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1. INTRODUCTION 

Knowledge of the possibility of reinforcing the bodily defences against infection extends far back 
into antiquity. In India and China, a form of subcutaneous administration of smallpox scabs was 
practised more than 2,000 years ago. The ancient Greeks knew that disease could confer immunity, 
as described by Thucydides in his report on the plague in Athens in 430 B.C. Hippocrates advanced 
the thesis that “the physis, the healing power of nature, acts in the body to generate fever, heating 
the noxious morbid matter, ripening it and driving it out in the crises”. This formulation is all the 
more remarkable for the fact that in 1927 the Nobel prize for medicine was awarded to Wagner von 
Jauregg for his successful malarial fever therapy of tertiary syphilis. Salvarsan, otherwise a potent 
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therapeutic agent, cannot cross the blood-brain barrier and combat the spirochete in the brain 
whereas Hippocrate’s physis, stimulated by malaria, can. 

A large portion of this ‘physis’ would nowadays be equated with the immune system, including 
its connections to the central nervous system and to the psyche. Although the civilizations of 
antiquity evidently knew something about the curative power inherent in the body and its sus- 
ceptibility to stimulation, it was left to modern science to identify the factors responsible. These are 
predominantly widely occurring components of micro-organisms, such as murein, lipopoly- 
saccharides, lipoproteins and glycans. Substances of these classes are amongst the most active 
stimulants known, but their structures are complicated, and often they are very hard to isolate in a 
homogeneous and reproducible form. Moreover, they can also contain unrecognized structural 
elements which can provoke untoward effects. To surmount these difficulties, analysts and synthetic 
chemists will have to join forces with biologists and take up the clear challenge of identifying active 
structural elements and synthesizing them in pure, reproducible forms. 

Abbreviations and acronyms are listed in the Appendix, p. 6360. 

2. BEGINNINGS OF MODERN IMMUNOSTIMULANT THERAPY 

In 1797, the English country doctor Edward Jenner succeeded, for the I&t time, in inoculating 
children against smallpox with cowpox lymph. The vaccinia virus (L. vacca, cow) gave the name to 
this form of therapy. Nowadays the same virus genetically combined with specific attributes of 
certain pathogens serves as a modern variant of a ‘synthetic’ vaccine. 

The progress of modern medicinal chemistry in this field can be traced back to the work of the 
New York surgeon William Bradley Coley, who at the end of the 19th century achieved some success 
in the treatment of neoplasms by injecting killed bacteria (Coley’s toxins). McDermott and Freund 
in 1942 discovered that killed tubercle bacilli, mixed with mineral oil and an emulsifying agent, 
yielded a potent adjuvant eliciting a complete immune response to otherwise ineffective antigens. 
Later on, Alexander demonstrated that mouse macrophages activated with killed tubercle bacilli 
(Bacillus Calmette-Guhin, BCG) could kill tumour cells in vitro. Later Benacerraf, Clarke and Old 
showed that mice infected with BCG acquired an enhanced resistance to bacteria and viral infections 
and to certain tumours. 

Omp A PrcMin K - Antigen 

Membrane 

Periplasmatii Space 

Inner Membrane 

common Antigen 

Lipopolysaccharide 

(LPS, Endotoxin, 0 - Antigen) 

Phospholipid 

Lipoprotein 

Murein 

Fig. 1. Schematic representation of the cell wall of Gram-pegative bacteria (after E. Rietschel, Borstel, 
FRG). 
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Muramyl peptides 
These findings encouraged a systematic search for active principles in Mycobacteria. In 1974, 

thanks to the work of E. Lederer and S. Kotani the identification of N-acetyl-muramyl-L-alanyl-D- 
isoglutamine (MDP) as the smallest active unit of the cell wall, which constitutes the most active 
fraction of Mycobacteria was achieved. ‘J Since 1975, many research groups have been concerned 
with the synthesis of this highly active glycopeptide and its derivatives. A number of reviews have 
been published. 1-9 A recent review on immune regulatory agents has appeared in Tetrahedron. ’ *’ 

M : N-Acetyl-muramic acid 

G : N-Acetyl-glucosamine 

Murein (Peptidoglycan) 

Fig. 2. Muramyldipeptide as a structural element of murein. 

Lipopeptides 
The muramyl peptides form a clearly circumscribed group of substances which are characterized 

by the general sequence N-acetyl-muramic acid-L-amino acid-a,y-substituted D-glutamic acid. In 
contrast, the lipopeptides exhibit a rather confusing heterogeneity and include representatives of 
various origins, compositions and biological profiles. In this Report we want to distinguish three 
categories of lipopeptides : 

1. Lipopeptides-I (LP-I) are derived from peptides of murein. They are generally associated with 
lipid residues in the form of prodrugs. Their amino acid composition is essential for their 
biological activity. D-glutamic acid is an essential element and the fatty acid residues cause a 
prolongation of the compound’s lifetime in the body as well as its partition to lipophilic com- 
partments. These compounds are discussed in a recent review.9 

Pimelauticla 

(Rhdne - Poulenc) 

HfiCH&ONHCHCONH, 

H$-4 HCONH HCONHz L 

iH i 

Lipopepidee ( GIRPI ) 

3 HzCHzCONH~;;OQCHs~CW R : alhoic-, vmk ad,,s 

Fig. 3. Lipopeptides-I (LP-I) derived from murein. 
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2. Lipopeptides-II (LP-II) comprise peptides which are mostly substituted with fatty acids and 
possess antibiotic activities. These do not fall within the scope of this Report because they do 
not stimulate immune responses. Many of these peptides are derived from bacteria and for many 
of them a function in ion transport across membranes has been identified. They are specific for 
certain strains and they are not as ubiquitous as, for example, the lipophilic part of lipoprotein 
E. coli which may be common to most bacteria.9” 

Fig. 4. Mulundocandin, a member of antifungal lipopeptides (LP-II). 

