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Lipid A preparations derived from the lipopolysaccharides of several gram-negative bacteria, as well as
chemically defined synthetic lipid A’s and their analogs (both glucosamine mono- and disaccharides), were used
to establish the chemical structures required for (i) abolishing the expression of suppressor T cell (Ts) function
and (ii) inducing polyclonal activation of B cells. Salmonella minnesota R595 lipid A (diphosphoryl lipid A)
possesses both of these activities. Decreasing the number of phosphate groups in lipid A from two to one
(monophosphoryl lipid A) as well as decreasing the fatty acyl content, primarily by removing the residue at the
3 position, resulted in a progressive reduction in toxicity; however, these structural modifications did not
influence its ability to abolish the expression of Ts function. Reducing the fatty acyl content from five to four (lipid
A precursor IV, or 1) eliminated the capacity to influence Ts function but not to induce polyclonal activation of
B cells. None of the monosaccharide analogs of lipid A examined influenced the expression of T's activity, although
some were able to activate B cells polyclonally. Thus, in order to be able to abolish the expression of Ts function,
lipid A (i) must be a glucosamine disaccharide, (iij) may have either one or two phosphate groups, and (iii) must
have at least five fatty acyl groups. Also, the chain length of the nonhydroxylated fatty acid, as well as the location
of acyloxyacyl groups (2’ versus 3’ position), may play an important role. These findings indicate that the
chemical structures responsible for the toxicity of lipid A differ from those that influence its capacity to abolish

the expression of Ts function and to induce polyclonal activation of B cells.

It has been established that the magnitude of the antibody
response to the capsular polysaccharide antigen (SSS-III) of
type Il Streptococcus pneumoniae is influenced in both a
negative and positive manner by two types of thymus-
derived (T) lymphocytes with opposing functions; such
regulatory T cells have been called suppressor T cells (Ts)
and amplifier T cells (Ta), respectively. Ts limit the extent to
which populations of bone marrow-derived precursors of
antibody-forming cells (B cells) enlarge in response to anti-
gen, whereas Ta drive clones of B cells to expand further
upon antigenic stimulation. Because the activities of CD4~
CD8"* Ts and CD4* CD8~ Ta are normally counterbalanced,
the effect of one type of regulatory T cell is not usually
apparent unless the activity of the other is either eliminated
or altered significantly. Consequently, in the absence of Ts
activity, Ta function is more fully expressed, thereby result-
ing in an increased or enhanced antibody response. These
findings have been reviewed in detail elsewhere (2, 3, 7).
Since the endotoxins or lipopolysaccharides (LPSs) of gram-
negative bacteria are potent immunological adjuvants (13,
16, 22, 25, 43), we sought to determine whether some,
though certainly not all, of their immunomodulatory proper-
ties might be attributed to a modification in regulatory T cell
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function, i.e., to an increase or decrease in Ta or Ts activity,
respectively.

It has been demonstrated that the immunomodulatory,
toxic, and pharmacological effects of LPS are mediated by
the bis(phospho)lipid A or diphosphoryl lipid A (DPL)
moiety of the LPS molecule (17, 26, 44); however, it is
difficult to evaluate the role of lipid A as an immunomodu-
lator, or to exploit its potential as an adjuvant, because lipid
A, like LPS, is extremely toxic to most animal species (26,
44). This problem was resolved when it was shown that
removal of the glycosidic phosphate from the reducing end
of lipid A to yield monophosphoryl lipid A (MPL) reduced
the toxicity but did not diminish the adjuvant properties of
lipid A and LPS (33-35, 43). It has since been established
that treatment with MPL abolishes the inhibitory effects of
antigen-specific Ts without adversely influencing the expres-
sion of other T cell functions, e.g., helper, amplifier, and
cytotoxic T cell activity (6, 15). Thus, MPL acts selectively
on activated Ts, which appear to possess a receptor-linked
biochemical pathway that is extremely sensitive to inactiva-
tion by MPL and its analogs (6, 15).

Little is known concerning the structural components of
the MPL molecule that contribute to its ability to interact
with Ts and influence the expression of Ts function. In the
present work, several naturally derived lipid A structures, as
well as a number of chemically defined synthetic glu-
cosamine mono- and disaccharide analogs, were used to
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FIG. 1. Chemical structures of naturally derived diglucosamine
analogs of lipid A used. All structures are depicted in their most
acylated forms. The lipid A from R. sphaeroides is primarily a
mixture of two compounds with variations in the presence or
absence of unsaturation in R2. Abbreviations: P, phosphate; HOC,,,
3-hydroxydecanoyl; HOC,,, 3-hydroxytetradecanoyl; OC,,, 3-oxo-
tetradecanoyl; C,,0C,,, 3-dodecanoyloxytetradecanoyl; C,,0C,,,
3-tetradecanoyloxytetradecanoyl; C,OC,,, 3-hexadecanoyloxytet-
radecanoyl; C,,0,’C,,4, 3-(A’-tetradecenoyloxy)tetradecanoyl.

determine the structural basis for its ability to abolish the
expression of Ts function.

MATERIALS AND METHODS

Mice. Female BALB/cByJ mice, 8 to 10 weeks of age,
were purchased from Jackson Laboratories, Bar Harbor,
Maine.

