordingly, they were termed monophos-
phoryl lipid A (MPL). Bisphosphoryl lipid A and the endotoxin
isolated from the Re mutant could be essentially quantitatively
converted into MPL by acid treatment (119). Structurally, the
fully acylated species of MPL correspond to the synthetic
compound 504 (LA-15-PH) shown in Fig. 2. Recent modifica-
tion of this structure deleted the 3-hydroxytetradecanoyl resi-
due 0-linked to the 3 position of the reducing-end glu-
cosamine and led to further attenuation of endotoxic activity
(107); this analog is now available commercially.
MPL proved to be nonlethal in doses of up to 15,000 ,ig in

rabbits as contrasted with the lethal doses of 1 to 10 ,ug of
native endotoxin. Similar findings were noted in guinea pigs,
dogs, and horses (120). Phase I studies in human beings

revealed no discernible toxicity at doses up to 100 pug/m2 (143).
Other parameters of endotoxicity (e.g., pyrogenicity, B-cell
mitogenicity, and Shwartzman reaction) also were essentially
lost (134). Yet the ability to regress certain tumors when
administered together with a purified component of mycobac-
teria, trehalose dimycolate, was unimpaired. In addition, this
combination expressed the property of elevating nonspecific
resistance to a number of pathogens as well as increasing
antibody synthesis to unrelated antigens (141).
An adjuvant to antibody formation, MPL elicited a 16-fold

increase in enzyme-linked immunosorbent assay titers against
ovalbumin, as well as a striking increase in antibody against two
viral peptides when given together with trehalose dimycolate
(120). Extension of these findings was reported in a number of
studies (136, 137). Since adjuvants generally are most desirable
in immunodeficient states, aged mice (17 to 24 months) were
chosen as a model system. MPL was found capable of repairing
the lesion(s) responsible for the immune deficiency in such
mice. In studies with sheep erythrocytes as antigen, antibody-
forming cells were restored to levels equal to or above those
normally exhibited by young adult mice. Inasmuch as a mono-
clonal interferon (IFN--y) antibody abrogated the adjuvant
action, the nature of this immunodeficiency included IFN-y
levels below threshold requirements (136). A similar finding
was observed with LPS, muramyl dipeptide, or polyribonucle-
otide complexes as adjuvant (111). Both the T-cell and mac-
rophage were found to be targets of the MPL adjuvant action.
Activity was a function of mediator release, with MPL inducing
secretion of IFN-y from T cells and IL-1 from macrophages.
Although IL-6 was not measured in these studies, release of
this cytokine by LPS has been documented (55). No evidence
indicating that MPL increased IL-2 release was obtained (136).
Thus, the higher titers resulting from MPL and LPS, as well as
other adjuvants, may reflect a multifaceted stimulation of
several cell types and release of multiple mediators acting in
synergy. Support for this is indicated by the report of Kuni-
moto et al. (78) describing the synergistic elevation of immu-
noglobulin M (IgM) levels by IL-1 and IL-6, both mediators
known to be released by LPS. A mechanistic model of how
IFN--y might mediate the adjuvant action of MPL has been
described by Gustafson and Rhodes (39).
Baker et al., in a recent series of papers (6-8), obtained

evidence for an effect of MPL on T-suppressor cells. With
pneumococcal polysaccharide as antigen, MPL injection abro-
gated the tolerance induced by low doses of this antigen, which
is well documented to be mediated by T-suppressor cells (7).
Of importance was their finding that MPL was active as an
adjuvant when given 2 days after pneumococcal polysaccharide
to young (2- to 4-week-old) mice, which are normally unre-
sponsive at that age (8). Consequently, MPL preparations may
be feasible candidates for inclusion in polysaccharide vaccines,
such as Haemophilus influenzae, to which infants are known to
be poorly responsive.
The effect of MPL on the serum antibody response to

pneumococcal polysaccharides types 3 and 14 in 6- to 8-week-
old mice also was studied by Yin et al. (152). Both IgM and
IgG levels were increased by this adjuvant when given 2 to 4
days after intraperitoneal injection of 25 ,ug of type 14 pneu-
mococcal polysaccharide, thus confirming the postantigen tem-
poral requirement of Baker et al. (8). MPL given on day 4 also
reversed the specific unresponsiveness induced by a large dose
(5 jig) of pneumococcal polysaccharide type 3.
Much effort is being generated to find newer adjuvant

regimens active at promoting the antigenicity of weak tumor
antigens. In this regard, MPL together with trehalose dimyco-
late has been shown to cause regression of experimental
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tumors in several species (121). In order to exploit this
potentially ther,apeutic adjuvant, Mitchell et al. (102) incorpo-
rated MPL together with the cell wall skeleton of Mycobacte-
rium phlei (analogous to trehalose dimycolate) in a squalene
water-in-oil emulsion as an adjuvant to autologous melanoma
antigens for immunization of humans. Homogenates of two
melanoma cell lines, originally started from biopsies of nodules
from two different female patients, were mixed and used as
antigen. An increase in the numbers of circulating precursor
cells of melanoma-reactive, cytotoxic lymphocytes occurred
and offered the strongest correlation with clinical responsive-
ness. No toxicity was observed. Since systemic injection of
many cytokines results in diverse toxicities (41), local release of
such remedial cytokines stimulated by adjuvants such as MPL
may be a more desirable therapeutic approach.
MPL also retained the capacity to increase resistance non-

specifically against a variety of microorganisms. In studies with
influenza virus A/PR/8/34, 100 jig of MPL in squalene water-
in-oil emulsion protected 50% of the mice from' aerosol
challenge (141). MPL was also protective in infection models
involving Salmonella enteritidis (141), Listeria monocytogene
(141), Toxoplasma gondii (141), E. coli (141, 144), and Staph-
ylococcus epidermidis (17).

POLYRIBONUCLEOTIDE COMPLEXES

In seeking to understand the mechanisms by which the
endotoxic LPS increased antibody synthesis, a second distinc-
tive group of synthetic molecules, the polyribonucleotide com-
plexes, were studied. Initially, the cytotoxic action of LPS in
vivo was hypothesized to cause the release of cellular nucleic
acids which acted as trephones (nourishment) for immuno-
competent cells. Consequently, nucleic acids per se were
explored as possible endogenous host mediators of the potent
adjuvant action of LPS (56). Support for this hypothesis was
gained by the finding that stimulation of the immune response
to unrelated antigens was a property of both endogenously and
exogenously derived nucleic acids, as well as of the low-
molecular-weight breakdown products isolated following treat-
ment of nucleic acids with nucleases (100). Subsequently,
Braun and colleagues, guided both by their previous extensive
studies showing that oligonucleotides could stimulate division
in bacterial cells and by their insight, postulated that mamma-
lian antibody synthesis might require endogenous stimulatory
molecules of a similar nature. They recognized and tested the
potential of the then newly developed (1965) synthetic double-
stranded polyribonucleotides (12). Their demonstration that
poly(I) - poly(C) and poly(A) * poly(U) complexes were capa-
ble of increasing the numbers of antibody-forming cells four-
to fivefold caused interest to focus rapidly on these synthetic
complexes because of their defined structure and ready avail-
ability. Synthetic polynucleotides are formed following the
action of the enzyme, polynucleotide phosphorylase, on the
desired mononucleotide diphosphates. A double helix is
formed when the polymerized single strands from opposite
base pairs are mixed. Thus, poly(A) mixed with poly(U) forms
the poly(A) - poly(U) complex. Similarly, poly(I) mixed with
poly(C) forms poly(I) - poly(C). These compounds have been
found to mimic the viral component responsible for induction
of interferon (33).

Further, extensive studies have shown the polyribonucle-
otide complexes to be adjuvants in mice, rats, guinea pigs,
chickens, rabbits, and humans and to differ from LPS in several
parameters. Their enhancing activity for a wide range of
thymus-dependent antigens has been established (56, 60). The
signal from this adjuvant is apparently received very rapidly by

the host cells inasmuch as the complexes are destroyed within
5 to 10 min by the nucleases in serum. These adjuvants have
proved to be very effective T-cell stimulants for both T-helper
(40) and suppressor cells (103), as well as cytotoxic cells (62).
Like LPS and MPL, they show distinctive temporal require-
ments in that injection of this adjuvant together with an
antigen increases antibody synthesis (56). In contrast, injection
of poly(A) * poly(U) 1 or 2 days before antigen injection causes
the activation of suppressor cells with a resulting diminution of
antibody synthesis (103). Thus, these synthetic molecules can
be considered true immunomodulators of the immune system.
Complexing of the base pairs has been shown to be a require-
ment; single strands of the polymerized nucleotides are with-
out activity in most instances.