3. Lipopeptides-III (LP-III), derived from lipoprotein elaborated by E. coli. Their biological profile 
is quite distinct from that of LP-I : their amino-acid composition is not of importance for their 
biological activity. Lipoprotein E. coli is one member of a widespread class of proteins which 
are anchored to bacterial membranes by a conserved structure based on L-cysteine.‘” CIBA- 
GEIGY has been engaged in research into LP-III since 1977,” but the substances only became 
generally known as a result of the publications of Jung and Bessler. ” E. coli lipoprotein is a 
component of the outer membrane of Gram-negative bacteria and has been largely elucidated 
by V. Braun and co-workers. ” Its reported potent mitogenic action on B cells of the mouseI 
prompted CIBA-GEIGY to study its effect on antibody synthesis in vivo. The compound proved 
highly active and was considered worthy of further medicinal chemical investigation. A model 
of the lipoprotein was constructed. ’ 4 

o_ _ _ _ _ _ _ _ _ _ _ _ _ - _ _ _ _ _ C Ser Ser Asn Ala Lys Ile Asp Glu Leu Ser Ser Asp Val Gln Thr Leu Asn Ala 

Lys-Val-Asp-Glu-Leu-Ser-AsnAsp-Val-Asn-Ala-Met-Arg-Ser-Asp-V~-Gln-Ala~ 

Ala-Lys-Asp-Asp-Ala-Ala-Arg-Ala-Asn-Glu-Arg-Leu-Asp-Asn-Met-Ala-Thr- 

Lys-Tyr-Arg-Lys - murein 

V. Bmm, B$chim. Biophys. Acta &l.S.,335 (1975) 

Fig. 5. Lipoprotein E. coli. 
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3. WORKING HYPOTHFSES 

It seems reasonable to assume that constant exposure to microbial aggression has taught the 
mammalian immune system to recognize specific components of micro-organisms as warning signals. 
This hypothesis is readily compatible with the fact that the most potent of the immunostimulants 
so far identified including lipid A, lipoprotein, muramyl peptides and glucans are specific for 
microbes and contain highly conserved structural elements. As exemplified by the mummy1 peptides, 
the polymeric constitution does not appear to be an essential feature: one typical element of a 
redundant structure is sufficient. This is an important discovery because many natural immuno- 
stimulant substances are either not homogeneous or they cannot be obtained reproducibly. Moreover 
they are not susceptible to deliberate manipulation because of certain characteristics such as molec- 
ular weight, composition or pharmacokinetics. It is left to the chemist to prepare homogeneous and, 
if possible, therapeutically better products. 

According to a second hypothesis advanced by H. Umezawa,” inhibitors of enzymes which are 
localized in the membranes of cells belonging to the immune system may exert either a stimulant or 
an inhibitory effect upon the system. Using an appropriate screening procedure, Umezawa quickly 
succeeded in identifying immunostimulant compounds which were capable of inhibiting enzymes as 
diverse as ATPase, phosphodiesterase, aminopeptidase and glycosidases. The underlying mech- 
anisms have not yet been elucidated but this phenomenon is nevertheless in accord with the 
observation that traumatizing stimuli such as ultraviolet light, heat-stroke, or enzyme inhibition can 
lead to gene duplication, gene activation and other genetic consequences. 

Finally it may be assumed that there is still a rational basis for therapy with synthetic products, 
even though more and more endogenous substances which act upon the immune system, for example 
the lymphokines (see p. 6342), are obtainable in pure form by biotechnological methods. 

HO NH2 

EM : CH&Hs 

h=Rp: CHs 

f% : H, CH3, C2H5 
N- 

\ 
peptide 

acyl - derivatives 

O- 5 
a: benzylalcohol, trimethylchlorosilane: b : 2.2-dimethoxy-propane, Hf; c : tosylate of L-lactic acid/ NaH 

d: EEDQ or DCC, HOBt or Woodwards reagent + peptiie-ester; e: dilute acetic acid; 1: HP. Pd-C in 

acidic medium: g: KOH, EtOH, 80’; h: NpHd.HzO, 110’; i: (t3oc)fl or cartmbsnzoxychbride, NaPSO 

Fig. 6. Synthesis of N-acetyl-muramylpeptides from N-acetyl-glucosamine. 
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4. CHEMISTRY 

4.1. Synthesis of muramyl peptides 
A review on this subject has been published.4 The synthesis generally follows a scheme propo 

by R. W. Jeanloz et al., I6 which has been developed to its present status by modification of protect 
groups and improvement in methods of etherification. 

