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Abstract - Muramylpeptides are constituents of bacterial cell wall
peptidoglycans. The simplest synthetic, biologically active analogue is
N-acetyl-muramyl-L-alanyl-D-isoglutamine (MDP). Several hundred derivatives
of MDP have been synthesized for the study of their immunomodulating,
somnogenic, pyrogenic and other activities. Structure-activity
relationships will be discussed as well as synergistic effects with other
immunomodulators and the perspective of combined chemo- and immunotherapy.

N-acetyl-muramyl-L-alanyl-D-isoglutamine (MDP, for mura-
myl-dipeptide) is the smallest immuno-adjuvant active peptido-
glycan derivative capable of replacing whole mycobacteria in
Freund’'s complete adjuvant. Its glycodipeptide structure is an
excellent object for chemical transformations, in an endeavour to
obtain improved (and hopefully patentable !) molecules. The main
biological activities of MDP and its derivatives, extensively
reported in several reviews (1-8), are

- adjuvant activity, i.e. stimulation of the production of
antibodies when injected with an antigen in saline, induction
of delayed type hypersensitivity against an antigen, when
injected simultaneously in FIA ;

- stimulation of non-specific resistance against bacterial,
viral and parasite infections and against tumors ;

- somnogenic activity, i.e. increase of the duration of slow
wave sleep.

MDP also induces other, mostly undesirable, pharmacolo-
gical responses, such as : transient leucopenia, sensitization to
endotoxin, induction of arthritis, of granulomas, of uveitis,
contraction of the ileum, bone resorption and pyrogenicity.

Here, we define some structure-activity relationships
concerning immunomodulation. Due to restriction of space, we can
only mention recent significant work.

MODIFICATIONS OF THE MURAMYL-MOIETY

Adjuvant activity

a. Increase of antibody production with compounds administered
in saline ’

The anomeric hydroxyl in C-1 can be eliminated or
substituted by an a- or - methyl glycoside without 1loss of

activity.

Modifications of the D-lactyl residue in -3 give two
interesting compounds : Nor-MDP and 3'n-propyl-MDP (scheme 1)
(9), both having reduced toxicity : they are good candidates as

adjuvants for vaccines. Nor-MDP in particular has been used in the
adjuvant 65 with a malaria antigen (10) and emulsified in squalene
Arlacel in a WHO sponsored antifertility vaccine (11-12).

The primary hydroxyl in C-6 can be replaced by an amino
group or by an acylamido moiety without loss of activity.

b. Induction of delayed hypersensitivity with compounds
administered in FIA
The cyclic osidic structure is essential for activity
only D-gluco-, D-manno- and D-galacto-MDP derivatives are active.
However, some "desmuramyl-peptides”, 1i.e. acyl-D-glu-meso-DAP-
peptides, are also strong immunomodulators (see previous reviews).
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Hydrosoluble, immunoactive MDP derivatives

At C-1, the anomeric hydroxyl can be replaced by a thiol
or substituted by an a- or B-benzyl-glycoside. Lipophilic 1-0-
acyl-MDP and 1-S-acyl-MDP derivatives are fully active.

At C-2, the acetamido group can be replaced by an
hydroxyl, amino, methylamino or N-methylacetamido group. The intro-
duction of a lipophilic acylamido group potentiates the activity.

At C-3, modifications of the lactyl moiety give the
previously mentioned compounds, nor-MDP and 3n'-propyl-MDP (scheme
1).

At C-6, the hydroxyl can be replaced by a thiol or a non
acylated amino function. In contrast to lipophilic 6-S-acyl-MDP
derivatives, 1lipophilic 6-0O-acyl-MDP derivatives are potent
compounds.

Stimulation of non-specific resistance

At C-2, the acetamido group 1is necessary, but can be
replaced by an other acylamido group.

Nor-MDP (scheme 1), administered 1in o0il emulsion or in
liposomes, augments non specific resistance to fungal, bacterial,
or viral infection and activates macrophages to a tumoricidal
state (13-18).

Lipophilic 6-O-acyl-MDP derivatives

The lipophilic 6-0-acyl-MDP derivatives are less good
adjuvants for humoral response than MDP, but induce cellular
specific response and increase more strongly non specific resis-
tance, especially when encapsulated in liposomes.

The pharmacological profile depends on the structure of
the hydrocarbon chain, which can be linear (L), a-branched (B), or
a-branched R-hydroxylated (BH). L-18-MDP (6-0O-stearoyl-MDP) is a
potent anti-infectious compound, whereas B-30-MDP (6-0-[2-tetra-
decylhexadecanoyl]-MDP) is mainly an efficient adjuvant for the
specific immune response (5). BH-48 (6-0-[3-hydroxy-2-docosyl-
hexadecanoyl ]-MDP) is an antitumor agent like various 6-0-
mycoloyl-MDP-derivatives.
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Quinonyl-MDP-66 (6-0-[10 (5,6-dimethoxy-3-methyl-1,4-
benzoquinone-2yl)-decanoyl ]-MDP-[Val]*-0CHs) increases humoral and
cellular specific immune response and stimulates antitumor
activity (19). Phospholipid residues have also been coupled to C-6
of MDP.

Disaccharide-dipeptides

Bacterial peptidoglycans contain a repeating disaccharide
unit, N-acetyl-glucosaminyl B-(1->4)-N-acyl-muramic acid. Several
types of disaccharide-dipeptides, and more complex muramyl-glyco-
peptides have been synthesized, sometimes improving the activity
(see previous reviews).