Evidence that poly(A) - poly(U) functions as an adjuvant by
causing T lymphocytes to hasten their secretion of T-helper
factors has been gained. Such presumptive cytokines secreted
under the influence of poly(A) * poly(U) have been shown to
increase the number of antibody-forming cells in the spleen
and were active in restoring the deficient immune response of
aging mice and preventing the development of immune toler-
ance in normal mice. In addition, poly(A) * poly(U) has been
shown to increase markedly the maturation of the immune
system in the neonatal mouse (40). Also, human peripheral
blood leukocytes have been shown to double the synthesis of
immunoglobulin when stimulated by poly(A) *poly(U). Pe-
ripheral blood lymphocytes from patients with acquired agam-
maglobulinemia similarly showed elevated immunoglobulin
synthesis under the influence of polynucleotides. However,
such cells from patients with congenital agammaglobulinemia
could not be elevated in their synthetic capacity by poly(A) - poly(U)
(62). Recently, IFN-y has been identified as one T-cell cytokine
released by poly(A) * poly(U) inasmuch as its adjuvant action was
reduced by one-half following addition of a monoclonal anti-IFN-,y
antibody to the spleen cell culture system (111). Consequently,
this adjuvant may function by causing the early release of
IFN--y from Th-1 cells, when it is given with antigen. Contrari-
wise, 24 to 48 h after poly(A) - poly(U) administration, Th-2
cells may switch on, releasing IL-4 and IL-10, which dampen
the positive effects of IFN-y to result in suppression.

Little, if any, toxicity has been displayed by poly(A) poly(U).
On the other hand, poly(I) - poly(C) has proven to be toxic to
intestinal tissue, pyrogenic, and lethal for mice and to induce
hemorrhagic necrosis in kidneys (117).
With the extensive documentation of the adjuvant action of

poly(A) - poly(U) and its lack of demonstrable toxicity, this
homoribopolymer was tested in human beings as an adjunct to
surgery for breast cancer (79, 81). These trials were preceded
by a demonstration of its efficacy in the treatment of spontaneous
mammary tumors in mice and transplantable melanoma in hamsters
(80). Treatment of women with 30 mg of poly(A) * poly(U) intrave-
nously once a week for 6 weeks following surgery with or
without cobalt therapy resulted in an increase in the actuarial
survival rate of 71% in the adjuvant-treated group compared
with 57% in the control group after 87 months. This increase
was due in large part to a heightened survival in lymph node
metastasis-positive patients. Since no significant toxicity was
observed in these patients, poly(A) poly(U) is undergoing
further testing in clinical trials.

In a study of poly(A) - poly(U) action on tumors in rats,
Nolibe and Thang (110) confirmed an increase in natural killer
cell activity in peripheral blood leukocytes as well as lung
intracapillary leukocytes. Of interest was their finding of a profound
reduction in the number of pulmonary metastases in rats given
poly(A) . poly(U) [or a mismatched analog of poly(I) poly(C)]
intraperitoneally twice a week over a 9-month period. Control rats

282 JOHNSON



MOLECULAR ADJUVANTS AND IMMUNOMODULATORS 283

averaged 172 nodules versus 27 for rats given poly(A) - poly(U) and
19 for the mismatched poly(I) poly(C). In addition, a marked
regression of tumor mass resulted from the intraperitoneal
injection of poly(I) * poly(C) together with IL-2, as reported by
ligo et al. (50). Poly(A) - poly(U), on the other hand, retarded
the growth of the adenocarcinoma 755 tumor only slightly.

In addition to augmenting the specific immune response, the
polyribonucleotide complexes, like lipid A, are effective at
amplifying innate NSR against diverse microbial infections.
For example, poly(A) * poly(U) injected I day before challenge
protected 7-day-old mice against P. aeruginosa and 4-month-
old mice against Streptococcus pneumoniae. The extensive early
studies on this phenomenon have been reviewed (59). In
addition, a striking protection against murine cytomegalovirus
by these complexes has been reported recently (1, 90).

IMIQUIMOD

A recently described adjuvant, termed Imiquimod (R837),
has been shown to be active against herpes simplex viruses
(HSV). This immunomodulator is a quinolinamine derivative
with the formula 1-(2-methyl propyl)-IH-imidazo (4,5-c)
quinolin-4-amine which has no in vitro activity against HSV.
Nevertheless, recent studies in guinea pigs have shown topical
R-837 to be effective against HSV type 2 genital infection (10).
Therapy initiated 12 to 36 h after infection reduced neural
recovery of virus, as well as the total mean lesion score and the
period of vaginal HSV shedding.

Imiquimod also proved to be an effective adjunct to an HSV
glycoprotein subunit vaccine in guinea pigs (11). Inclusion of
R837 at the time of vaccination followed by 5-day treatment
regimens decreased the overall severity of the acute disease
compared with immunization alone, with less virus shedding
and fewer recurrent HSV lesion days.

MDPs AND ANALOGS

Freund's complete adjuvant, a water-in-oil emulsion in
which water droplets containing antigen are emulsified in
mineral oil containing killed mycobacteria or their cell walls,
has been the adjuvant of choice for animal experimentation for
many years. Its profound toxicity, however, has precluded its
use in human beings. Consequently, much effort has been
devoted to isolating the active component of the mycobacte-
rium and understanding the physical attributes that contribute
to the markedly enhanced immune response it induces. Studies
culminated in a description of the adjuvant properties of a

fraction isolated from the Wax D component of mycobacteria.
The minimal structure capable of replacing the activity of the
whole bacterium was published in 1974 (32) and was identified
as N-acetylmuramyl-L-alanyl-D isoglutamine (muramyl dipep-
tide [MDP]); i-valine, L-serine, or L-threonine can substitute
for L-alanine. In the ensuing years, the multiplicity of proper-

ties of this extraordinary molecule have been described in
detail and reviewed extensively (2, 13, 19, 20, 89, 113, 115).
This myriad of studies in animals has established that MDP
exhibits a broad array of immunological effects, including (i)
enhancement or suppression of antibody levels dependent on

time of administration relative to antigen; (ii) increased cell-
mediated immunity; (iii) increased nonspecific immunity to

bacteria, viruses, fungi, and parasites; (iv) stimulation of
natural resistance to tumors; (v) induction of autoimmune
disease; (vi) increased cytokine release; (vii) increased IFN-y;
(viii) pyrogenicity; and (ix) somnogenic activity.

Since some toxicities (e.g., pyrogenicity, experimental auto-
immune diseases, and uveitis) were associated with MDP, the

search was extended to synthesize analogs devoid of such
properties. On the hypothesis that the addition of fatty acids to
MDP would aid attachment and subsequent integration of
MDP into target cell membranes, lipophilic derivatives were
synthesized in which fatty acids were attached to C-6 of the
glucosamine (99) or to the C-terminal end of the peptide chain
(115). Also, the addition of a third amino acid and L-alanine
phosphatidylethanolamine to MDP (MTP-PE) has been found
to be an effective adjuvant for delivery via liposomes (140). A
low toxicity for humans of MTP-PE has been observed by
Wintsch et al. (150).
An analog receiving major interest in the clinical arena

involves attachment of a butyl ester group into MDP (N-
acetylmuramyl-L-alanyl-D-glutamine-n-butyl ester, termed mu-
rabutide). This compound was devoid of the toxicities associ-
ated with MDP but retained full adjuvant properties as well as
the ability to stimulate NSR to microbial infections (135).
Following successful phase I and II clinical tests, it shows
promise as an adjuvant for human vaccination.
The ability of MDP, when given prophylactically, to offset

infections by a variety of microbial agents has been tested in a
number of experimental disease models. Thus, MDP was
found to protect mice against lethal infection by Plasmodium
berghei with only minimal histopathological abnormalities pro-
duced (70, 71). This study was preceded by an earlier one in
which MDP was shown to be a stimulant of both humoral and
cell-mediated immunity. On the other hand, in this model
phagocytosis was already stimulated maximally by the parasite
alone (71). Extension of these studies to rhesus monkeys
challenged with Plasmodium knowlesi resulted in some protec-
tion by a vaccine consisting of an aqueous suspension of MDP
plus a whole-antigen preparation of the plasmodium (69). In
addition, strong inhibition of the growth in vitro of Plasmo-
dium falciparurn was exhibited by sera of rabbits immunized
with Plasmodium falciparum merozoite surface protein (gp 165),
together with 6-0-2-tetradecylhexadecanoyl-MDP (termed B30)
in liposomes, as well as by MDP-B30 plus LA-IS-PH, a synthetic
equivalent of monophosphoryl lipid A (47). However, Collins et
al. (25) failed to induce protective immunity following vaccination
with Plasmodium falciparumn peptides fused with diphtheria
toxoid with which MDP was combined. Conjugation of a
plasmodial peptide to diphtheria toxoid with MDP was found
by Lew et al. (92) to produce high levels of antibody with high
avidity.

Allison and Byars have developed an adjuvant formulation
consisting of N-acetylmuranyl-L-threonyl-D-isoglutamine in a
squalane pluronic polymer emulsion (SAF) (2). It was effective
in animals in increasing the response to influenza virus hem-
agglutinin, hepatitis B virus surface antigens, and HSV type 2.
MDP also aided the immunogenicity of an inactivated whole
simian immunodeficiency virus vaccine when given to rhesus
macaques. No virus was recovered from three of three mon-
keys receiving MDP following intravenous challenge with
simian immunodeficiency virus compared with one of three
responding to the challenge alone (14). Murphey-Corb et al.
(106) have reported the efficacy of threonyl MDP, as well as
MDP alone, in enhancing the protection induced by a forma-
lin-inactivated whole simian immunodeficiency virus vaccine
against challenge with simian immunodeficiency virus in 9 of
10 rhesus monkeys.