Starting from N-acetyl-glucosamine 1 the first synthesis necessitated the separation of 
diastereomeric (R,S)-propionyl ethers. Racemization during step c which occurs with 2-(S)-chic 
propionic acid or with 2(S)-halo-propionic acid esters, can be avoided by using the tosylate of L-la1 
acid. A further improvement relates to the use of 2,2-dimethoxy-propane instead of benzaldehyd’ 
step b, to introduce a 4,6-isopropylidene protecting group (2). This can be removed with dilute r 
at room temperature and it confers a better solubility. Coupling step d with muramic acid derivati 
has to be done under non-racemizing conditions according to general peptide chemistry. ’ 
coupling of peptides with nor-muramic acid derivatives (R3 = H) does not need these precautic 
The removal of the or-glycosidic benzyl group by catalytic hydrogenation, step f, proceeds m 
slowly than that of the B-glycosidic benzyl group but it is easier to obtain in pure form. Alternath 
hydrogenation can be done under transfer conditions. A further variant has been developed 
Japanese authors. ” They oxidize the a-benzyl-ether to a benzoylester with chromium trioxi 
pyridine complex. This ester is cleaved by mild alkali. An entry to various N-acyl-substitu 
muramic acid derivatives is possible via 3 or 5 which are obtained from the corresponding N-ace 
derivatives 2,4 with base. A different approach to such derivatives is shown in Fig. 8. 

A short and efficient synthesis was devised by R. Gigg ef al. ’ 7 starting from N-benzoyl-1 
cosamine 6 and was extended to serve our purposes (Fig. 7). 

‘peptide ‘peptide ‘OH 

Fig. 7. Synthesis of N-benzoyl-muramylpeptides from N-benzoyl-glucosamine. 
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While the procedures in steps a, b, c, d, g, h are analogous to the corresponding procedures in 
Fig. 6, steps e and f need a comment. Intermediate 7 is suited to yield glycosides 8 under mild 
conditions (step e). In step f, after acid hydrolysis, which has to be done in 6 N hydrochloric acid, 
removal of HCl by evaporation would lead to lactam formation. This is avoided by neutralization 
at room temperature, evaporation and separation of the muramic acid derivative 7 from KC1 by 
silylation and extraction into organic solvents. 

A third variant, leading directly to derivatives with a free amino group, starts from D-mannose 
10,18 Fig. 8. 

Hd b-l HO- , ‘OH HO' ‘OTtx 

10 ” 0.d I 
4.1 

TrtO - HO, 

Trl0.a 
h,l.k 

0 

4-J 

, 

- TrtO - HO- 

“rOn NHAc ‘~O)-c,HAc 

a: bsybhkxide. p@he 0”; b: p&p12-13. -loo, EIOH: c: al&sno. toluene; 

d: bsybhbrlde; e: MtWhkb. 4-m: r: NM. lpdic wdmybie; 

0: UNS, CMF; h: I+& wddii; /: A@, NEk,: k: CCC + pew; ,: tX&OCtt; 

“I: A@. “Ok. 1% tZH,SOsH; n: OH-; 0: NC+,, N& 

Fig. 8. Synthesis of muramylpeptides from D-mannose. 

The scheme in Fig. 8 was developed to obtain an intermediate which would lead to 1,6-anhydro- 
muramylpeptides, glycosides of muramyl-peptides and derivatives with a free amino-group on the 
carbohydrate. 

The 6-tosylate of mannose can be cyclized to 11 at pH 12-13 in ethanolic NaOH at - 10°C. 
Reaction of 11 with Bu$nO and subsequent reaction with tosylchloride gives the 2-tosylate of 1,6- 
anhydro-mannose 12 selectively. Tritylation in position 4 leaves the less reactive hydroxyl-group in 
position 3 for attachment of the lactyl-ether giving 13. Introduction of the azide group in position 
2 gives 14 so the preparation of 1,6-anhydro-N-acetyl-muramylpeptides 15 is straightforward. 
Alternatively 2-azido-muramylpeptides 16 can be obtained, 14 also leads to glycosides with ROH/H+ 
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and last but not least to desacetyl-muramylpeptides 17. As indicated in Fig. 8, (steps e, f, g, n) a 
2,4-d&do-derivative of muramic acid 18 has also been obtained via 1,6-3,4-dianhydro-2-tosyl- 
galactopyranose. 

Synthesis of labelled derivatives 
For pharmacokinetic studies, various labels have been introduced into the MDP molecule. The 

French group synthesized lactyl-1-i4C-MDP, l9 while a Japanese group obtained U-‘4C-ala-MDP.20 
The Merck group introduced tritium into muramic acid giving the 6-3H-N-acetyl-muramyl 
dipeptide.” In CIBA-GEIGY, the acetyl group was labelled, yielding N-3H-acetyl-muramyl di- 
peptide.” 

Fig. 9. Labelled muramyldipeptides. 

4.2. Prodrugs of muramyl peptides 
4.2.1. Lipophilic prodrugs. N-acetyl-muramyl dipeptide (MDP) is rapidly excreted in the 

urine (>90% in 2 h). l9 Lipophilic derivatives have therefore been described by several 
groups. ~8~23-30~69~7’~78~8’~82~94~160 Only a general survey needs to be given here (Fig. 10). Special 
derivatives are listed in Table 1 and Fig. 11 and are mentioned in the section on ‘Biology’ (see pp. 
6349, 6352). 

x: 0, s 

Y: 0, NH 

2: 0, s 

b’, c. 1. i, k 

a : alkmoyl, amyl, trimethylsitjl; 
b : choleste!y!-(3)_sucdnyl; 
b’: choleaeryl-(3)_~nyCoxyethyhmide; 
c : dipaimitoylplvxphatidy!+xyethylamids 
c’: dipalmitoylphosphatidyloxyethylamido-suc~ 
d : dipalmitoylphospi?a6cfyl-oxyacety~ 
e : a ,Osalkyl, -benzyl; &amino-phenyl; 
f : oxyalkyl, aminoalkyl; 
g : alkylphosphoryl: 
h : alkyliiene (4.6); 
i : 6-aWnoylUjsyl; 

k : dipalmitoyi@yw’yl-L-alanyl. 