Naturally derived LPS, lipid A, and lipid A analogs. Sal-
monella minnesota RS595 LPS and its corresponding
bis(phospho)lipid A or DPL, and MPL fractions were ob-
tained from Ribi ImmunoChem Research, Inc., Hamilton,
Mont.; their method of preparation, immunomodulatory
properties, and structural features have been documented (6,
16, 30, 33-35, 43). The 3-O-deacylated MPL of S. minnesota
R595 was prepared as described previously (27). DPL was
isolated from the nontoxic LPS of Rhodobacter sphaeroides
as described previously (32, 38, 41). The chemical structures
of the most acylated forms of these naturally derived glu-
cosamine disaccharide lipid A preparations and their analogs
are presented in Fig. 1. All were dissolved to a final
concentration of 1 mg/ml in distilled water containing 0.2%
triethylamine. After thorough mixing, they were sonicated
briefly (10 to 20 s) to obtain a stock solution, which was
stored at 4°C until used. Such stock solutions were slightly
turbid with no insoluble material or opalescence. They were
diluted with saline to obtain the desired concentration for
intraperitoneal (i.p.) injection in a volume of 0.2 ml.

Synthetic glucosamine disaccharide analogs of lipid A or
MPL. Synthetic tetraacyl lipid A precursor IV, or I, (LA-
14-PP), mono- and diphosphoryl hexaacyl lipid A’s of Esch-
erichia coli (LA-15-PH and LA-15-PP, respectively), and
heptaacyl Salmonella MPL (LA-16-PH) were purchased
from ICN Biochemicals Inc., Cleveland, Ohio; their struc-
tures have been described elsewhere (37, 40). Pentaacyl
LA-20-PH and LA-21-PH were prepared by one of us (S.
Kusumoto); their structural and biological properties have
been described (40). These preparations likewise were dis-
solved in distilled water containing 0.2% triethylamine as
described above.
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FIG. 2. Chemical structures of synthetic glucosamine disaccha-
ride analogs of lipid A used. Abbreviations are the same as in Fig. 1,
with the following additions: LY, lysine; LY, lysyllysine.

SDZ 880.690-LY and SDZ 89.706-LY were synthesized as
described previously (39). These lysine (LY)-containing
monophosphoryl analogs with phosphate groups attached at
the 1 rather than the 4’ position were handled differently
because of the instability of the phosphate group at that
position. Ethanol (40 pl) was added to a glass tube (10 by 75
mm) containing about 5 mg of dry material. The mixture was
warmed to 45°C and thoroughly mixed. Then, 0.4 ml of warm
(45°C) 0.15 M glucose solution was added, and the sample
was sonicated for 10 to 20 s, after which sufficient warm
glucose solution was added to provide a final concentration
of 1 mg/ml. This stock solution was sonicated once more and
then stored at 4°C; it was diluted with 0.15 M glucose to the
desired concentration for injection (i.p.) in a volume of 0.2
ml. The chemical structures of all of the synthetic glu-
cosamine disaccharides used are given in Fig. 2.

Synthetic glucosamine monosaccharide analogs. The struc-
tures and biological properties of synthetic GLA-27, GLA-
47, GLA-57, GLA-58, GLA-59, GLA-60, GLA-113, and
GLA-147 have been described (21, 24). They were dissolved
in distilled water containing 0.2% triethylamine as described
above.

SDZ 880.421 and SDZ MRL 953, which unlike the syn-
thetic monosaccharide analogs described above, are 1-phos-
pho derivatives, were synthesized as described previously
(39); they were dissolved in 0.15 M glucose as described
above. The chemical structures of all of the synthetic
monosaccharide analogs used are shown in Fig. 3.

Antigen and immunization procedure. The immunological
properties of the preparation of SSS-III used, as well as the
method by which it was prepared, have been described (3,
7-10). For immunization, mice were given a single injection
(i.p.) of an optimally immunogenic dose (0.5 pg) of SSS-III
in 0.5 ml of saline. The magnitude of the antibody response
elicited was determined 5 days after immunization.

Immunological methods. Numbers of splenic antibody-
producing plaque-forming cells (PFC) making antibody spe-
cific for SSS-III (SSS-III-specific PFC) provided a measure
of the peak antibody response made by individual mice, i.e.,
at 5 days after immunization. SSS-III-specific PFC making
antibody of the immunoglobulin M (IgM) class (>90% of all
PFC found [8]) were detected by a slide version of the
technique of localized hemolysis-in-gel, using indicator
sheep erythrocytes (SRBC) coated with SSS-III by the CrCl,



2696 BAKER ET AL.

o
A—0O Q
Monoglucosamine R? R2 A B
GLA-47 Cia C140C 14 P H
GLA-47 C140Cy4  C140C14 P H
GLA-67 Cia C120C14 P H
GLA-58 Cia C160C14 P H
GLA-59 HOC14 €140C14 P H
GLA-60 C140C14 HOC14 P H
GLA-113 C1oC1a HOC14 P H
GLA-147 C14C1a HOC 14 P H
SDZ 880.421 C140C14 HOC 14 H P
SDZ MRL 953 HOC14 HOC 14 HOCyy P

FIG. 3. Chemical structures of synthetic glucosamine monosac-
charide analogs of lipid A used. Abbreviations are the same as in
Fig. 1, with the following additions: C,,, tetradecanoyl; C,,C,,,
2-decytetradecanoyl; C,,C,4, 3-undecylheptadecanoyl.

method (11). Corrections were made (by subtraction) for the
small numbers of background SRBC-specific PFC found so
that only values for SSS-IIl-specific PFC were considered
for immunized mice. The values obtained (SSS-III-specific
PFC per spleen), which are log normally distributed (18), are
expressed as the geometric mean (antilog) of the mean log;,,
number of SSS-III specific PFC per spleen * the standard
error of the mean (SEM) for groups of similarly treated mice.
This provides a valid measure of the total antibody response
produced since (i) SSS-III-specific PFC are detected only in
the spleens of immunized mice and (ii) numbers of SSS-III-
specific PFC per spleen are directly related to the magnitude
of the serum antibody response (1, 23).