Incorporation of MTP-PE into liposomes along with a
glycoprotein from HSV type 1 resulted in an enhancement of
proliferation of antigen-specific peripheral blood lymphocytes.
This enhancement was related to a 75% suppression of virus
activity (44). Similar results were obtained without liposomes
by Sanchez-Pescador et al. (125).

VOL. 7, 1994



CLIN. MICROBIOL. REV.

An enhanced capacity of human polymorphonuclear leuko-
cytes stimulated by MDP to kill C. albicans has been reported
by Jupin et al. (63). An MDP analog (MDP-lys [L18]) was
found to augment a live S. enteritidis vaccine in mice (112).
Nonspecific enhancement of resistance against a polymicrobial
intraperitoneal challenge consisting of Streptococcus (Entero-
coccus) faecalis, E. coli, and Bacteroides fragilis was docu-
mented by Cheadle et al. (18).
The usefulness of MDP as an adjuvant has been extended to

induction of infertility in animals by Shaha et al. (126). Thus,
80% of rats immunized with n-MDP plus a 40-kDa antigen
from human serum became infertile compared with 13% of
controls. A thylated derivate of LPS combined with the antigen
produced the same result. MDP had been shown by Sacco et al.
(124) to enhance the in vitro contraceptive capacity of sera
from female squirrel monkeys immunized with a glycoprotein
from porcine zona pellucida.

Like LPS and the polyribonucleotide complexes, the many
activities of MDP can be attributed to its ability to cause the
release of multiple cytokines.

NONIONIC BLOCK COPOLYMERS

In 1981, a new approach to adjuvanticity was introduced by
Hunter et al., who used nonionic block copolymer surfactants
(49). These compounds are composed of two chains of hydro-
phobic polyoxyethylenes of various lengths combined with a
block of hydrophobic polyoxypropylene and are administered
with oil and squalene in an oil-in-water emulsion. They proved
to be effective adjuvants in several animal species and are now
available commercially. These copolymers are thought to
function by binding protein antigens to the surface of oil drops,
resulting in more effective antigen presentation. In addition,
complement is activated, facilitating binding to antigen-pre-
senting cells. Such preparations enhanced antibody titers to
levels comparable to those reached when Freund's incomplete
adjuvant was used and exhibited synergy when combined with
LPS. Of importance, titers of IgG2a and IgG2b, which are
associated with protection against infectious challenge, were
heightened preferentially (48, 64, 131).
To obtain adjuvanticity against a broader array of antigens,

similar polymers with emulsion-stabilizing silica particles were
tested with water-in-oil emulsions in squalene (termed Titer
Max). Titers against trinitrophenol conjugated to ovalbumin
and luteinizing hormone-releasing hormone were compared in
several animal species with several other commercially avail-
able adjuvants (9). Titer Max equalled or exceeded each of
them under the conditions used. Consequently, such prepara-
tions have been combined with MTP in the adjuvant formula-
tion adopted by Allison and Byars for testing in clinical trials
(2).

SAPONINS

The bark of a South American tree, Quillaja saponaria, has
been found to yield a class of compounds termed saponins or
Quil A, which have been shown to be excellent adjuvants.
Saponins are amphipathic, with a hydrophilic carbohydrate
linked to a hydrophobic steroid or triterpene moiety. Their
monomeric molecular weights range from 1,800 to 2,200,
indicating 8 to 10 monosaccharide residues. They form the
basis of immunostimulatory adjuvant complexes known as
ISCOMS that generally are complexes of saponin with viral
membrane proteins. Their detergent-like activity has been
postulated to be responsible for their action on the immune
response; however, undesirable side effects, including strong

hemolytic activity, have prevented their extensive use to date.
Although the initial adjuvant studies were carried out with
relatively crude preparations, recent applications of silica and
reverse-phase chromatographic techniques have resulted in
purified compounds that retain adjuvant activity.

Kensil et al. (67) separated multiple fractions of varying
composition from an initial crude extract of saponin. Several of
these fractions possessed significant adjuvant activity. One,
designated QS 7, was a weak detergent but nevertheless
exhibited adjuvant activity equal to those of other strongly
hemolytic fractions. Close association between saponin and
antigen was necessary for effectiveness since injection at dif-
ferent sites did not result in increased titers. Of interest, no
increase in IgE levels, a potential cause of immediate hyper-
sensitivity, was found. A second fraction, QS 21, was shown
recently by Newman et al. (109) to induce class I major
histocompatibility complex antigen-restricted cytotoxic T lym-
phocytes with activity against a synthetic ovalbumin peptide.
Since viral proteins generally do not give rise to cytotoxic T
lymphocytes, the findings of Wu et al. (151) are significant in
establishing the efficacy of 10 to 20 ,ug of the QS 21 fraction in
the presence of alum to induce both humoral and cell-
mediated immunity to a recombinant human immunodefi-
ciency virus type 1 envelope protein, gp 160.
A thymus-independent antigen, the polysaccharide fraction

from the LPS of E. coli, also demonstrated enhanced immu-
nogenicity in mice in the presence of QS 21. IgG2a and IgG2b
were elevated most strongly (149). Kensil et al. (68) reported
that neutralizing antibodies induced by QS 21 as adjuvant to
gp7O envelope protein protected against feline leukemia virus
infection.

E. COLI LT

Oral adjuvants that increase mucosal immunity have not
emerged until recently. The importance of stimulation of this
branch of the immune system becomes obvious with the
knowledge that it is the major site of entrance of human
pathogens and also possesses the largest composite of lym-
phoid tissue in the body. Emphasis has been given to cholera
enterotoxin (CT), which has been shown in a number of studies
to elevate antibody titers following oral immunization (45, 95,
145). CT is composed of two subunits: one is responsible for
binding (B) and the other, the active principal (A), affects
ADP-ribosyltransferase (96). Its prospects for use in human
beings, however, are dampened considerably by the toxicity of
the A component. Recently, the adjuvant properties of an
orally administered E. coli heat-labile enterotoxin (LT), which
shares partial structural homology with CT, have been re-
viewed (98). Although LT also expresses toxicity through ADP
ribosylation, differences in receptor binding as well as a process
of isolation of LT that results in considerably reduced acute
toxicity but retention of adjuvanticity have been described (98).
In contrast to CT, LT is not secreted by the bacterium; rather,
it must be extracted from the cells, cleaved enzymatically, and
reduced prior to exerting any toxicity (22, 24). This property,
together with the characteristic of LT (again in contrast to CT)
binding to galactose as well as to the ganglioside Gm1 (which
disperses the enterotoxin away from the intestinal tract, its site
of toxic action), is thought to retard and reduce the evolvement
of enterotoxicity. Of considerable practical importance, LT can
be given without complex vehicles or conjugates; it is simply
coadministered with antigen orally. The importance of increas-
ing mucosal immunity and the exciting potential of LT has led
the U.S. Navy and U.S. Army to begin conducting human
phase I trials with this adjuvant.
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Convincing experimental studies have documented excellent
adjuvant action in animals to a wide range of antigens, e.g.,
ovalbumin, bovine serum albumin, HSV, Campylobacter coli,
and influenza vaccine (98, 145). Of concern with any orally
administered adjuvant is whether tolerance to dietary sub-
stances in healthy individuals might be broken, giving rise to
allergies. However, LT did not abrogate oral tolerance (23),
and CT did not induce antibody to dietary proteins (108).

DHEA

Adjuvants are particularly applicable for immunization of
individuals in whom an immunodeficiency is evident (e.g.,
AIDS, cancer, virus infections, congenital aberrancies, or

aging). Toward this end, an endogenous steroid hormone,
dehydroepiandrosterone (DHEA), has been studied recently
by Daynes and colleagues (4, 27, 28). Earlier, they demon-
strated the capacity of DHEA to influence T-cell function by
elevating IL-2 and IFN-y secretion without affecting IL-4 and
IL-5 production (3). Consequently, this immune stimulating
hormone appears to affect selectively the Th1 subpopulation.
This pattern of cytokine release is associated with the elevation
of cell-mediated immunity, the branch essential for resistance
against many viruses and intracellular pathogens.
DHEA is produced when its prohormone, DHEA sulfate

(DHEAS), is cleaved by a sulfatase enzyme. DHEAS also was
found to possess immunomodulatory properties, affecting pri-
marily the nonmucosal lymphoid tissue, which possesses the
highest DHEAS sulfatase activity required for conversion to
the active DHEA form (28).
Aged mice as well as humans have been shown to exhibit an

age- and stress-dependent decline in endogenous DHEA
production. The potential of supplementary DHEA as a

particularly effective immunomodulator in immunodeficiency
states was demonstrated recently in an aged mouse model
system (4, 29). A single topical administration of DHEA was

effective at reversing the cytokine phenotype of aging mice to
that expressed by mature adult mice. Thus, levels of IL-2, IL-3,
and granulocyte macrophage colony-stimulating factor were
increased by this hormone. Both primary and secondary anti-
body responses were enhanced. Similarly, when recombinant
hepatitis B surface antigen was used for footpad vaccination,
DHEAS, when given either before or with the vaccine, in-
creased recombinant hepatitis B surface antigen-specific anti-
body in aged mice (4).