Fig. 10. Lipophilic prodrugs of muramylpeptides. 
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Table 1. Lipophilic prodrugs of N-acetyl-muramyldipeptide 
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R” 

60-R 

Profile’ Source 

Re: OCOCH(Ct4Hsg)s 

Re: aminoacyl-COR 

R4 = Re: octanoyl 

fit : 8-S-alkanoyl 

R: L-Lys-&OC17H3~ (MDP-Lys-L18) 

R: L-Ala-OCH2~~ICtsHet 

R: L-Ala-cholesteryl-(3) 

R: L-Ala-dipalmitoyl-kephalin (MTP-PE) 

R: L-Ala-NHCHe 
8H 

HCH2NH-R 

R’ = R: OH, R4: H 

Rt = R: OH, R4: H 

R’ = R: OH 

R4=Re=R:H 

R’:OH,R4=Rs:H 

R’:OH,R4=Rs:H 

Rt:OH,R4=Rs:H 

R’:OH,R4=Rs:H 

R’:OH.R4=Rs:H 

BT 

AB 

TV 

A 

BTV 

BTV 

ATV 

ABTV 

TV 

Dainippon 

Takeda 

Syntex 

Gifu University 

Daiichi 

GIRPI 

GIRPI, Ciba-Geigy 

Ciba-Geigy 

Ciba-Geigy 

l A: adjuvant ; B: antibacterial ; T: antitumor; V: antiviral ; R”: cyclooxygenase-inhibitors 

MTP-PE is being developed at Ciba-Geigy and at Daiichi it is MDP-Lys (L18) (Fig. 11). 

9 
CONH L CONH 

Y w”*S’O~OCOC,5H3, 
OCOc&, 

Muramyltripeptide-phosphatidylethanolamide ( MTP-PE) 

O+NHAc 
I 

Na’ 

HO 
~O~CONH\iCONH+&CONH~NHCOC,7H35 

MDP-Lys (Ll8) 

Fig. 11. Muramyltripeptide-phosphatidylethanolamine (MTP-PE) (Ciba-Geigy); MDP-Lys (L18) (Daiichi). 

4.2.2. Polymeric prodrugs. As a vehicle for MDP, polyacrylamide3’ or mixed polymers from 
vinylpyrrolidone and L-alanine-vinyl ester 32 have been used. Nor-MDP is coupled through L-lysyl- 
L-lysine methyl ester to microspheres of poly-lactic acid having an average diameter of l-8 p.32 
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MDP and nor-MDP have also been bound to synthetic3v34 and natural polypeptides.35g36,36” Syn- 
thetic vaccines with protein-(peptide)-antigens can be prepared by this technique37,3* (Table 3). 

Syntex has developed a slow-release form. 3 3 
4.2.3. Liposomes. A special type of delivery system has been produced by mixing lipophilic 

muramyl peptides with phospholipids which, upon agitation or ultrasonication in an aqueous 
medium, form multilamellar vesicles (MLV). A mixture of seven parts of lecithin to three parts 
of phosphatidyl serine39*41 has proved particularly satisfactory. Both components are prepared 
synthetically in CIBA-GEIGY. Lipids containing mannose are also serviceable (see p. 6354). 

4.3. Lipopeptides LP-I9 
Lipopeptides LP-III. Before initiating a synthesis programme, we had to determine the absolute 

configurations of the chiral centres in the cysteine thio-ether. N-palmitoyl-(R)-cysteine reacted with 
1-tosyl-2,3-isopropylidene-(R)-glycerol giving a thio-ether with the (R,R) configuration. (R,S)- 
glycidol and N-pahnitoyl-(R)-cysteine gave a pair of diastereomers with the (R,R) and (R,S) 
configurations. Comparison of the 13C-NMR spectra of these compounds with that of the N-acyl- 
S-(2,3-dihydroxypropyl)-cysteine obtained from the lipoprotein after hydrolysis with pronase and 
alkali showed the chiral carbon atom of the side-chain had the (R)-configuration. CD measurements 
demonstrated the (R)-configuration for the a-carbon atom with a positive Cotton effect at 226 nm. 

The lipopeptides were synthesized as follows (Figs 12 and 13) : 
A synthesis starting from (R)-cysteine 19 leads to a series of N-acyl-cysteines 20. Alkylation of 

the sulfhydryl group of 20 with l,Zisopropylidene-(R)-glycerol-tosylate (steb b) gives N-acyl-S- 
[2(R),3-dihydroxypropyll-(R)-cysteine 21. With (R,S)-glycidol a mixture of N-acyl-S-[2(R,S),Z 
dihydroxypropyll-(R)-cysteines, 21 and 22, is obtained. Esterification of the side chain (step e) is 
done after conversion of the cysteine carboxyl-group to a benzhydrylester (step d). Mild acid 
hydrolysis gives 23. Alternatively, step e is carried out after coupling of peptides lacking reactive 
functional groups, i.e. before step h. Step g needs special comment. The usual coupling procedure 
with dicyclohexylcarbodiimide and N-hydroxy-benzotriazole leads to almost complete racemization 
in this case. Originally this could only be detected by NMR and not until the development of a special 
HPLC-method was this problem solved. Use of N-hydroxy-norbornan-dicarboximide instead of 
N-hydroxy-benzotriazole gives a product 24 which contains less than 3% of the (S,R)-diastereomer. 