Assessment of polyclonal activation. The appearance of
increased numbers of cells secreting non-antigen-specific
immunoglobulin of the IgM class, which is a characteristic of
biologically active preparations of LPS and lipid A (19), was
detected by a modification of the protein A plaque assay
(20), in which indicator SRBC were coated with protein A
(Pharmacia) in the presence of CrCl, (66 pg/ml) as the
coupling agent. The affinity-purified rabbit anti-mouse IgM
antibody used for the detection of non-antigen-specific IgM-
secreting PFC was the same preparation as that used in other
published studies (20). A dilution (1:200 in saline) known to
reveal maximal numbers of IgM-secreting PFC (20) was
added (50 pl) to the soft agarose reaction mixture before the
addition of spleen cells. Results are expressed as the mean
relative increase in IgM-secreting PFC per spleen = SEM for
groups of treated or untreated (control) mice. Here, all
comparisons were made with respect to the baseline values
for such PFC in age-matched control (untreated) groups of
mice.

Statistics. Student’s ¢ test was used to assess the signifi-
cance of the differences observed. Differences were consid-
ered to be significant when probability (P) values <0.05 were
obtained.
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FIG. 4. Effects of treatment with two injections of different
amounts of LPS or lipid A analogs on expression of low-dose
immunological paralysis. B, immunized (0.5 wg of SSS-III); O,
primed (5 ng of SSS-III) and immunized (0.5 ng of SSS-III); X,
primed (5 ng of SSS-III), immunized (0.5 ng of SSS-1II), and treated
with analog.

RESULTS

Effects of treatment with naturally derived LPS, lipid A,
and lipid A analogs on expression of Ts activity. Mice were
pretreated or primed with a single injection (i.p.) of a
subimmunogenic dose (5 ng) of SSS-III. Three days later,
they were given (i.p.) an optimally immunogenic dose (0.5
ng) of SSS-III with or without an injection (i.p.) of a given
amount of LPS, lipid A, or lipid A analog; a second injection
of the same amount of LPS, lipid A, or lipid A analog also
was given (i.p.) to primed mice 1 day after immunization
with 0.5 pg of SSS-III. The magnitude of the SSS-III-specific
antibody (PFC) response produced was determined 5 days
after immunization. The results obtained were compared
with those for unprimed mice and primed mice immunized
with 0.5 pg of SSS-III to evaluate (i) the degree of unrespon-
siveness induced as a result of priming with 5 ng of SSS-III
and (ii) the effect of treatment with LPS, lipid A, or lipid A
analogs on the degree of unresponsiveness expressed. It
should be noted that in these and in the remaining experi-
ments to be described, mice were given two injections of the
stated amounts of the test materials used, on the day of and
on the day after immunization with 0.5 pg of SSS-III.

The data in Fig. 4 show that priming with a single injection
of 5 ng of SSS-III resulted in the development of significant
unresponsiveness in all experimental groups considered (sol-
id versus open bars; P < 0.005 in all cases). It has been
established that such unresponsiveness, which has been
called low-dose immunological paralysis, is antigen specific,
persists for several weeks or months after priming with just
one injection of 5 ng of SSS-III, and is mediated by CD8* Ts
(3,4,7,9, 42). Treatment with 0.01 to 10 pg of S. minnesota
R595 LPS or 0.1 to 20 ug of toxic DPL derived from this LPS
likewise resulted in a dose-dependent decrease in the degree
of unresponsiveness expressed; here, unresponsiveness was
abolished (P < 0.001) by treatment with two injections of 10
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FIG. 5. Effects of treatment with two injections of 25 or 50 pg of
various synthetic lipid A analogs on expression of low-dose immu-
nological paralysis. Symbols are defined in the legend to Fig. 4.

to 20 pg of each of these preparations, which are quite toxic
and pyrogenic (27, 33).

The administration of two injections of 50 pg of nontoxic
R. sphaeroides DPL (32, 38, 41) caused a significant de-
crease in, but not a complete abolition of, unresponsiveness;
however, treatment with 25 to 50 pg of relatively nontoxic S.
minnesota R595 MPL or its even less toxic 3-O-deacylated
derivative (27) abolished unresponsiveness (P < 0.001).
Thus, although the phosphate group at the 1 position and the
acyl group at the 3 position are required for the full expres-
sion of endotoxic activity (27, 33), neither appears to be
essential for adjuvanticity (27) or for the abrogation of
low-dose unresponsiveness, i.e., the ability to inactivate the
expression of Ts function. It is interesting that the nontoxic
LPS of R. sphaeroides is still active in that regard (12),
likewise indicating a dissociation between toxicity and an
effect on the expression of Ts activity.

Effects of treatment with synthetic lipid A analogs on
expression of Ts activity. Thus far, treatment with 50 ug or
less of all preparations of LPS examined, as well as with
naturally derived preparations of their respective lipid A and
MPL fractions, had a significant effect on the expression of
Ts activity (Fig. 4). Therefore, the same experimental ap-
proach also was used to evaluate the effects of treatment
with two doses of 25 or 50 pg of various synthetic lipid A
analogs on the expression of Ts activity. The results ob-
tained (Fig. 5) show that treatment with synthetic hexaacyl
Escherichia coli MPL or DPL and heptaacyl Salmonella
MPL (LA-15-PH, LA-15-PP, and LA-16-PH, respectively)
abolished (P < 0.001) low-dose unresponsiveness. By con-
trast, treatment with (i) synthetic tetraacyl lipid A precursor
(LA-14-PP), which contains only HOC,, groups, and with
(ii) pentaacyl LA-20-PH or L.A-21-PH, which contain only a
single C,,0C,, group at the 2 or 2’ position, respectively,
was without effect. The ability of synthetic preparations of
MPL, which are not expected to contain LPS, to abolish the
expression of Ts activity indicates that the results obtained
with S. minnesota R595 or Salmonella typhimurium MPL in
this and in previous studies (Fig. 4; 6, 15) cannot be
attributed simply to contamination by small amounts of LPS

dose immunological paralysis. Symbols are defined in the legend to
Fig. 4.

or DPL, which likewise can influence the expression of Ts
activity.