Thus, incorporation of DHEAS into the diet, or DHEA
given subcutaneously or topically, may repair deficiencies in
the suboptimal responses associated with certain disease states
and aging. Its potential as an adjunct to human vaccines is
being explored.

CONCLUSIONS

Within the past decade basic science research has extended
greatly our knowledge of how the immune system is regulated.
Multiple inter- and intracellular molecular signals capable of
elevating or inhibiting both humoral and cell-mediated immu-
nity have been identified. As a result, exogenous manipulation
and magnification of such signals now is possible with a variety
of recently defined purified and synthetic molecular adjuvants
of minimal toxicity, as described herein. Consequently, the
future appears bright for increasing the efficacy of human
vaccines heretofore expressing only weak antigenicities, as

exemplified by certain tumors, viruses, and synthetic ligands.

REFERENCES
1. Adams, A., M. Mohrman, A. G. Johnson, A. Morin, and E.

Deschamps de Paillette. 1992. Polyadenylic:polyuridylic acid-
induced protection of BALB/c mice against acute murine cyto-
megalovirus infection. J. Gen. Virol. 73:2409-2413.

2. Allison, A. C., and N. E. Byars. 1990. Adjuvant formulations and
their mode of action. Semin. Immunol. 2:369-374.

3. Araneo, B. A., T. Dowell, T. T. Terui, M. Diegel, and R. A. Daynes.
1991. Dihydrotestosterone exerts a depressive influence on the
production of 11-4, 11-5, and IFN y, but not 11-2 by activated
murine cells. Blood 78:688-699.

4. Araneo, B. A., M. L. Woods Il, and R. A. Daynes. 1993. Reversal
of the immunosenescent phenotype by dehydroepiandrosterone:
hormone treatment provides an adjuvant effect on the immuni-
zation of aged mice with recombinant hepatitis B surface antigen.
J. Infect. Dis. 167:830-840.

5. Aschenauer, H., A. Grob, J. Hildebrandt, E. Schuetze, and P.
Stuetz. 1990. Highly purified lipid X is devoid of immunostimu-
latory activity. Isolation and characterization of immunostimulat-
ing contaminants in a batch of synthetic lipid X. J. Biol. Chem.
265:9159-9164.

6. Baker, P. J., D. F. Amsbaugh, P. W. Stashak, G. Caldes, and B.
Prescott. 1982. Direct evidence for the involvement of (T) suppres-
sor cells in the expression of low-dose paralysis to the type III
pneumococcal polysaccharide. J. Immunol. 128:1059-1062.

7. Baker, P. J., J. R. Hiernaux, M. B. Faunterloy, B. Prescott, J. L.
Cantrell, and J. A. Rudbach. 1988. Inactivation of suppressor
T-cell activity by nontoxic monophosphoryl lipid A. Infect. Im-
mun. 56:1076-1083.

8. Baker, P. J., J. R. Hiernaux, M. B. Faunterloy, P. W. Stahak, B.
Prescott, J. L. Cantrell, and J. A. Rudbach. 1988. Ability of
monophosphoryl lipid A to augment the antibody response of
young mice. Infect. Immun. 56:3064-3066.

9. Bennett, B., I. J. Check, M. R. Olsen, and R. L. Hunter. 1992. A
comparison of commercially available adjuvants for use in re-
search. J. Immunol. Methods 153:31-40.

10. Bernstein, D. I., and C. J. Harrison. 1989. Effects of the
immunomodulating agent R837 on acute and latent herpes
simplex virus type 2 infections. Antimicrob. Agents Chemother.
33:1511-1515.

11. Bernstein, D. I., R. L. Miller, and C. J. Harrison. 1993. Adjuvant
effects of Imiquimod on a Herpes simplex virus type 2 glycopro-
tein vaccine in guinea pigs. J. Infect. Dis. 167:731-735.

12. Braun, W., M. Ishizuka, Y. Yajima, D. Webb, and R. Winchurch.
1971. Spectrum and mode of action of poly A:U in the stimula-
tion of immune responses, p. 139-156. In R. F. Beers and W.
Braun (ed.), Biological effects of polynucleotides. Springer-
Verlag, New York.

13. Brown, R., R. J. Price, M. G. King, and A. J. Husband. 1989.
Interleukin-1 beta and muramyl dipeptide can prevent decreased
antibody response associated with sleep deprivation. Brain Be-
hav. Immun. 3:320-330.

14. Carlson, J. R., T. P. McGraw, E. Keddie, J. L. Yee, A. Rosenthal,
A. J. Langlois, R. Dickover, R. Donovan, P. A. Luciw, M. B.
Jennings, et al. 1990. Vaccine protection of rhesus macaques
against simian immunodeficiency virus infection. AIDS Res.
Hum. Retroviruses 6:1239-1246.

15. Cavaillon, J. M., C. Fitting, M. Caroff, and N. Haeffner-Cavail-
Ion. 1989. Dissociation of cell-associated interleukin-1 (IL-1) and
IL-1 release induced by lipopolysaccharide and lipid A. Infect.
Immun. 57:791-797.

16. Charon, D., R. Chaby, A. Malinvaud, M. Mondange, and L.
Szabo. 1985. Chemical synthesis and immunological activities of
glycolipids structurally related to lipid A. Biochemistry 24:2736-
2742.

17. Chase, J. J., W. Kubley, M. H. Dulek, C. J. Hornes, M. G. Salet,
F. C. Pearson III, and E. Ribi. 1986. Effect of monophosphoryl
lipid A on host resistance to bacterial infection. Infect. Immun.
53:711-712.

18. Cheadle, W. G., M. Hershman, B. Mays, L. Melton, and H. C.
Polk, Jr. 1989. Enhancement of survival from murine polymicro-
bial peritonitis with increased abdominal abscess formation. J.
Surg. Res. 47:120-123.

VOL. 7, 1994



CLIN. MICROBIOL. REV.

19. Chedid, L., F. Audibert, and A. G. Johnson. 1978. Biological
activities of muramyl di-peptide, a synthetic glycopeptide analogue
to bacterial immunoregulating agents. Prog. Allergy 25:64-105.

20. Chedid, L., M. Parant, F. Parant, P. Lefrancier, J. Choay, and E.
Lederer. 1977. Enhancement of nonspecific immunity to Kleb-
siella pneumoniae infection by a synthetic immunoadjuvant
(N-acetylmuramyl-L-alanyl-D-isoglutamine) and several ana-
logues. Proc. Natl. Acad. Sci. USA 74:2089-2093.

21. Chiller, J. M., B. J. Skidmore, D. C. Morrison, and W. 0. Weigle.
1973. Relationship of the structure of bacterial lipopolysaccha-
rides to its function in mitogenesis and adjuvanticity. Proc. Natl.
Acad. Sci. USA 70:2129-2132.

22. Clements, J. D., and R. A. Finkelstein. 1979. Isolation and
characterization of homogeneous heat-labile enterotoxins with
high specific activity from Escherichia coli cultures. Infect. Im-
mun. 24:760-769.

23. Clements, J. D., N. M. Hartzag, and F. L. Lyon. 1988. Adjuvant
activity of Escherichia coli heat-labile enterotoxin and effect on
the induction of oral tolerance in mice to unrelated protein
antigens. Vaccine 6:269-277.

24. Clements, J. D., R. J. Yancey, and R. A. Finkelstein. 1980.
Properties of homogeneous heat-labile enterotoxin from Esche-
richia coli. Infect. Immun. 29:91-97.

25. Collins, W. E., R. F. Anders, T. K. Ruebush, D. J. Kemp, G. C.
Woodrow, G. H. Campbell, D. 0. Irving, N. Goss, V. K. Filipski,
et al. 1991. Immunization of owl monkeys with the ring-infected
erythrocyte surface antigen of Plasmodium falciparium. Am. J.
Trop. Med. Hyg. 44:34-41.

26. Coulibaly, S., E. Schutze, E. Quakyi, E. Liehl, and C. Lam. 1992.
Mechanism of induction of tolerance to the lethal effects of
endotoxin by SDZ MRL 953, abstr. 302. Second Conference of
the International Endotoxin Society, Vienna.

27. Daynes, R. A., and B. A. Araneo. 1992. Prevention and reversal of
age associated changes in immunologic responses by supplemen-
tal dehydroepiandrosterone sulfate therapy. Immunol. Infect.
Dis. 3:135-154.

28. Daynes, R. A., B. A. Araneo, T. D. Dowell, K. Huangl, and D.
Dudley. 1990. Regulation of murine lymphokine production in
vivo. III. The lymphoid tissue microenvironment exerts regula-
tory influences over T helper cell function. J. Exp. Med. 171:979-
996.