(WCys - R’CONHFHCOOH R’CONfX+HCOOH 

F - 
HZ a. b HZ 

19 20 SH orc.b 5 21 (R,R) 

.FH2 

R’ : CH, - n-C&H,, 
HFOH 22 (RS) 

H$OH 

ti : n-C~HB - n+J-l,, 

I 

d. e. f 

R’CONHFHCO-PEPTIDE R’CONHCHCOOH 

iH2 CH? 

24 HCOCOR* 

H,dOCOR’ 

H’ 0COR2 

d 

23 

Hz OCOR’ 

a : 1.2~isopropylidene-(R)q~ral-tosylate, K&C+, E!OH .-.-_ ‘(R) 

b : HaO+; c : (R.S)qtycUd, K&Q ___--- ‘(R) + (S) 

d : (C&&CN2; e : R*CCCI, pylidine; f : HaO+; g : Dee. 

N-hydroxy-norbomandicarboximide. peptide-let-butvkter: h : hO* 

Fig. 12. Synthesis of lipopeptides-III from cysteine 
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A synthesis starting from (R)-cystine 25 gives the bis-tert-butylester which is isolated as the 
tosylate salt 26 (Fig. 13). Acylation at the amino-group (step b) and reduction with zinc and acid 
leads to the terl-butylester of N-acyl-cysteine 27. This is alkylated at sulfur with I-tosyl-(R)-glycerol. 
which reacts faster than 1,2-isopropylidene-glycerol-tosylate, to 28 and it is acylated to 29. Further 
processing to lipopeptides 30 is straightforward, given the precautions in step g (Fig. 12). 

a b 
L- Cystine - Toi*H~N$HCOOC4Hp -&ONH~HCOGC,Ho 

25 

R’CONH$HCOOH 

H 

HZ 
9 

R’CONH?HCOPEPTIDE 

0 

HZ? 

dHz 

H’OCOR’ 

HZ OCOR’ E 
30 

Fig. 13. Synthesis of lipopeptides-III from cystine. 

5. BIOLOGY 

Tissues. The principal centres of the immune system are the thymus, spleen, bone-marrow, 
lymph nodes and lymphatic tissues of the mucosa such as Peyer’s patches in the small intestine. In 
adults, these tissues amount in weight to about 6 kg. The skin possesses its own complete immune 
system. 4o For a recent survey on the compartmentalization of various defence systems see reference 
40a. 

Cells. A germinal centre which develops in the bone-marrow under the control of factors from 
stem cells (CSFS)~’ gives rise, after several differentiation stages, to various types of leucocytes. 
These include the B and T lymphocytes, which in the adult account for 1 kg of body-weight. B 
lymphocytes synthesize antibodies. T lymphocytes comprise subpopulations which fulfil helper (TH), 
suppressor (Ts),42 and killer (T,) functions. 43,44 The killer population is additionally composed of 
natural killer (NK) cells and large granular lymphocytes (LGL).45*4” 

Among the granulocytes, the predominating neutrophils play an important part in ensuring a 
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rapid reaction against infections. The eosinophils and basophils perform special tasks such as 
defence against parasites. Of importance for defence against bacterial and viral infections and also 
against tumour metastases are the circulating monocytes and, in the tissues, the macrophages.47 
These cells can secrete more than 75 different products. They have more than 30 types of surface 
receptor and in the primary and secondary lysosomes contain more than 40 hydrolytic enzymes. 

The functions of these cell types can be expediently assessed in a variety of test systems in oivo 
(Fig. 14). In vitro test systems using isolated cells, however, are of limited relevance owing to the 
many regulatory mechanisms which operate only in the living organism and so therefore will be left 
out of consideration. 

per liter of blood Test system 

lumor ceil killing 
melanoma (mouse, rat) 

acute bacterial inIcctions (mouse) 

1 
L ? Ma&t cell 

B_cell -_c B, independent 
l3, dependent 

Lymphoid 

T-ccl1 

antibody synthesis (mouse) 

l- 2.5. 10” 
delayed hypersensitivity 
(guinea pig) 

- T del. hypersens. -1 

Fig. 14. Effecters of the immune system. 

Factors. The various cells and cell systems communicate and are regulated by way of factors 
and receptors. Cell-to-cell contacts play an important ro1e4”54 and prominent factors include IL- 
1,” IL-2,56 IL-3,57 IL-4,58 CSFS,~~,~’ IFNy6i and suppression factors.42 Many of these are now 
obtainable in pure form and are under pharmacological and clinical investigation. 