The results of previous studies indicate that once Ts are
activated, they acquire a cell surface receptor for the binding
of lipid A, in addition to possessing a biochemical pathway
or effector function that is extremely sensitive to inactivation
by lipid A and LPS (6, 12, 14). This accounts for the fact that
the binding and elution of MPL-adherent cells from a solid
matrix yields cell suspensions greatly enriched (>1,000-fold)
in Ts activity (5) and that the in vitro treatment of antigen-
primed spleen cells with nanogram amounts of MPL or LPS
abolishes their capacity to transfer Ts-mediated suppression
(12, 14). This raises the possibility that, although some
analogs of lipid A may not be able to abolish the expression
of Ts activity, they still might block the capacity of MPL to
do so. Treatment with 50 to 100 pg of synthetic SDZ
880.690-LY or SDZ 89.706-LY had no effect (P > 0.05) on
the expression of Ts activity; furthermore, the administra-
tion of 50 pg of these synthetic compounds 15 to 20 min prior
to treatment with each of two doses of 50 pg of S. minnesota
R595 MPL also did not block or interfere with the capacity of
MPL to abolish Ts function (data not shown). Since tetracyl
lipid A precursor IV 4 or I, (LA-14-PP) was likewise without
effect (Fig. 5), it is not surprising that these triacyl analogs
lack such activity. Therefore, these synthetic disaccharide
analogs lack the capacity to compete with MPL for binding
to relevant cell surface receptor molecules, as well as to
influence the functional activity of Ts. Although the pres-
ence of lysine in these synthetic preparations might be a
factor, their low fatty acyl content (Fig. 2) is most likely the
main reason for their lack of activity.

Effects of treatment with glucosamine monosaccharide an-
alogs of lipid A on expression of Ts activity. Using the same
experimental approach, we found that treatment with two
doses of 50 ug of various synthetic monosaccharide analogs,
e.g., Sandoz (SDZ) 880.421, GLA-27, GLA-113, or GLA-
147, had a slight, but not significant (P > 0.05), effect on the
expression of Ts activity (Fig. 6); this was likewise the case
for primed mice given two doses of 50 pg of SDZ MRL 953,
GLA-47, GLA-57, GLA-58, or GLA-59 (P > 0.05; data not
shown). Furthermore, treatment with 50 or 100 pg of GLA-
47, GLA-60, GLA-113, or GLA-147 15 to 20 min before
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TABLE 1. Relative increase in non-antigen-specific IgM-secreting PFC in BALB/cByJ mice treated with
different naturally derived and synthetic test materials

Test material

Dose . Mean relative P value?
Type Prepn (ng) increase + SEM“

Naturally derived S. minnesota R595 DPL 50 15.32 £ 1.92 <0.001
S. minnesota R595 MPL 50 5.46 = 0.87 <0.001
S. minnesota R595 MPL 100 10.43 + 0.66 <0.001

S. minnesota R595 3-O-deacylated MPL 50 9.05 = 3.17 <0.01

R. sphaeroides DPL 50 1.78 =+ 0.24 <0.02
Synthetic disaccharide LA-14-PP (precursor IV, or L) 50 8.20 = 0.48 <0.001
analogs LA-15-PH 50 5.13 £ 0.78 <0.001
LA-15-PP 50 6.87 = 0.34 <0.001

LA-20-PH 50 1.39 = 0.13 >0.05

LA-21-PH 50 1.09 + 0.14 >0.05

Synthetic monosaccharide GLA-47 100 1.49 = 0.34 >0.05
analogs GLA-59 100 2.79 = 0.28 <0.001

GLA-60 20 0.94 + 0.09 >0.05

GLA-60 100 2.06 = 0.24 <0.01

GLA-113 20 1.16 = 0.14 >0.05
GLA-113 100 2.80 + 0.61 <0.001

GLA-147 20 1.22 = 0.15 >0.05

GLA-147 100 1.62 = 0.23 >0.05

SDZ 880.421 100 0.83 = 0.12 >0.05
SDZ MRL 953 50 2.85 = 0.50 <0.001
SDZ MRL 953 100 2.21 + 0.69 <0.001

“ Mean relative increase in non-antigen-specific IgM-secreting PFC + SEM for groups of 5 to 10 mice 3 days after the administration (i.p.) of test material. The
mean number of non-antigen-specific IgM-secreting PFC per spleen for age-matched control mice not treated with test material was 158,000 + 14,000.

» Based on comparisons with control mice not treated with test material.

treatment with each of two doses of 50 pg of S. minnesota
R595 MPL did not block or antagonize (P > 0.05) the
capacity of the MPL to abrogate unresponsiveness (data not
shown). Sufficient amounts of these compounds were not
available to permit testing at larger (>100 png) doses.

