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Circulating antibody titers can be increased when the antigen is administered
in an aqueous medium with N-acetylmuramyl-L-alanyl-D-isoglutamine (muramyl
dipeptide). Results reported here show that cell-mediated immunity can be
demonstrated when this synthetic adjuvant or an active analog is injected with
an antigen (ovalbumin) in metabolizable squalane emulsion. Under these condi-
tions a lipophilic derivative of muramyl dipeptide was shown to be even more
active and to enhance long-lasting immune responses.

N-Acetylmuramyl-L-alanyl-D-isoglutamine
(muramyl dipeptide [MDP]) has been shown to
be the minimal structure capable of replacing
mycobacteria in Freund adjuvant (3, 5, 7), i.e.,
enhancement of circulating antibodies and pro-
duction of delayed-type hypersensitivity (DTH).
It was later demonstrated that even in the ab-
sence of mineral oil muramyl peptides can be
powerful adjuvants of humoral immunity only
(1, 2, 4). More recently, a lipophilic derivative of
MDP, 1,O-(N-acetyhnuramyl-L-alanyl-D-isoglu-
tamine-L-alanyl)glycerol-3-mycolate, was shown
to be more active than MDP since DTH could
be induced even after a single injection of the
adjuvant and of the antigen in an aqueous me-
dium (9).
The present investigation was undertaken to

study the effects on specific immunity of certain
MDP derivatives administered with a metabo-
lizable oil, squalane. The nonspecific immuno-
stimulating properties of glycopeptides emulsi-
fied in squalane (perhydrogenated squalene)
have been previously reported in other models
(11, 12, 14). In the following experiments, MDP,
N-acetylmuramyl-L-alanyl-D-glutamine-a-n-bu-
tyl ester, and 1, O-(N-acetylmuramyl-L-alanyl-
D-isoglutamine-L-alanyl) glycerol-3-mycolate
were tested; certain groups received MDP with
trehalose dimycolate, a mycobacterial cell wall
component which is an immunostimulant by
itself (8) and to which 1,O-(N-acetylmuramyl-
L-alanyl-D-isoglutamine-L-alanyl)glycerol-3-my-
colate is structurally related. Synergistic effects
between trehalose dimylcolate and MDP have
been observed in other systems (10, 11, 13). Our
data show that MDP, when given with antigen
in squalane, is a potent inducer ofDTH and that
the lipophilic derivative is the most effective. It

has been shown repeatedly that MDP in saline
does not induce DTH to antigens.

Glycopeptides and trehalose dimycolate were
solubilized in the oily phase (IFA purchased
from Difco Laboratories and squalane from Las-
erson & Sabetay) by sonication (10 min, Bran-
sonic 32 sonicator), and Tween 80 (0.2%, Sigma
Chemical Co.) was added to squalane as an
emulsifier. Emulsifications were performed after
addition of squalane (10 or 50%) or of IFA (50%)
to the antigen in saline. The other experimental
conditions were indicated in the footnotes of
Table 1.
The results reported in Table 1 can be sum-

marized as follows: (i) administration of oval-
bumin with IFA or squalane but without the
synthetic adjuvants never produced DTH, and
skin tests were uniformally negative even after
a secondary injection; (ii) when MDP or N-ace-
tylmuramyl-L-alanyl-D-glutamine-a-n-butyl es-
ter was added, enhanced DTH secondary re-
sponses could be observed, although primary
DTH was only obtained in IFA; (iii) in contrast,
when the lipophilic derivative was added to 50%
or even 10% of squalane, primary DTH re-
sponses were established and maintained until
the end of the 8-week experiment. Indeed, this
derivative in squalane induced effects that were
at least as strong as those produced by MDP in
IFA and stronger than those observed in groups
receiving trehalose dimycolate added to MDP in
squalane.