Fig. 15. Network of leucocytes and factors. B is used collectively for resting B-cells, blast cells and 
plasmocytes. CSF stands for G-CSF, M-CSF or GM-CSF. TH stands for different populations of helper 

cells (e.g., Tnl + IL-2+IFNy, Tn2 + IL-4). 
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Besides the enormous complexity which is depicted the diagram also illustrates one line of defence 
against infection, composed of monocytes, macrophages, cytotoxic T cells, NK cells, neutrophils and 
eosinophils. The target cells are homed on by way of special cytophilic antibodies (antibody- 
dependent cell-mediated cytotoxicity, ADCC) (Fig. 16). Alternatively special receptors on T ~~11s~~ 
mediate the contact. It is not yet known how NK cells, monocytes and macrophages distinguish 
their target cells from healthy cells but in the case of NK and LAK (IL-2-activated Tc cells), the 
ganglioside GM2 appears to play a part. 63 The modes of killing differ. Monocytes, macrophages 
and neutrophils mainly use cytotoxic peptides (poisons) and oxygen radicals (burns). NK cells and 
Tc cells use poisons and pore-forming proteins (plugs), and eosinophils predominantly use burns 
and plugs. 64-66 All these programmes are regulated and are evidently initiated specifically and in 
several phases. Bacterial components are the activators for monocytes and macrophages. The 
endogenous mediators (lymphokines, monokines, interleukins) are generally proteins which pre- 
sumably act in concert. This can be inferred from the marked synergisms which have been demon- 
strated between IL-l and TNFcl, IL-2 and IFNy, IFNy and TNFaJ, IL-2 and IL-4, IL-l and 
G-CSF, IL-3 and IL-6. These observations furnish a further argument which favours the use of 
signal substances specific for bacteria because they liberate a series of lymphokines. 

5.2. Pharmacology 
5.2.1. Adjuvancy. In immunology, an adjuvant is defined as an agent capable of intensifying 

humoral or cellular immune reactions, or both. The basic components of the humoral immune- 
defence system are specific antibodies, the titres of which are determined in specific-pathogen-free 
(SPF) mice. Cell-mediated immune defences function by way of a variety of components : Tc cells, 
which carry their own receptors, macrophages, different types of granulocytes, and NK cells, which, 
armed with cytophilic antibodies, become specific defence cells (ADCC). Cellular immune defences 
can be assessed by means of a skin reaction (delayed-type hypersensitivity) in guinea pigs. 

‘Adjuvant’ is an imprecise term and is often also applied to materials such as liposomes, oils and 
A1(OH)3 that contribute to the development of an immune response in a way which is different 
from muramylpeptides and lipopeptides. We refer to them as carriers. They may form depots of the 
antigen, thus hindering its elimination, or they may catalyse the uptake of antigen by phagocytes 
and antigen-presenting cells (APC), or both. Macromolecules or whole organisms can fulfil such 
functions. For example catalysis of uptake into APC, induction of interleukins and delivery of T- 
epitopes and B-epitopes (cf. Figs 18 and 19). 

Test for antibody synthesis to heterologous serum proteins. Mice are injected intraperitoneally 
or subcutaneously with suboptimal doses (10 pug) of bovine serum albumin (BSA) or human y- 
globulin (HGG), dissolved in 0.2 ml of phosphate-buffered saline. 

Various doses of the test compounds are injected by different routes (i.p. or s.c.), either once, 
30 min prior to the administration of the antigen, or daily for five consecutive days before or after 
administration of the antigen. The results we refer to (Table 2) were obtained after a single 
administration. Immune sera are collected on Days 9, 15 and 29, and antibody titres are determined 
by passive haemagglutination. For this purpose, sheep red blood cells are coupled with either BSA 
or HGG by glutaraldehyde. Haemagglutination titres are expressed as log, of reciprocal final 
agglutinating dilutions. Usually results are expressed as average titres of the three serum samples. 

In this test, hydrophilic muramylpeptides have to be given simultaneously or shortly after the 
antigen to achieve good stimulation of antibody synthesis. The dose of protein antigen does not 
induce antibody synthesis to any significant extent without adjuvant. 

Test for delayed-type hypersensitivity. Guinea-pigs are injected on Day 0 with 1 mg BSA and 
different doses of test compound in incomplete Freund’s adjuvant (FiA). 0.1 ml of this mixture are 
administered by subplantar injection into each hind foot. After three weeks the animals are chal- 
lenged by intradermal injection into the back of 100 pg BSA in 0.1 ml phosphate-buffered saline. 
Erythema and swelling of the skin ensue, which should persist for 24-48 h. A reaction volume is 
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For typical effective doses see Table 8. Details of these tests are given in reference 67. 

Secretion of Antibodies 

Fig. 16. Induction of antibody synthesis. 

calculated from the area of the erythema and the increased thickness of the skin. BSA in FiA 
provokes no skin reaction. 

Figure 16 schematically illustrates activations that ensue after ingestion of an antigen by antigen- 
presenting cells (APC), leading to the synthesis of antibodies by plasmocytes. These cells arise by 
differentiation of B cells after activation by TH cells. Muramylpeptides and lipopeptides contribute 
by inducing IL-l, which is one proliferation signal for Tu cells (cf. p. 6348). Besides the activation 
of Tc cells by IL-2, the diagram also shows that cytophilic antibodies can serve as a targeting device 
for a variety of cells and that this leads to antibody-dependent cell-mediated cytotoxicity. 