29. Daynes, R. A., D. J. Dudley, and B. A. Araneo. 1990. Regulation
of murine lymphokine production in vivo. II. Dehydroepiandro-
sterone is a natural enhancer of 11-2 synthesis by helper T cells.
Eur. J. Immunol. 20:793-802.

30. Denis, M., and K. Chadee. 1989. Human neutrophils activated by
interferon-y and tumor necrosis factor a kill Entamoeba histo-
lytica trophozoites in vitro. J. Leukocyte Biol. 46:270-274.

31. Dijkstra, J., J. W. Mellors, J. L. Ryan, and F. C. Szoka. 1987.
Modulation of the biological activity of bacterial endotoxin by
incorporation into liposomes. J. Immunol. 138:2663-2670.

32. Ellouz, F., A. Adam, R. Ciorbaru, and E. Lederer. 1974. Minimal
structural requirements for adjuvant activity of bacterial pepti-
doglycan derivatives. Biochem. Biophys. Res. Commun. 59:1317-
1325.

33. Field, A. J., A. A. Tytell, G. P. Lampson, and M. R. Hilleman.
1967. Inducers of interferon and host resistance. II. Multi-
stranded synthetic polynucleotide complexes. Proc. Natl. Acad.
Sci. USA 58:1004-1010.

34. Galanos, C., V. Lehmann, 0. Luederitz, E. T. Rietschel, 0.
Westphal, H. Brade, L. Brade, M. A. Freudenberg, T. Hansen-
Hagge, T. Luederitz, G. McKenzie, U. F. Schade, W. Strittmatter,
K. Tanamoto, U. Zaehringer, M. Imoto, H. Yoshimura, M.
Yamamoto, T. Shimamoto, S. Kusumoto, and T. Shiba. 1984.
Endotoxic properties of chemically synthesized lipid A part
structures. Comparison of synthetic lipid A precursor and syn-
thetic analogues with biosynthetic lipid A precursor and free lipid
A. Eur. J. Biochem. 140:221-227.

35. Galanos, C., 0. Liiederitz, M. Freudenberg, L. Brade, U. Schade,
E. T. Rietschel, S. Kusumoto, and T. Shida. 1986. Biological
activity of synthetic heptaacyl lipid A representing a component of
Salmonella minnesota R595 lipid A. Eur. J. Biochem. 160:55-59.

36. Galanos, C., 0. Lulederitz, E. T. Rietschel, and 0. Westphal.

1977. Newer aspects of the chemistry and biology of bacterial
lipopolysaccharides, with special reference to their lipid A com-
ponent, p. 239-335. In T. W. Goodwin (ed.), International review
of biochemistry, vol. 14. Biochemistry of lipids II. University Park
Press, Baltimore.

37. Galanos, C., 0. Luederitz, E. T. Rietschel, 0. Westphal, H.
Brade, L. Brade, M. A. Freudenberg, U. F. Schade, M. Imoto, H.
Yoshimura, S. Kusumoto, and T. Shiba. 1985. Synthetic and
natural Escherichia coli free lipid A express identical endotoxic
activities. Eur. J. Biochem. 148:1-5.

38. Greenberg, L., and D. S. Fleming. 1947. Increased efficiency of
diphtheria toxoid when combined with pertussis vaccine. Can. J.
Public Health 38:279-286.

39. Gustafson, G. L., and M. J. Rhodes. 1992. Bacterial cell wall
products as adjuvants: early interferon gamma as a marker for
adjuvants that enhance protective immunity. Res. Immunol.
143:483-488.

40. Han, I. H., and A. G. Johnson. 1976. Regulation of the immune
system by synthetic polynucleotides. VI. Amplification of the
immune response in young and aging mice. J. Immunol. 117:423-
427.

41. Harrison, L. C., and I. L. Campbell. 1988. Cytokines: an expand-
ing network of immunoinflammatory hormones. Mol. Endocri-
nol. 2:1151-1156.

42. Henrickson, B. E., P. Y. Perera, N. Qureshi, K. Takayama, and
S. N. Vogel. 1992. Rhodopseudomonas sphaeroides lipid A deriv-
atives block in vitro induction of tumor necrosis factor and
endotoxin tolerance by smooth lipopolysaccharide and mono-
phosphoryl lipid A. Infect. Immun. 60:4285-4290.

43. Hildebrandt, J., M. Walanta, M. Bushonig, and E. Liehl. 1992.
Effect of SDZ MRL 953 in comparison to recombinant hemato-
poietic growth factors on hematological recovery in leucopenic
mice, abstr. 305, p. 175. In Proceedings of the Second Conference
of the International Endotoxin Society, Vienna, Austria, 17-20
August 1992.

44. Ho, R. J., R. L. Burke, and T. C. Merigan. 1989. Antigen-
presenting liposomes are effective in treatment of recurrent
herpes simplex virus genitalis in guinea pigs. J. Virol. 63:2951-
2958.

45. Holmgren, J., C. Czerkinsky, N. Lycke, and A. M. Svennerholm.
1992. Mucosal immunity: implications for vaccine development.
Immunobiology 84:157-179.

46. Homma, J. Y., M. Matsuura, S. Kanegasaki, Y. Kawakubo, Y.
Kojima, N. Shibukawa, Y. Kumazawa, A. Yamamoto, K. Tana-
moto, T. Yasuda, M. Imoto, H. Yoshimura, S. Kusumoto, and T.
Shiba. 1985. Structural requirements of lipid A responsible for
the functions: a study with chemically synthesized lipid A and its
analogues. J. Biochem. 98:395-406.

47. Hui, G. S., L. Q. Tan, S. P. Chang, S. E. Case, C. Hashiro, W. A.
Siddiqui, T. Shiba, S. Kusumoto, and S. Kotani. 1991. Synthetic
low-toxicity muramyl dipeptide and monophosphoryl lipid A
replace Freund complete adjuvant in inducing growth-inhibitory
antibodies to the Plasmodium falciparum major merozoite sur-
face protein, gpl95. Infect. Immun. 59:1585-1591.

48. Hunter, R., F. Strickland, and F. Kezdy. 1981. The adjuvant
activity of nonionic block polymer surfactants. I. The role of
hydrophile-lipophile balance. J. Immunol. 127:1244-1250.

49. Hunter, R. L., M. Olson, and S. Buynitzky. 1991. Adjuvant
activity of non-ionic block copolymers. IV. Effect of molecular
weight and formulation on titre and isotype of antibody. Vaccine
9:250-265.

50. ligo, M., Y. Nakajima, K. Wishikata, and A. Hoski. 1989.
Enhanced antitumor effect of combination therapy with interleu-
kin-2 and polyribonucleotides against adenocarcinoma 755. J.
Biol. Response Modif. 8:147-154.

51. Imoto, M., S. Kusumoto, T. Shiba, H. Naoki, T. Iwashita, E. T.
Rietschel, H. W. Wollenweber, C. Galanos, and 0. Luederitz.
1983. Chemical structure of E. coli lipid A: linkage site of acyl
groups in the disaccharide backbone. Tetrahedron Lett. 24:4017-
4020.

52. Imoto, M., H. Yoshimura, N. Sakaguchi, S. Kusumoto, and T.
Shiba. 1985. Total synthesis of Escherichia coli lipid A. Tetrahe-
dron Lett. 26:1545-1549.

286 JOHNSON



MOLECULAR ADJUVANTS AND IMMUNOMODULATORS 287

53. Imoto, M., H. Yoshimura, T. Shinamoto, N. Sakoguchi, S.
Jusumoto, and T. Shiba. 1987. Total synthesis of Escherichia coli
lipid A, the endotoxically active principle of cell-surface lipopoly-
saccharide. Bull. Chem. Soc. Jpn. 660:2205-2214.

54. Jacobs, D. M. 1982. Lipopolysaccharide and the immune re-
sponse, p. 2231-225 1. In D. R. Webb (ed.), Immunology series-
immunopharmacology and the regulation of leucocyte function.
Dekker Publishing Co., New York.

55. Jirik, F. R., T. J. Podor, T. Hirano, T. Kishimoto, D. J. Laskutoff,
D. A. Carson, and M. Lotz. 1989. Bacterial lipopolysaccharide
and inflammatory mediators augment IL-6 secretion by human
endothelial cells. J. Immunol. 142:144-147.

56. Johnson, A. G. 1979. Modulation of the immune system by synthetic
polynucleotides. Springer Semin. Immunopathol. 2:149-168.

57. Johnson, A. G. 1983. Adjuvant action of bacterial endotoxins on
antibody formation, p. 249-253. In A. Nowotny (ed.), Beneficial
effects of endotoxins. Plenum Publishing Co., New York.

58. Johnson, A. G. 1985. Modulation of antibody synthesis by bacte-
rial endotoxins, p. 216-224. In L. J. Berry (ed.), Handbook of
endotoxin, vol. 3. The cellular biology of endotoxins. Elsevier
Science Publishing Co., New York.