MODIFICATIONS OF THE .-ALANYL RESIDUE

Replacement of L-alanine by D-alanine leads to an inac-
tive compound. In some particular situations, however, MDP [D-
Ala]* was found active. MDP analogues with an L-amino acid (or
glycine) replacing the L-alanyl residue, administered in water or
in FIA are all more or less adjuvant active. Among these, only MDP
[a-Abu]* (scheme 1) is anti-bacterial, when injected in saline and
activates alveolar macrophages when encapsulated in liposomes (19-
21). 1Its 6-0O-stearoyl derivative encapsulated in liposomes
eliminates pulmonary metastases (22) and acts synergistically with
the antimonial drug glucantime against visceral leishmaniasis and
with amphotericin against murine candidiasis (23-25).

MDP [Thr]* (scheme 1) when injected in a pluronic polyol
formulation increases strongly humoral and cellular immune
responses to various antigens. Its low toxicity and relative inac-
tivity for stimulating non specific resistance make it a good
candidate as adjuvant for vaccines (26).

MODIFICATIONS OF THE o-GLUTAMIC ACID RESIDUE

The following structural elements are essential for
biological activity of MDP derivatives : (1) The D-configuration.
(2) Two methylene groups between two carboxyl groups. (3) These
can be free or substituted and are essential for stimulating non-
specific resistance. Recently, several D-Norleucine derivatives

(MDP [D-Nle]2-OR ; OR = alkyl ester) have been shown to be good
adjuvants, however they do not stimulate non-specific resistance
(P. Lefrancier et al., wunpublished). (4) In scheme 2, various

substitutions of the two carboxyl groups are reported. Most of
them are compatible with adjuvant activity, in contrast with the
non specific immune response. The latter strongly depends on the
length of the alkyl ester chain.
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Muramethide and Murabutide (scheme 1) are good candi-
dates for therapeutic purposes. Murabutide is as effective as MDP
for adjuvant activity and has also non-specific immunostimulant
activity, it 1is non pyrogenic and devoid of other untoward
biological properties (27). It is now in clinical experimentation
as adjuvant of vaccines (28).

The conjugation of the §-carboxyl of the D-glu residue
with a lipophilic group, either directly or via an amino acid, has
led to several interesting derivatives.

MDP-Lys~(L-18) (N=MDP-N®stearoyl-L-Lys) is strongly active
for stimulating non-specific resistance against bacteria, or viruses
in normal or immunodepressed hosts (29-34).

MTP-glyc-myc (MDP-L-Ala-glycerolmycolate) is a good
adjuvant of humoral and cellular immune responses, when adminis-
tered in FIA, in liposomes or in saline suspension and strongly
stimulates non-specific resistance against bacterial infections.

MDP-GDP (1-MDP-2,3-dipalmitoyl-sn-glycerol) (35), MTP-
Chol (MDP-L-Ala-cholesterylester) (36), when encapsulated in lipo-
somes have been shown to activate macrophages to a cytostatic or
cytotoxic state against tumor cells.

MTP-PE (MDP-L-Ala [1',2'-dipalmitoyl-sn-glycerol-3'-hydro-
xyphosphoryl-oxyethanolamine) has been studied extensively. When
administered in liposomes, it can eradicate pulmonary metastases
after repeated injections (37-38). It also makes human monocytes
tumoricidal (39). MTP-PE has prophylactic activity against viral
infections, even after intranasal application (40).

MDP prolongs slow-wave sleep by intracerebroventricular
injection into rabbits (41). A shift of the amido group from the a-
position of the D-glutamyl residue to the §~position leads to inac-
tive compounds. Thus, Murabutide is not active as sleep factor. It
is suggested that specific mammalian amide synthesizing or hydro-
lysing enzymes may exist in the body that control the somnogenic
activity of muramyl-peptides.

Synergism of MDP with other immunoactive compounds

MDP and 1its derivatives have been shown to act synergis-
tically with several other immunomodulators (for references, see
42). Thus, liposome encapsulated MDP potentiates the activity of
macrophage activating factor and of recombinant mouse and human
inferferon-§ for activation of macrophages. MDP also acts syner-
gistically with endotoxin. A suboptimal concentration of LPS is
necessary for in vitro cytotoxic activation of rat alveolar
macrophages by MDP. MDP also acts synergistically, in emulsion with
TDM (trehalose dimycolate) for antitumor activity (43,44) and for
protection of mice against M. tuberculosis and influenza virus
infection (45).

Combined chemo- and immunotherapy

Several papers report the synergistic effect of MDP, 6-0-
stearoyl MDP, MTP-PE, etc... with antibiotics (adriamycin, ampho-
tericin, chloramphenicol, cephaloridin, etc...) (for references,
see 42, 46, 47). An impressive anti-parasitic effect has been
obtained against visceral leishmaniasis in mice and hamsters by the
combined use of glucantime (an antimonial drug) and a lipophilic
MDP derivative encapsulated in liposomes (24).

PERSPECTIVES

We have seen that slight structural variations of MDP can
lead to molecules with improved properties ; also, new ways of more
efficient and inocuous administration are developed. Thus, undesi-
rable side effect can be excluded, or at least minimized. It is
known, also, that activation of the monocyte-macrophage system
proceeds by several steps and thus needs the combined wuse of
several immunomodulators such as MDP + lymphokines, MDP + TDM, MDP
+ LPS, etc. This synergy opens new perspectives for veterinary and
clinical applications. We have also mentioned the impressive
results obtained by combining chemotherapy with immunotherapy.
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Much work lies still ahead, but it is most probable that
the coming decade will see the use of various immunomodulators in
clinical and veterinary practice. Amongst these, muramyl peptides
are certainly amongst the best candidates.
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