Table 2. Structure-activity relationships of muramylpeptides in adjuvant tests 

Subsllturnt Activity Reference 

DTH AbS 

RI-X: a,&O-benzyl 

IX,&0-alkyl 

13-SH, B-S-alkanoyl 

a,&0-alkanoyl 

C-l : reduction to sorbitol 70 

Ft2: H 

benzoyl 

alkanoyl 

tosy1 

+- +- 32 

+- +- 32,M 

+ 25.69 

+ + 72,91 

+ + 71, 93 

+ +- 72.73 

+ + 72. 73, 74 

32 
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R3: CH3, C2H5. Wg 

&Hz, 43H7, -CH’&H5 

R5: amino acid 1 

Y: 0 

R6-2: 0-alkanoyl 

NH2. NH-alkanoyl 

S-alkanoyl 

R7: oxyalkyl 

aminoalkyl 

a-amino acid 

a-amino acylamide 

R8: oxyalkyl 

aminoalkyl 

amino acid 

S-(N-acyl-cysteinyl) 

extension of peptide chain 

amino acid 2 II-Gkl 

D-Gla 

all others 

chirality in peptide 

x: I. 

xx: D-Ala 

D-Abu 

x*x: L 

carbohydrate derivatives 

D-galacto 

D-manno 

D-allo, D-gulo, D-xylo, L-ido 

positional isomers 

N-acetyl side-chain 

2 4 

2 6 

2 I-6 

2 7 -6-S 

deoxyderivatives 

ldeoxy (2.5-anhydro) 

P-deoxy 

4deoxy 

B-deoxy 

1.6-anhydro 

+ 
+ 

+ 

+ 
+ 

+ 

+ 

+ 

+ 
+ 
+ 

+ 

+ 

+ 

+ 
+ 

+- 

+ 

+ 72.73.75 

+- 76 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 
+ 

3, 72, 73. 77 

32 

3,32, 73, 76. 94 

60 

81, 62 

3,32 

3.32 

3, 32 

3. 72, 63 

3, 72 

3.72 

3, 72 

32 

3,ss. 85.86 

3, 72, 73 

35 

3.32 

3 

32 

3, 32 

71 

71 

71 

71 

71.07 

71.87 

32 

88 

71,92 

71,92 

71.92 

la, 89. 90 
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As a rule, activity in the test for antibody synthesis (AbS) is sensitive to substituents that are 
presumably removed slowly in Go. This also holds good for multiple substitutions. In the case of 
unsubstituted muramylpeptides the more lipophilic the substance, the less is antibody synthesis 
stimulated. Stimulation of DTH has been correlated with the occurrence of IgG2, which is cytophilic 
and can activate complement.” In comparing published data, it must be borne in mind that the 
intensity of the DTH reaction depends upon the antigen which is used. Azobenzenearsonate-N- 
acetyl-tyrosine (ABA tyrosine) is more immunogenic than bovine serum albumin (BSA). The 
adjuvancy of MDP in mice is genetically controlled and non-responders can be observed. 96 

Lipopeptides 
LP-I. These compounds are active adjuvants.’ They differ, however, from LP-III in being devoid 

of any mitogenic effect on B cells. 
LP-ZZZ. Derivatives of this class are very efficient stimulants of antibody synthesis (mouse) and 

mitosis in splenic B cells. They do not, however, stimulate DTH against BSA in incomplete Freund’s 
adjuvant. A summary of structure-activity relations for antibody synthesis is given in Fig. 17. 

Variation Biological effect 

Nr. type example 

1 sequence 

2 chain length 

3 chirality 

4 lipophilic 
substitution 

5 replacement 
of oxygen 

6 oxidation 

L- and o-amino acids 

C&,: R’ = w = R3 

x (W 

x (S) 

xx (W. (S) 

alkyl. S-acyloxyalkyl 

single and double N 

not much influence 

Cs - Cso good 

active 

inactive 

(R) slightly better than (S) 

< natural residue 

< ester 

< thioester 

Fig. 17. Stimulation of antibody synthesis in mice by lipopeptides (LP-III) ; structure-activity relations. 

Vaccines 
One practical consequence of the adjuvancy of muramyl peptides is their use in vaccines. This 

is also a consequence of the discovery that the active principle of Freund’s adjuvant (FcA) is murein, 
a polymeric form of MDP. 

Table 3 shows examples in which it has proved to- be possible to induce the formation of specific 
antibodies, of which some had neutralizing or protective effects, either by admixture of the muramyl 
peptide, or by its chemical bonding to peptide-(protein)-antigens. It is noteworthy that the 
simultaneous administration of several antigens leads to the formation of specific antibodies to 
each.97,98 Lipopeptides (LP-III) have also been coupled directly to peptide antigens.‘22 

A phenomenon of central importance in the induction of immune responses by vaccines, and 
generally, is the activation and proliferation of antigen-specific T-helper cells. To initiate these steps, 
the T, cells must receive signals in addition to IL- 1, which lipopeptides and muramylpeptides cannot 



Classical Vaccine: whole organisms (viruses, bacteria) + adjuvant’ 

Subunit Vaccine: Surface Molecules + Adjuvant’ 

Synthetic Vaccine: ANTIGEN + ADJUVANT 

protein, peptide, MDP, lipopeptide 

saccharlde 

+ Carrier 

+ CARRIER 

TT, PPD. liposomes 
polymeric antigens 
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native conformation 
exposed continuous 

and discontinuous 
sequences 

IL-l. 11-2, 11-4. IL-5 
IFN y 

denaturation, degradation, 
MHC-II dependent presentation 

hidden condnuous sequences 

Priming Activation 

B-cells T- and B-cells 

* for use in animals: Freund’s complete adjuvant (Mycobacteria + oil) 

for use in humans: Alugel, Al(OH)s 

Activation 

Tt+Cells 

Fig. 18. Schematic representation of the typical components of vaccines and their functions. 