59. Johnson, A. G. 1987. Non-specific resistance against microbial
infections induced by polyribonucleotide complexes, p. 291-301.
In J. A. Majde (ed.), Immunopharmacology of infectious dis-
eases: vaccine adjuvants and modulators of non-specific resis-
tance. Alan R. Liss, Inc., New York.

60. Johnson, A. G., R. E. Cone, H. Friedman, I. H. Han, H. G.
Johnson, J. R. Schmidtke, and R. D. Stout. 1971. Stimulation of
the immune system by homopolyribonucleotides, p. 157-177. In
R. A. Beers and W. Braun (ed.), Biological effects of polynucle-
otides. Springer-Verlag, New York.

61. Johnson, A. G., S. Gaines, and M. Landy. 1956. Studies on the
0-antigen of Salmonella typhosa. V. Enhancement of the anti-
body response to proteins antigens by the purified lipopolysac-
charide. J. Exp. Med. 103:225-246.

62. Johnson, A. G., and H. M. Lederman. 1978. Studies on the
immunoregulatory activities of non-toxic synthetic polyribonucle-
otides. Adv. Pharmacol. Ther. 4:177-185.

63. Jupin, C., M. Parant, and L. Chedid. 1989. Involvement of
reactive oxygen metabolites in the candidacidal activity of human
neutrophils stimulated by muramyl dipeptide or tumor necrosis
factor. Immunobiology 180:68-79.

64. Kalish, M. L., I. J. Check, and R. L. Hunter. 1991. Murine IgG
isotype responses to the Plasmodium cynomolgi circumsporozoite
peptide (NAGG)5. 1. Effects of carrier, copolymer adjuvants and
lipopolysaccharide on isotype selection. J. Immunol. 146:3583-
3590.

65. Kanegasaki, S., Y. Kojima, M. Matsuura, J. Y. Homma, A.
Yamamoto, Y. Kumazawa, K. Tanamoto, T. Yasuda, T. Tsumita,
M. Imoto, H. Yoshimura, M. Yamamoto, T. Shimamoto, S.
Kusumoto, and T. Shiba. 1984. Biological activities of analogues
of lipid A based chemically on the revised structural model.
Comparison of mediator inducing, immunomodulating and en-
dotoxin activities. Eur. J. Biochem. 143:237-242.

66. Kawakami, M., P. H. Pekala, M. D. Lane, and A. Cerami. 1982.
Lipoprotein lipase suppression in 3T3-Ll cells by an endotoxin-
induced mediator from exudate cells. Proc. Natl. Acad. Sci. USA
79:912-915.

67. Kensil, C. R., M. S. Barrett, B. S. Kushner, G. Beltz, J. Storey, U.
Patel, J. Recchia, A. Aubert, and D. Marciani. 1991. Develop-
ment of a genetically engineered vaccine against feline leukemia
virus infection. J. Am. Vet. Med. Assoc. 199:1423-1427.

68. Kensil, C. R., U. Patel, M. Lennick, and D. Marciani. 1991.
Separation and characterization of saponins with adjuvant activ-
ity from Quillaja saponiaria Molina cortex. J. Immunol. 146:431-
437.

69. Khanna, R., L. S. Ahmadl, H. M. Khad, H. Kumar, and A. A.
Mahdi. 1991. Vaccination of rhesus monkeys against Plasmodium
knowlesi with aqueous suspension of MDP as an adjuvant. Indian
J. Malariol. 28:99-104.

70. Khullar, N., C. M. Gupta, and S. Sehgal. 1988. Immune response
studies in relation to protection induced by using MDP as an
adjuvant in malaria. Immunol. Invest. 17:1-17.

71. Khullar, N., and S. Sehgal. 1991. Histopathological studies in
relation to protection induced by using MDP as an adjuvant in
malaria. Indian J. Malariol. 4:243-248.

72. Kluger, M. J., J. J. Oppenheim, and M. C. Powanda (ed.). 1985.
Progress in leukocyte biology, vol. 2. Alan R. Liss, Inc., New
York.

73. Kotani, S., H. Takada, I. Takahashi, T. Ogawa, M. Tsujimoto, H.
Schimauchi, T. Ikeda, H. Okamura, T. Tamura, K. Karada, S.
Tanaka, T. Shiba, S. Kusumoto, and T. Shimamoto. 1986.
Immunobiological activities of synthetic lipid A analogs with low
endotoxicity. Infect. Immun. 54:673-682.

74. Kotani, S., H. Takada, I. Takahashi, M. Tsujimoto, T. Ogawa, T.
Ikeda, K. Harada, H. Okamura, T. Tamura, S. Tanaka, T. Shiba,
S. Kusumoto, M. Imoto, H. Yoshimura, and N. Kasai. 1986. Low
endotoxic activities of synthetic Salmoniella-type lipid A with an
additional acyloxyacyl group on the 2-amino group of ,B(1-
6)glucosamine disaccharide 1,4'-biphosphate. Infect. Immun. 52:
872-884.

75. Kotani, S., H. Takada, M. Tsujimoto, T. Ogawa, K. Norada, Y.
Mori, A. Kawasaki, A. Tanaka, S. Nagao, S. Tanaka, Y. Shiba, S.
Kusumoto, M. Imoto, H. Yoshismura, M. Yamamoto, and T.
Shinamoto. 1984. Immunobiologically active lipid A analogs
synthesized according to a revised structural model of natural
lipid A. Infect. Immun. 45:293-296.

76. Kumazawa, Y., M. Matsuura, J. Y. Homma, Y. Nakatsuru, M.
Kiso, and A. Hasegawa. 1985. B cell activation and adjuvant
activities of chemically synthesized analogues of the nonreducing
sugar moiety of lipid A. Eur. J. Immunol. 15:199-201.

77. Kumazawa, Y., M. Nakatsuka, H. Takimoto, T. Furuya, T.
Nagumo, A. Yamamoto, J. Y. Homma, K. Inada, M. Yoshida, M.
Kiso, and A. Hasegawa. 1988. Importance of fatty acid substitu-
ents of chemically synthesized lipid A-subunit analogs in the
expression of immunopharmacological activity. Infect. Immun.
45:149-155.

78. Kunimoto, D. Y., R. P. Nordan, and W. Strober. 1989. 11-6 is a
potent co-factor of 11-1 in IgM synthesis and of Il-5 in IgA
synthesis. J. Immunol. 143:2230-2235.

79. Lacour, J., F. Lacour, A. Spira, M. Michelson, J.-Y. Petit, G.
Delage, D. Sarragin, G. Contesso, and J. Viguier. 1984. Adjuvant
treatment with poly (A) poly (U) in operable breast cancer.
Updated results of a randomized trial. Br. Med. J. 288:589-596.

80. Lacour, F., A. Spira, J. Lacour, and M. Prade. 1972. Polyade-
nylic-polyuridylic acid, an adjunct to surgery in the treatment of
spontaneous mammarv tumors in C3H/He mice and transplant-
able melanoma in the hamster. Cancer Res. 32:648-649.

81. Lacour, J., A. Spira, J.-V. Petit, D. Garrazin, F. Lacour, M.
Michelson, G. Delage, G. Contesso, and J. Viguier. 1980. Adju-
vant treatment with polyadenylic-polyuridylic acid (poly A-poly
U) in operable breast cancer. Lancet ii:161-164.

82. Lam, C., J. Hildebrandt, E. Schutze, B. Rosenwirth, R. A.
Proctor, E. Liehl, and P. Stutz. 1991. Immunostimulatory, but
not antiendotoxin, activity of lipid X is due to small amounts of
contaminating N,O-acylated disaccharide-1-phosphates: in vitro
and in vivo reevaluation of the biological activity of a synthetic
lipid X. Infect. Immun. 59:2351-2358.

83. Lam, C., E. Schutze, J. Hildebrandt, H. Aschaauer, E. Liehl, L.
Macher, and P. Stutz. 1991. SDZ MRL 953, a novel immuno-
stimulatory monosaccharide lipid A analog with improved ther-
apeutic window in experimental sepsis. Antimicrob. Agents Che-
mother. 35:500-505.

84. Lam, C., E. Schutze, and I. Macher. 1988. Restoration of
nonspecific host resistance in chemically induced neutropenia, p.
357-363. In K. N. Masihi and W. Lange (ed.), Immunomodula-
tors and non-specific host defense mechanism against microbial
infections. Advances in biosciences series, vol. 68. Pergamon
Press, New York.

85. Landy, M., and A. G. Johnson. 1955. Studies on the 0 antigen of
Salmonella typhosa. IV. Endotoxic properties of the purified
antigen. Proc. Soc. Exp. Biol. Med. 90:57-62.

86. Landy, M., A. G. Johnson, M. E. Webster, and J. F. Sagin. 1955.
Studies on the 0 antigen of Salmonella typhosa. II. Immunolog-
ical properties of the purified antigen. J. Immunol. 74:466-478.

87. Lasfargues, A., and R. Chaby. 1988. Endotoxin-induced tumor

VOL. 7? 1994



CLIN. MICROBIOL. REV.

necrosis factor (TNF): selective triggering of TNC and interleu-
kin-1 production by distinct glucosamine-derived lipids. Cell.
Immunol. 15:165-178.