GLA-60 had a significant (P < 0.05) influence on the
expression of unresponsiveness; however, the effect ob-
served after treatment with two doses of 50 ug of GLA-60
was partial at best and represents only a 25 to 30% decrease
in the degree of unresponsiveness expressed (Fig. 6). Treat-
ment with two doses of a larger amount (100 pg) of GLA-60
likewise resulted in the same (25 to 30%) reduction in
unresponsiveness (data not shown). Since the administration
of 50 pg of GLA-60 15 to 20 min prior to treatment with each
of two doses of S. minnesota R595 MPL did not block or
interfere with the capacity of MPL to abolish the expression
of Ts activity (Fig. 4; data not shown), it is possible that the
effect of GLA-60 on unresponsiveness is mediated by a
different mechanism. None of the remaining synthetic glu-
cosamine monosaccharide analogs tested had a significant
effect on the expression of Ts activity (Fig. 6; P > 0.05 in all
cases).

Polyclonal activation of B cells by naturally derived and
synthetic lipid A and analogs. Mice were given a single
injection (i.p.) of 20 to 100 pg of the various naturally
derived or synthetic test materials used in this work. Three
days later, spleen cell suspensions from individual mice were
assayed for numbers of non-antigen-specific IgM-secreting
PFC. The results obtained were compared with the baseline
values for such PFC in untreated control mice to determine
the mean relative increase in IgM-secreting PFC per spleen
for groups of mice treated with each preparation examined.

The data in Table 1 show that all of the naturally derived
preparations that were capable of abolishing the expression

of Ts activity (Fig. 4) also were able to induce significant
polyclonal activation, although to differing extents. S. min-
nesota R595 DPL appeared to be about three times more
potent than its less toxic MPL analog, suggesting that
polyclonal activation may be influenced by the number of
phosphate groups attached to the molecule; however, syn-
thetic LA-15-PP and LA-15-PH also differ in the number of
phosphate groups present yet induced the same degree of
polyclonal activation, indicating that other factors must be
involved. In addition, the potency of 3-O-deacylated MPL
was equal to, or slightly greater than, that of fully acylated
MPL,; this suggests that the acyl group at the 3 position,
though important for the expression of toxicity (27), is not
essential for the induction of polyclonal activation. Both
synthetic LA-15-PH and LA-15-PP were able to abolish the
expression of Ts activity (Fig. 5), as well as to induce
significant polyclonal activation (Table 1); although the
degree of polyclonal activation induced by these synthetic
preparations was similar to that induced by synthetic LA-
14-PP, LA-14-PP had no effect on the expression of Ts
activity (Fig. 5). By contrast, LA-20-PH and LA-21-PH
neither influenced the expression of Ts activity (Fig. 5) nor
induced polyclonal activation.

Except for the marginal effect of GLA-60, none of the
other synthetic glucosamine monosaccharide analogs tested
abolished the expression of Ts activity (Fig. 6); however,
some (e.g., GLA-59, GLA-60, GLA-113, and SDZ MRL 953)
were able to induce polyclonal activation, though perhaps
not to the same degree as that noted for some of the
glucosamine disaccharides considered. Except for the posi-
tion of the phosphate group, GLA-60 and SDZ 880.421 are
identical in chemical structure (Fig. 3); however, GLA-60
induces significant (P < 0.01) polyclonal activation, whereas
SDZ 880.421 does not (P > 0.05; Table 1). This suggests that
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the position of the phosphate group may play an important
role in the ability of these compounds to induce polyclonal
activation. Although some of the synthetic glucosamine
monosaccharide analogs tested were able to induce signifi-
cant polyclonal activation, none were able to abolish the
expression of Ts activity (Fig. 5).

DISCUSSION

Although the LPSs or endotoxins of gram-negative bacte-
ria evoke a variety of toxic, pharmacologic, and immuno-
modulatory effects in most animal species (for reviews, see
references 16, 26, and 44), past attempts to relate the
expression of such bioactivities to chemical structures
present in these complex macromolecules have generated
much controversy. During the early period of endotoxin
research, much attention was focused upon the purity of the
LPS preparations employed, as well as upon the particular
chemical extraction procedures used to isolate biologically
active material from various species or strains of bacteria
grown under different culture conditions. Such concerns
were not without foundation and certainly merit attention
today since all of these variables influence the bioactivity
and potency of the final product obtained (28). The recogni-
tion that the bioactivities of LPS are mediated by the lipid A
portion of the molecule (for a review, see reference 44) has
led to attempts to define precise structure-function relation-
ships for the various activities of lipid A. Progress in this
regard has been advanced greatly by the availability of
chemically defined synthetic analogs of lipid A with biolog-
ical properties comparable to that of extracted or naturally
derived lipid A (21, 31, 40). Unfortunately, few precise
statements can be made concerning structure-function rela-
tionships since not all of the synthetic preparations consid-
ered to date have been tested under similar experimental
conditions. Furthermore, dose-response relationships of am-
phiphilic materials such as lipid A might also be influenced
by the three-dimensional properties of their aggregated
structures, the formation of which is governed by the num-
ber, length, and location of the long-chain fatty acid resi-
dues, as well as by the number and positions of charged
groups on the glucosamine disaccharide backbone of lipid A
or its synthetic analogs (36). Despite these complexities, a
general scheme for classifying certain structure-function
relationships for lipid A has been proposed (40). This scheme
is based on the association of acylation patterns, in addition
to other structural components of various synthetic glu-
cosamine mono- and disaccharide analogs examined, with
the expression of (i) lethality for chicken embryos, (ii)
elicitation of the Shwartzman reaction, (iii) lethality for
galactosamine-loaded mice, (iv) induction of alpha/beta in-
terferon, interleukin-2, and tumor necrosis factor, (v) adju-
vanticity, (vi) mitogenicity, (vii) increased macrophage func-
tion, and (viii) activation of the complement cascade. The
present work adds to this growing body of knowledge since
it provides, for the first time, information on the minimal
structure that influences the ability of MPL to abolish the
expression of Ts activity without adversely affecting either
the induction or expression of other T cell functions (6, 14,
15).