Parallel experiments in which 1,O-(N-acetyl-
muramyl - L - alanyl- D - isoglutamine - L - alanyl) -

glycerol-3-mycolate was injected with ovalbu-
min in phosphate-buffered saline followed 4
weeks later by a boost confirmed previous re-
sults in which the antigen was administered only
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TABLE 1. Adjuvant activity ofMDP derivatives administered with an antigen in water-in-oil emulsions
containing 10 or 50%1o squalane

Primary responses at 3 wk Secondary responses at:

Treatment' Oil 6 wk 8wk

DTHb AntibodiesC DTHb Antibodiesc DTHb Antibodiesc

IFA 50 0, 0, 0, 0 7.6 ± 0.7 0, 0, 0,0 11.6 + 1.2 0, 0, 0, 0, 11.8 ± 0.4
IFA, MDP 50 12,7,5,5 8.9 ± 0.5d 7,5,7,6 12.6 ± 0 4, 0,4, 0 13.1± 0.5d
Squalane 50 0,0,0,0,0,0 5.6±0.6 0,0,0,0,0,0 11.6±1.0 0,0,0,0,0,0 12.2 ±0.5
Squalane,MDP 50 0 5.9±0.8 7,7,6,3,5 11.6±0.7 0,0,0,4,3 12.4 ±0.4
Squalane, MDPBUT 50 0, 0, 0, 0, 0, 0 6.3 ± 0.8 4, 0, 4, 3, 7,10 12.1 ± 0.5 0, 0,3, 0, 0, 4 13.2 ± 0.5d
Squalane,MDP,TDM 50 0,3,13,10,0,3 6.3±0.5 7,5,7,8,9, 7 12.6+0.7 0,0,0,3,0,4 12.8+0.4
Squalane, MDP, TDM 10 0, 0, 0, 0 6.3 ± 0.5d 10, 12, 13, 11 10.6 ± 0 3, 4, 8, 5 12.6 ± 0
Squalane, MDP AGM 50 0, 10, 0, 3, 6, 10 7.9 + 1.2d 8, 5, 5, 10, 5, 4 11.9 ± 1.1 0, 7, 3, 3, 3, 5 14.4 ± 0.4d
Squalane, MDP AGM 10 5, 4, 4, 4, 6, 0 8.0 ± 0.5d 12, 12,10, 7, 13, 9 12.4 ± 0.4d 6,5, 6,5, 7, 6 13.6 ±1.0d

'Four to six guinea pigs per group (450 g, female Hartley, Coblanbel) received on day 1 in each posterior footpad 0.1 ml of
emulsion containing 1 mg of ovalbumin (5x crystallized, Sigma) with or without 0.1 mg of the various analogs. After 30 days a
booster injection of 200 fig of antigen in saline was given subcutaneously in the nuchal region. Abbreviations: MDPBUT, N-
acetylmuramyl-L-alanyl-D-glutamine-a-n-butyl ester; TDM, trehalose dimycolate; MDPAGM, 1,0-(N-acetylmuramyl-L-alanyl-
D-isoglutamine-L-alanyl)glycerol-3-mycolate.

bSkin reaction read after 48 h and expressed in millimeters of induration.
cAnti-ovalbumin antibody titers expressed as the log2 ± standard deviation of the inverse of the maximal dilution of serum

agglutinating ovalbumin-sensitized sheep erythrocytes.
d The increase in response is highly significant (P < 0.01) as compared with the respective (IFA or squalane) control by

Student's t test.

once (2). In these experiments DTH and a strong
antibody response could also be observed after
8 weeks, although both responses were less
marked than when this derivative was adminis-
tered in squalane.
Squalane administered with toxoids has al-

ready been shown to increase antibody titers (6).
Our data demonstrate that, as in the case of
IFA, specific cell-mediated immunity cannot be
enhanced by this oil unless synthetic glycopep-
tides are added to the emulsion. Moreover, when
a lipophilic derivative was used, strong and long-
lasting responses were observed. Results which
will be published separately also indicate that
under optimal conditions strong adjuvant activ-
ity can be observed in the absence of the inflam-
matory and arthritogenic effects inherent to the
use of Freund adjuvants.
MDP derivatives were kindly provided by J. Choay and P.

Lefrancier. Trehalose dimycolate was isolated from Mycobac-
terium bovis AN5 by A. Escaut at the pilot plant of the
Institut de Chimie des Substances Naturelles du Centre Na-
tional de la Recherche Scientifique (Gif-sur-Yvette, France)
and was a gift from E. Lederer. The skillfull technical assist-
ance of Lydie Caille and Nicole Vachet is greatly acknowl-
edged.
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