88. Lebbar, S., J.-M. Cavaillon, M. Caroff, A. Ledur, H. Brade, R.
Sarfati, and N. Haeffner-Cavaillon. 1986. Molecular requirement
for interleukin 1 induction by lipopolysaccharide-stimulated hu-
man monocytes: involvement of the heptosyl-2-keto 3-deoxygoc-
tualosonati region. Eur. J. Immunol. 16:87-91.

89. Leclerc, C., and F. Vogel. 1986. Synthetic immunomodulators and
synthetic vaccines. Crit. Rev. Ther. Drug Carrier Systems 2:353-
406.

90. Lee, B. K., M. Mohrman, M. J. Odean, A. G. Johnson, A. Morin,
and E. Deschamps de Paillette. 1992. Polyadenylic:polyuridylic
acid-induced determinants of host resistance to cytomegalovirus and
their potentiation by hyperthermia. J. Immunother. 12:105-114.

91. Lei, M.-G., and D. C. Morrison. 1988. Specific endotoxic lipopoly-
saccharide-binding proteins on murine splenocytes. I. Detection
of lipopolysaccharide-binding sites on splenocytes and splenocyte
subpopulations. J. Immunol. 141:996-1005.

92. Lew, A. M., F. Anders, S. J. Edwards, and C. J. Langford. 1988.
Comparison of antibody avidity and titre elicited by peptide as a
protein conjugate or as expressed in vaccinia. Immunology
65:311-314.

93. Loppnow, H., H. Brade, I. Duerrbaum, C. A. Dinarello, S.
Kusumoto, E. T. Rietschel, and H.-D. Flad. 1989. Interleukin 1
induction-capacity of defined lipopolysaccharide partial struc-
tures. J. Immunol. 142:3229-3238.

94. Loppnow, H., L. Brade, H. Brade, E. T. Rietschel, S. Kusumoto,
T. Shiba, and H.-D. Flad. 1986. Induction of human interleukin
1 by bacterial and synthetic lipid A. Eur. J. Immunol. 16:1263-
1267.

95. Lycke, N., and J. Holmgren. 1986. Strong adjuvant properties of
cholera toxin on gut mucosal immune response to orally pre-
sented antigens. Immunology 59:301-308.

96. Lycke, N., T. Tsuiji, and J. Holmgren. 1992. The adjuvant effect
of Vibrio cholerae and Escherichia coli heat labile enterotoxins is
linked to their ADP-ribosyltransferase activity. Eur. J. Immunol.
22:2277-2281.

97. Majde, J. A. (ed.). 1987. Progress in leukocyte biology, vol. 6.
Alan R. Liss, Inc., New York.

98. Majde, J. A., 0. Pavlovskis, S. Bagar, J. M. Katz, R. I. Walker,
and J. D. Clements. LT. An oral adjuvant for protection against
mucosal pathogens. In S. Tull (ed.), Adjuvants-theory and
practical applications, in press. John Wiley, London.

99. Matsumoto, K., H. Ogawa, T. Kusama, 0. Nagase, N. Sawaki, M.
Inage, S. Kusumoto, T. Shiba, and I. Azuma. 1981. Stimulation of
nonspecific resistance to infection induced by 6-O-acyl muramyl
dipeptide analogs in mice. Infect. Immun. 32:748-758.

100. Merritt, K., and A. G. Johnson. 1965. Studies on the adjuvant
action of bacterial endotoxins on antibody formation. IV. En-
hancement of antibody formation by nucleic acids. J. Immunol.
94:416-422.

101. Minami, A., K. Fujimoto, Y. Ozaki, and S. Nakamura. 1988.
Augmentation of host resistance to microbial infections by
recombinant human interleukin-hx. Infect. Immun. 56:3116-
3120.

102. Mitchell, M. S., J. Kan-Mitchell, R. A. Kempf, W. Harel, H. Shau,
and S. Lind. 1988. Active specific immunotherapy for melanoma
Phase 1 trial of allogeneic lysates and a novel adjuvant. Cancer
Res. 48:5883-5893.

103. Morris, C. K., and A. G. Johnson. 1978. Regulation of the
immune system by synthetic polynucleotides. VII. Suppression
induced by pre-treatment with poly A:U. Cell Immunol. 39:345-354.

104. Morrison, D. C., and J. L. Ryan. 1979. Bacterial endotoxins and
host immune responses. Adv. Immunol. 28:293-450.

105. Morrison, D. C., and R. J. Ulevitch. 1978. The effects of bacterial
endotoxins on host mediation systems. Am. J. Pathol. 93:527-617.

106. Murphey-Corb, M., L. N. Martin, B. Davison-Fairburn, R. C.
Montelaro, M. Miller, M. West, S. Ohkawa, G. B. Baskin, J. Y.
Zhang, S. D. Putney, A. C. Allison, and D. A. Eppstein. 1989. A
formalin-inactivated whole SIV vaccine confers protection in
macaques. Science 246:1293-1297.

107. Myers, K. R., A. G. Truchot, J. Ward, Y. Hudson, and J. T.

Ulrich. 1990. A critical determinant of lipid A endotoxic activity,
p. 145-156. In A. Nowotny, J. J. Spitzer, and E. J. Ziegler (ed.),
Cellular and molecular aspects of endotoxin action. Elsevier
Science Publishing Co., New York.

108. Nedrud, J. G., and N. Sigmund. 1990. Cholera toxin as a mucosal
adjuvant. III. Antibody responses to non-target dietary antigens
are not increased. Reg. Immunol. 91:217-222.

109. Newman, M. J., J.-Y. Wu, B. H. Gardner, K. J. Munroe, D.
Leombruno, J. Recchia, C. R. Kensil, and R. T. Coughlin. 1992.
Saponin adjuvant induction of ovalbumin-specific CD8+ cyto-
toxic T lymphocyte responses. J. Immunol. 148:2357-2362.

110. Nolibe, D., and M. N. Thang. 1988. Stimulation of natural killer
cytotoxicity by long-term treatment with double-stranded
polynucleotides without induction of hyporesponsiveness. Cancer
Immunol. Immunother. 27:114-120.

111. Odean, M. J., C. M. Frane, M. VanderVieren, M. A. Tomai, and
A. G. Johnson. 1990. Involvement of interferon gamma in
antibody enhancement by adjuvants. Infect. Immun. 58:427-432.

112. Onozuka, K., H. Shinomiya, N. Cho, T. Saito-Taki, and M.
Nakano. 1989. The adjuvant effect of a muramyl dipeptide
(MDP) analog on temperature-sensitive Salmonella mutant vac-
cine. Int. J. Immunopharmacol. 11:781-787.

113. Parant, M. 1979. Biologic properties of a new synthetic adjuvant,
muramyl dipeptide (MDP). Springer Semin. Immunopathol.
2:101-118.

114. Parant, M., F. Parant, M.-A. Vinit, and L. Chedid. 1987. Action
protectrice in "tumor necrosis factor (TNF)" obtenu par recom-
binaison genetique contre l'infection experimentale bacterienne
ou fongigue. C. R. Acad. Sci. III 304:1-4.

115. Parant, M., F. M. Audibert, L. A. Chedid, M. R. Level, P. L. Le
Francier, J. P. Choay, and E. Lederer. 1980. Immunostimulant
activities of a lipophilic muramyl dipeptide derivative and of
desmuramyl peptidolipid analogs. Infect. Immun. 27:826-831.

116. Parant, M., F. J. Parant, and L. A. Chedid. 1980. Enhancement
resistance to infections by endotoxin-induced serum factor from
Mycobacterium bovis BCG-infected mice. Infect. Immun. 28:654-
659.

117. Philips, F. S., M. Fleisher, L. D. Hamilton, M. K. Schwartz, and
S. S. Sternberg. 1971. Polyinosinic-polycytidylic acid toxicity, p.
259-272. In R. F. Beers and W. Braun (ed.), Biological effects of
polynucleotides. Springer-Verlag, New York.

118. Proctor, R. A., J. A. Will, K. E. Burhop, and C. R. H. Raetz. 1986.
Protection of mice against lethal endotoxemia by a lipid A
precursor. Infect. Immun. 52:905-907.

119. Ribi, E., K. Amano, J. Cantrell, S. Schwartzman, R. Parker, and
K. Takayama. 1982. Preparation and antitumor activity of non-
toxic lipid A. Cancer Immunol. Immunother. 12:91-96.

120. Ribi, E., J. Cantrell, T. Feldner, K. Meyers, and J. Peterson.
1986. Biological activities of monophosphoryl lipid A, p. 9-13. In
L. Levie (ed.), Microbiology-1986. American Society for Micro-
biology, Washington, D.C.

121. Ribi, E., J. L. Cantrell, K. Takayama, N. Qureshi, J. Peterson,
and H. 0. Ribi. 1984. Lipid A and immunotherapy. Rev. Infect.
Dis. 6:567-572.