None of the synthetic glucosamine monosaccharide ana-
logs examined in the present work were able to abolish the
expression of Ts activity (Fig. 6) or to block the capacity of
MPL to abrogate Ts function (data not shown); this was true
even though they possessed acyl or acyloxyacyl groups also
present in preparations of MPL having such activity. There-
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fore, a glucosamine disaccharide backbone appears to be
essential in order to abrogate T’ function. Other studies have
shown that elimination of a phosphate group from the
reducing end (the 1 position) of DPL results in a large
reduction in endotoxic activity (33) and the removal of an
acyl group from the 3 position results in a further reduction
in endotoxic activity (27). For example, the toxicity of
heptaacyl S. minnesota R595 LPS, as measured by 50%
chicken embryo lethal dose (CELDs) is about 0.0032 pg;
however, the CELDs, values for the corresponding MPL
and the 3-O-deacylated derivative are 30 and >100 g,
respectively (27). None of these chemical modifications alter
either the adjuvanticity of these materials or their capacity to
abolish the expression of Ts function, since 3-O-deacylated
MPL is fully active with regard to those bioactivities (27 and
Fig. 4). Therefore, it is apparent that the structural compo-
nents required for the expression of toxicity by lipid A differ
from those that influence adjuvanticity and its ability to
influence the expression of Ts function.

Experiments conducted with various synthetic glu-
cosamine disaccharide analogs revealed that only those
compounds having acyloxyacyl groups at the 2’ and 3’
positions (e.g., hexaacyl LA-15-PH, LA-15-PP, and hepta-
acyl LA-16-PH) were able to abolish the expression of Ts
activity (Fig. 2 and 5). Except for the pentaacyl DPL of R.
sphaeroides, the results obtained with the remaining natu-
rally derived lipid A preparations, or their analogs, support
such a view (Fig. 4). This suggests that two acyloxyacyl
groups, at the 2’ and 3’ positions of the glucosamine disac-
charide, are essential for lipid A to abolish the expression of
Ts activity; however, such a conclusion should be accepted
with some reservations. The ability of the DPL of R.
sphaeroides to decrease, but not abolish, the expression of
Ts function (Fig. 4) implies that the acyloxyacyl amino group
at the 2’ position may play a critical role in influencing Ts
function and that the chain length of the nonhydroxylated
fatty acid at that position also may have a decisive effect on
functional activity. For example, the synthetic analogs (LA-
15-PH, LA-15-PP, and LA-16-PH) and lipid A with a
C,,0C,, group at the 2' position were able to abolish the
expression of Ts function (Fig. 4 and 5). By contrast, the
DPL of R. sphaeroides, having a C,,0,'C,, group at the 2’
position (Fig. 1), decreased the expression of T’ activity to a
lesser, although still significant, extent (Fig. 4), whereas
LA-21-PH, having a C,,0OC,, group at the same position,
was without effect (Fig. 2 and 5). This implies that the
capacity to influence the expression of Ts activity may
decrease as the chain length of the nonhydroxylated fatty
acid of the acyl group at the 2’ position increases from C,, to
C,6- Obviously, one must examine the activity of a pentaacyl
or 3-O-desacyl tetraacyl preparation having a C,,0C,, group
at the 2’ position to test the validity of this hypothesis.
Unfortunately, such a compound is not available at this time.

Despite the fact that none of the synthetic glucosamine
monosaccharide analogs examined abolished the expression
of Ts activity (Fig. 6), some were able to induce the
polyclonal activation of B cells (Table 1); this was likewise
the case for tetraacyl LA-14-PP, a synthetic disaccharide
analog (Table 1; Fig. 5). This implies that different structures
are involved in the expression of these activities. For exam-
ple, GLA-60 and SDZ 880.421 are identical in structure,
except for the position of the phosphate group (Fig. 3);
however, GLA-60 is able to stimulate significant polyclonal
activation, whereas SDZ 880.421 does not (Table 1), indicat-
ing that the position of the phosphate group plays an
important role in the polyclonal activation of B cells. It
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should be noted that, although SDZ 880.421 is able neither to
abrogate the expression of Ts activity nor to induce poly-
clonal activation of B cells, it has been shown to stimulate
significant nonspecific protection against infection (39).
Thus, of all the monosaccharide analogs examined in this
work, SDZ 880.421 may be the most selective with respect to
the development of nonspecific protection, suggesting that it
possesses the minimal structural components required for
the expression of that bioactivity.

In an other study, it was shown that treatment with
various synthetic acylated glucosamine monosaccharides
(e.g., GLA-27, GLA-60, GLA-78, GLA-115, or GLA-147),
before immunization with SRBC results in nonspecific sup-
pression of the antibody response (29). Although the mech-
anism responsible for the suppression induced by these
monosaccharides is not known, it does not appear to be
mediated by the Ts described in this work, whose effects are
known to be antigen specific (3, 4). The results of structure-
function experiments (29) indicate that the nonspecific im-
munosuppression induced by these synthetic analogs (i)
requires a single HOC,, group at the 2 position, (ii) is
negated by the substitution of a tetradecanoyloxy group in
the HOC,, group at either the 2 or 3 position, and (iii) is
influenced by the chain length of the hydroxylated fatty acid
of the acyl group at the 2 position (29). In view of these and
the other observations described above, it appears that we
are close to being able to attribute many of the diverse
bioactivities of LPS to specific chemical structures in the
lipid A moiety.

REFERENCES

1. Amsbaugh, D. F., B. Prescott, and P. J. Baker. 1978. Effect of
splenectomy on the expression of regulatory T cell activity. J.
Immunol. 121:1483-1485.