122. Rietschel, E. T., L. Brade, U. Schade, U. Seydel, U. Zaehringer,
K. Brandenburg, I. Helander, 0. Holst, S. Kondo, H. M. Kuhn,
et al. 1990. Bacterial lipopolysaccharides: relationship of struc-
ture and conformation of endotoxin activity, serological specific-
ity and biological function. Adv. Exp. Med. Biol. 256:81-89.

123. Rietschel, E. T., Z. Sidorczyk, U. Zaehringer, H.-W. Wollenweber,
and 0. Luederitz. 1983. Analysis of the primary structure of lipid
A. Am. Chem. Soc. Symp. Ser. 231:195-278.

124. Sacco, A. G., E. C. Yurewicz, and M. G. Subramanian. 1989.
Effect of varying dosages and adjuvants on antibody response in
squirrel monkeys (Saimiri sciureus) immunized with the porcine
zona pellucida Mr = 55,000 glycoprotein (ZP3). Am. J. Reprod.
Immunol. 21:1-8.

125. Sanchez-Pescador, L., R. L. Burke, G. Ott, and G. Van Nest.
1988. The effect of adjuvants on the efficacy of a recombinant
herpes simplex virus glycoprotein vaccine. J. Immunol. 141:1720-
1727.

126. Shaha, C., A. Suri, and G. P. Talwar. 1990. Induction of infertility
in female rats after active immunization with 24 kD antigens from

288 JOHNSON



MOLECULAR ADJUVANTS AND IMMUNOMODULATORS 289

rat testes. Int. J. Androl. 13:17-25.
127. Sidorczyk, Z., U. Zaehringer, and E. T. Rietschel. 1983. Chemical

structure of the lipid A component of the lipopolysaccharide
from a Proteus mirabilis Re mutant. Eur. J. Biochem. 137:15-22.

128. Sultzer, B. M., G. W. Goodman, and T. K. Eisenstein. 1980.
Endotoxin protein as an immunostimulant, p. 61-65. In D.
Schlessinger (ed.), Microbiology-1980. American Society for
Microbiology, Washington, D.C.

129. Takada, H., S. Kotani, M. Tsujimoto, T. Ogawa, I. Takahashi, K.
Harada, C. Katsukawa, S. Tanaka, T. Shiba, S. Kusumoto, M.
Imoto, H. Yoshimura, M. Yamamoto, and T. Shimamoto. 1985.
Immunopharmacological activities of a synthetic counterpart of a

biosynthetic lipid A precursor molecule and of its analogs. Infect.
Immun. 48:219-227.

130. Takahasi, l., S. Kotani, H. Takada, M. Tsujimoto, T. Ogawa, T.
Shiba, S. Kusumoto, M. Yamamoto, A. Hasegawa, M. Kiso, M.
Nishijima, F. Amno, Y. Akamatsu, K. Harada, S. Tanaka, H.
Okamura, and T. Tumura. 1987. Requirement of a properly
acylated 13(1-6)-D-glucosamine disaccharide bisphosphate struc-
ture for efficient manifestation of full endotoxic and associated
bioactivities of lipid A. Infect. Immun. 55:57-68.

131. Takayama, K., M. Olsen, P. Datta, and R. L. Hunter. 1991.
Adjuvant activity of non-ionic block copolymers. V. Modulation
of antibody isotype by lipopolysaccharides, lipid A and precur-
sors. Vaccine 9:257-265.

132. Takayama, K., N. Qureshi, B. Beutler, and T. N. Kirkland. 1989.
Diphosphoryl lipid A from Rhodopseudomonas sphaeroides
ATCC 17023 blocks induction of cachectin in macrophages by
lipopolysaccharide. Infect. Immun. 57:1336-1338.

133. Takayama, K., N. Qureshi, and P. Mascagni. 1983. Complete
structure of lipid A obtained from the lipopolysaccharides of the
heptoseless mutant of Salmonella typhimurium. J. Biol. Chem.
2258:12801-12803.

134. Takayama, K., N. Qureshi, C. R. H. Raetz, E. Ribi, J. Peterson,
J. L. Cantrell, F. C. Pearson, J. Wiggins, and A. G. Johnson.
1984. Influence of fine structure of lipid A on Limulus amebocyte
lysate clotting and toxic activities. Infect. Immun. 45:350-355.

135. Telzak, E., S. M. Wolff, C. A. Dinarello, T. Conlon, A. El Khaly,
G. M. Bahr, J. P. Choay, A. Morin, and L. Chedid. 1986. Clinical
evaluation of the immunoadjuvant murabutide, a derivative of
MDP, administered with a tetanus toxoid vaccine. J. Infect. Dis.
153:628-633.

136. Tomai, M. A., and A. G. Johnson. 1989. T cell and gamma

interferon involvement in the adjuvant action of a detoxified
endotoxin. J. Biol. Response Modif. 8:625-643.

137. Tomai, M. A., L. E. Solem, A. G. Johnson, and E. Ribi. 1987. The
adjuvant properties of a non-toxic monophosphoryl lipid A in
hyporesponsive and aging mice. J. Biol. Response Modif. 6:99-
107.

138. Tsujimoto, M., S. Kotani, F. Kinoshita, S. Karroh, T. Shiba, and
S. Kusumoto. 1986. Adjuvant activity of 6-O-acyl muramyldipep-
tides to enhance primary cellular and humoral immune responses
in guinea pigs: adaptability to various vehicles and pyrogenicity.
Infect. Immun. 53:511-516.

139. Uchiyama, T., and D. M. Jacobs. 1978. Modulation of the
immune response by bacterial LPS: cellular basis for the stimu-
latory and inhibitory effects of LPS on the in vitro IgM antibody
response to a T-dependent antigen. J. Immunol. 121:2347-2351.

140. Ullrich, S. E., and I. J. Fidler. 1992. Liposomes containing
muramyl tripeptide phosphatidylethanolamine (MTP-PE) are
excellent adjuvants for induction of an immune response to
protein and tumor antigens. J. Leukocyte Biol. 52:489-494.

141. Ulrich, J. T., K. N. Masihi, and W. Lange. 1988. Mechanisms of
nonspecific resistance to microbial infections induced by treha-
lose dimycolate (TDM) and monophosphoryl lipid A (MPL).
Adv. Biosci. 68:167-178.

142. Vogel, S. N., and M. M. Hogan. 1989. The role of cytokines in
endotoxin-mediated responses, p. 238-258. In E. Shevach and
J. J. Oppenheim (ed.), Immunophysiology: the roles of cells and
cytokines in immunity of inflammation. Oxford Press, New York.

143. Vosika, G. J., C. Barr, and D. Gilbertson. 1984. Phase I study of
intravenous modified lipid A. Cancer Immunol. Immunother.
18:107-112.

144. Vuopio-Varhila, J., M. Nurminen, L. Pyhala, and P. H. Maekela.
1988. Lipopolysaccharide-induced non-specific resistance to sys-
temic Escherichia coli infection in mice. J. Med. Microbiol.
25:197-203.

145. Walker, R. I., and J. D. Clements. Use of the heat labile toxin of
enterotoxigenic Escherichia coli to facilitate mucosal immuniza-
tion. Vaccine Res., in press.

146. Warren, H. S., and L. A. Chedid. 1988. Future prospects for
vaccine adjuvants. Crit. Rev. Immunol. 8:83-101.

147. Webster, M. E., J. F. Sagin, M. Landy, and A. G. Johnson. 1955.
Studies on the 0 antigen of Salmonella typhosa. I. Isolation and
purification of the antigen. J. Immunol. 74:455-465.

148. Westphal, O., and 0. Luederitz. 1954. Chemische Erforschung
von lipopolysacchariden gram-negative Bakterien. Angew.
Chem. 66:407-417.

149. White, A. C., P. Cloutier, and R. T. Coughlin. 1991. A purified
saponin acts as an adjuvant for a T-independent antigen, p.
207-210. In M. Z. Atassi (ed.), Immunobiology of proteins and
peptides VI. Plenum Press, New York.

150. Wintsch, J., C.-L. Chaignot, D. G. Braun, et al. 1991. Safety and
immunogenicity of a genetically engineered human immunode-
ficiency virus vaccine. J. Infect. Dis. 163:219-225.

151. Wu, J.-Y., B. H. Gardner, C. I. Murphy, J. R. Seals, C. R. Kensil,
J. Recchia, G. A. Beltz, G. W. Newman, and M. J. Newman. 1992.
Saponin adjuvant enhancement of antigen specific immune re-
sponses to an experimental HIV-1 vaccine. J. Immunol. 148:
1519-1525.

152. Yin, J.-Z., M. K. Bell, and G. J. Thorbecke. 1989. Effect of various
adjuvants on the antibody response of mice to pneumococcal
polysaccharides. J. Biol. Response Modif. 8:190-205.

153. Zaehringer, U., B. Lindner, U. Seydel, E. T. Rietschel, H. Naoki,
F. M. Unger, M. Imoto, S. Kusumoto, and T. Shiba. 1985.
Structure of de-O-acylated lipopolysaccharide from the Esche-
richia coli Re mutant strain F515. Tetrahedron Lett. 26:6321-
6324.

VOL. 7, 1994