2. Baker, P. J. 1975. Homeostatic control of antibody responses: a
model based on the recognition of cell-associated antibody by
regulatory T cells. Transplant. Rev. 26:1-20.

3. Baker, P. J. 1990. Regulation of magnitude of antibody response
to bacterial polysaccharide antigens by thymus-derived lympho-
cytes. Infect. Immun. 58:3465-3468.

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

5. Baker, P. J., K. R. Haslov, M. B. Fauntleroy, P. W. Stashak, K.
Myers, and J. T. Ulrich. 1990. Enrichment of suppressor T cell
activity by means of binding to monophophoryl lipid A. Infect.
Immun. 58:726-731.

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

7. Baker, P. J., and B. Prescott. 1979. Regulation of the antibody
response to pneumococcal polysaccharides by thymus-derived
(T) cells: mode of action of suppressor and amplifier T cells, p.
67-105. In J. A. Rudbach and P. J. Baker (ed.), Immunology of
bacterial polysaccharides. Elsevier/North-Holland Publishing
Co., New York.

8. Baker, P. J., and P. W. Stashak. 1969. Quantitative and quali-
tative studies on the primary antibody response to pneumococ-
cal polysaccharide at the cellular level. J. Immunol. 103:1342—
1348.

9. Baker, P. J., P. W. Stashak, D. F. Amsbaugh, and B. Prescott.
1971. Characterization of the antibody response to type III
pneumococcal polysaccharide at the cellular level. I. Dose-
response studies and the effect of prior immunization on the
magnitude of the antibody response. Immunology 20:469-481.

10. Baker, P. J., P. W. Stashak, D. F. Amsbaugh, and B. Prescott.
1971. Characterization of the antibody response to type III

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

INFECT. IMMUN.

pneumococcal polysaccharide at the cellular level. II. Studies
on the relative rate of antibody synthesis and release by
antibody-producing cells. Immunology 20:481-493.

Baker, P. J., P. W. Stashak, and B. Prescott. 1969. The use of
erythrocytes sensitized with purified pneumococcal polysaccha-
rides for the assay of antibody and antibody-producing cells.
Appl. Microbiol. 17:422-426.

Baker, P. J., C. E. Taylor, P. W. Stashak, M. B. Fauntleroy, K.
Haslov, N. Quereshi, and K. Takayama. 1990. Inactivation of
suppressor T cell activity by the nontoxic lipopolysaccharide of
Rhodopseudomonas sphaeroides. Infect. Immun. 58:2862—
2868.

Behling, U. H., and A. Nowotny. 1982. Immunostimulation by
LPS and its derivatives, p. 165-179. In H. Friedman, T. W.
Klein, and A. Szentivanyi (ed.), Inmunomodulation by bacteria
and their products. Plenum Publishing Corp., New York.
Ekwunife, F. S., C. E. Taylor, M. B. Fauntleroy, P. W. Stashak,
and P. J. Baker. 1991. Differential effects of monophosphoryl
lipid A on expression of suppressor T cell activity in li-
popolysaccharide-responsive and lipopolysaccharide-defective
strains of C3H mice. Infect. Immun. 5§9:2192-2194.

Esquivel, F., C. E. Taylor, and P. J. Baker. 1991. Differential
sensitivity of CD8* suppressor and cytotoxic T lymphocyte
activity to bacterial monophosphoryl lipid A. Infect. Immun.
59:2994-2998.

Freudenberg, M. A., and C. Galanos. 1990. Bacterial lipopoly-
saccharides: structure, metabolism, and mechanisms of action.
Int. Rev. Immunol. 6:207-221.

Galanos, C., O. Liideritz, E. T. Rietschel, O. Westphal, H.
Braude, L. Braude, M. Freudenberg, U. 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.

Gottlieb, C. F. 1974. Applications of transformations to normal-
ize the distribution of plaque-forming cells. J. Immunol. 113:51-
57.

Gronowicz, E., A. Coutinho, and F. Melchers. 1976. A plaque
assay for all cells secreting Ig of a given type or class. Eur. J.
Immunol. 6:588-590.

Hiernaux, J. R., P. W. Stashak, J. L. Cantrell, J. A. Rudbach,
and P. J. Baker. 1989. Immunomodulatory activity of mono-
phosphoryl lipid A in C3H/HeJ and C3H/HeSnJ mice. Infect.
Immun. 57:1483-1490.

Homma, J. Y., M. Matsuura, and Y. Kumazawa. 1989. Studies
on lipid A, the active center of endotoxin—structure-activity
relationships. Drugs Future 14:645-665.

Johnson, A. G., S. Gaines, and M. Landy. 1956. Studies on the
O-antigen of Salmonella typhosa. 11. Enhancement of antibody
response to protein antigens by the purified lipopolysaccharide.
J. Exp. Med. 103:225-246.

Jones, J. M., D. F. Amsbaugh, P. W. Stashak, B. Prescott, P. J.
Baker, and D. W. Alling. 1976. Kinetics of the antibody re-
sponse to type III pneumococcal polysaccharide. I11. Evidence
that suppressor cells function by inhibition of the recruitment
and proliferation of antibody-producing cells. J. Immunol. 116:
647-656.

Kiso, M., H. Ishida, and A. Hasegawa. 1984. Synthesis of
biologically active novel monosaccharide analogs of lipid A.
Agric. Biol. Chem. 48:251-252.

McGhee, J. R., J. J. Farrar, S. M. Michalek, S. E. Mergenhagen,
and D. L. Rosenstreich. 1979. Cellular requirements for lipopoly-
saccharide adjuvanticity: a role for both T lymphocytes and
macrophages in in vitro responses to particulate antigens. J.
Exp. Med. 149:793-807.

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

Myers, K. R., A. T. Truchot, J. Ward, Y. Hudson, and J. T.
Ulrich. 1990. A critical determinant of lipid A endotoxin activ-
ity, p. 145-156. In A. Nowotny, J. J. Spitzer, and E. J. Ziegler
(ed.), Cellular and molecular aspects of endotoxin reactions.
Elsevier Science Publishing Co., Inc., New York.

Nowotny, A. N., S. Thomas, O. S. Duron, and A. Nowotny. 1963.
Relationship of structure to function in bacterial O-antigens. 1.



VoL. 60, 1992

29.

30.

31.

32.

33.
34,

35.

36.

Isolation methods. J. Bacteriol. 85:418-426.

Odean, M. J., A. G. Johnson, M. Mohrman, A. Hasegawa, and
M. Kiso. 1991. Immunosuppression induced by non-reducing
acylated monosaccharide subunits of lipid A. Int. J. Immuno-
pharmacol., in press.

Qureshi, N., P. Mescagni, E. Ribi, and K. Takayama. 1985.
Monophosphoryl lipid A obtained from the lipopolysaccharide
of Salmonella minnesota R595. Purification of the dimethyl
derivative by high-performance liquid chromatography and
complete structural determination. J. Biol. Chem. 260:5271-
5278.

Qureshi, N., and K. Takayama. 1990. Structure and function of
lipid A, p. 319-338. In B. Iglewski and V. L. Clark, (ed.), The
bacteria, vol. XI. Molecular basis of bacterial pathogenesis,
Academic Press, Inc., New York.

Qureshi, N., K. Takayama, K. C. Meyer, T. N. Kirkland, C. A.
Bush, L. Chen, R. Wong, and R. J. Cotter. 1991. Chemical
reduction of 3-oxo and unsaturated groups in fatty acids of
diphosphoryl lipid A from the lipopolysaccharide of Rhodopseu-
domonas sphaeroides. Comparison of biological properties be-
fore and after reduction. J. Biol. Chem. 266:6532-6538.

Ribi, E. 1984. Beneficial modification of the endotoxin mole-
cule. J. Biol. Response Modif. 3:1-9.

Ribi, E., J. Cantrell, T. Feldner, K. Myers, and J. Peterson.
1986. Biological activities of monophosphoryl lipid A, p. 9-13.
In L. Lieve, P. F. Bonventre, J. A. Morello, F. D. Silver, and
H. C. Wu (ed.), Microbiology—1986. American Society for
Microbiology, Washington, D.C.

Ribi, E., J. L. Cantrell, K. Takayama, H. O. Ribi, K. R. Myers,
and N. Qureshi. 1986. Modulation of humoral and cell-mediated
immune responses by structurally established non-toxic lipid A,
p. 407-420. In A. Szentivanyi and H. Friedman (ed.), Immuno-
biology and immunopharmacology of bacterial endotoxins. Ple-
num Publishing Corp., New York.

Seydel, U., and K. Brandenburg. 1990. Conformations of endo-
toxin and their relationship to biological activity, p. 61-71. In A.
Nowotny, J. J. Spitzer, and E. J. Ziegler (ed.), Cellular and

37.

38.

39.

41.

42.

43.

44.

STRUCTURE AND FUNCTION OF LIPID A 2701

molecular aspects of endotoxin reactions. Elsevier Science
Publishing Co., Inc., New York.

Strain, S. M., I. M. Armitage, L. Anderson, K. Takayama, N.
Qureshi, and C. R. H. Raetz. 1985. Location of polar substitu-
ents and fatty acyl chains on lipid A precursors from a 3-deoxy-
D-manno-octulosonic acid-deficient mutant of Salmonella typhi-
murium. Studies by 'H, 'C, and 3P nuclear magnetic
resonance. J. Biol. Chem. 260:16089-16098.

Strittmatter, R., J. Weckesser, P. V. Salimath, and C. Galanos.
1983. Nontoxic lipopolysaccharide from Rhodopseudomonas
sphaeroides ATCC 17023. J. Bacteriol. 155:153-158.

Stuetz, P. L., A. Aschauer, J. Hilderbrandt, C. Lam, H. Loibner,
1. Macher, D. Scholz, E. Schuetze, and H. Vyplel. 1990. Chem-
ical synthesis of endotoxin analogs and some structure activity
relationships, p. 129-144. In A. Nowotny, J. J. Spitzer, and
E. J. Ziegler (ed.), Cellular and molecular aspects of endotoxin
reactions. Elsevier Science Publishing Co., Inc., New York.

. Takada, H., and S. Kotani. 1989. Structural requirements of

lipid A for endotoxicity and other biological activities. Crit.
Rev. Microbiol. 16:477-523.

Takayama, K., N. Qureshi, B. Beutler, and T. N. Kirkland. 1989.
Diphosphory! lipid A from Rhodopseudomonas sphaeroides
ATCC 17023 blocks induction of cachectin in macrophages by
lipopolysaccharide. Infect. Immun. 5§7:1336-1338.

Taylor, C. E., P. W. Stashak, G. Caldes, B. Prescott, T. E.
Chused, A. Brooks, and P. J. Baker. 1983. Activation of antigen-
specific suppressor T cells by B cells from mice immunized with
type III pneumococcal polysaccharide. J. Exp. Med. 158:703-
717.

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

Westphal, O., O. Liideritz, C. Galanos, M. Mayer, and E. T.
Rietschel. 1986. The story of bacterial endotoxin. Adv. Immu-
nopharmacol. 3:13-34.