Table 3. Vaccines constructed with MDP and MDP-derivatives 

Organism Vaccine Effect Reference 
_____ _.._ ______ _ ____ _ __._ _ ____._____-_ ____._______ .__.. _____ .___.._.._____.. _ __.._ ___ ..___.. ___ .__. ________________________________________.__ ______ ___________ 
S. pyogenes. 24 Murabutide + M-peptide bactericidal Abs. man 99 

Cl. tetani Murabutide + TT specific Abs. man 100,101 

C. diphtheriae MDP + BSA(A-L)-(loxinpeptide)n protection, guinea-pig 102 

(MDP-Lys)n-toxoid specific Abs, mouse 103 

S. mutans MDP + cell walls IgA response, rat 104 
..-____ ---- ______ --._ _ ____ _--_ ______-_. _ ___.._ __ ..____ _.__ _____.. _ ___.._ _._ ._..__. ___~___.._____..____________..~~..______ ____ _____ _____ ____ _____________ __._____ 
Coliphage MS-2 PG-(A-L)-peptide neutralization, rabbit 105 

Hepatitis B MDP + peptides + liposomes specific Abs, mouse 106 

MDP + vaccine specific Abs. mouse 23 

Murabutide + Hep. B-SA-ll specific Abs, mouse 107 

FMD Virus MDP + VP1 -peptide protective Abs, mouse 96 

(MDP-Lys)n-polym, peptide protective Abs, guinea-pig 96 

P. falciparum L-l&MDP + sporozoites + liposomes protection, monkey 106 

P. knowlesi Murabutide + (sporoz. peptide),,-TT coat disintegr. of parasites 109 

(MDP-Lys)n-lT-(peptide)m specific Abs. mouse 103 
-- ------ _ -.----- _ -.---- _ _..---- ___ __--- __ -.-- _-_.__---_.._ -----. _-_ ---._ _ .--- ____.---__._ ----.--..--- _.._--.__.__ .--._...__-. _ ..____..____..__ _ . . ..__ ___..___ 

S. + C. + Hep. B Murabutide + ll-(peptide)” specific Abs, mouse, guinea-pig 97 

S.+C.+Hep.B+ Murabutide + condensed peptides specific Abs, mouse 96 

P. knowlesi 
--_ .---- __-_ ---- _ _----- _____ ----_ _____ -----.-- _-__ ----- ___ ----- __._---__ _.._ _--- .----. _-_ ..---. _-_ ---.-_...--.__ __._-.__ .._... ____._ .__..._ _.____._____________ 

T blasts (MDP)n-T cells suppression of alloreactivity 110 

in MLC. mouse 

LH-FUi MDP-Lys-peptide castration. mouse 111 

h-Chorion- n-MDP + peptide + squalsne + arlacel sterilization. rabbit. monkey 112 

gonadotropin (MDP)n-n-(peptide)m specific Abs, rabbit 103 

Reviews: 37.36,113.114,115.173 

(A-L): synthetic poly-D.L-alanine-poly-L-lysine; PO: peptidoglycane; L-16-MDP: 6.0-stearoyl+lDP; 

S.: streptococc. M-peptide: C: diphtheria peptide; Hep. B: hepatitis viral peptide; lTz tetanus toxoid; 

MLC: mixed lymphocyte culture; HepB-SA: hepatitis B surface antigen. 
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provide. According to the most recent model,’ Is0 proliferation results from an interaction between 
two sets of structures (TCR and CD 4 or CD 2) on the Tn cell with two (T-epitope-MHC-II- 
complex and I-a or LFA-3) on the antigen-presenting cell. Part of the original antigen, the T- 
epitope, that has survived degradation in APCs is presented on their surface to the T-cell receptor 
as a complex with MHC protein. Binding of the TCR to this complex provides one signal to Tn. 
The interaction of I-a on APC with CD 4 on Tn generates two further signals. One signal is delivered 
to Tn by CD 4. It is synergistic with the signal from TCR. The second signal is received by APC 
from I-a and it liberates IL-l. ’ “7’ I8 In Fig. 19 the interaction of CD 2 with LFA-3 is shown because 
this has been analysed in more detail. ’ ’ *’ 

Fig. 19. Proposed molecular interactions between T-helper cells (Tn) and antigen-presenting cells (APC). 
CD 2: Cluster determinant 2, glycoprotein on thymocytes, NK cells, Tc cells and other mature T cells. 
LFA3 : Lymphocyte function-associated antigen 3, glycoprotein on epithelial cells, endothelial cells, 
fibroblasts and many cells of haematopoetic origin. MHC-II-protein (I-a) : Carrier for presentation of 

antigen. 

The smaller the peptide antigens, the more likely is non-responsiveness to be observed. In animal 
experiments, the usual device was therefore to use large, aggregating proteins as carriers, since the 
chances of infiltrating suitable T-cell epitopes increase proportionately with molecular weight. 
Another practical means of activating Tn is to use components of widespread toxins or proteins, 
such as tetanus toxoid (TT) or tubercle protein (PPD). The latest development consists in binding 
the antigen to as small as possible a synthetic T-cell determinant.“e’21 The role of the muramyl 
peptides and lipopeptides partly consists in liberating IL-l to stimulate the secretion if IL-2. IL-2 
in its turn leads to the expansion of the T helper-cell population, which, through the intervention 
of further factors (IL-4, IL-5, etc.), ensure the expansion and maturation of specific B-cell clones. 

Table 4. Prophylactic effect of muramylpeptides against subcutaneous E. 
coli infections in mice 

MDP.analog 

Controls 

Doae Survival at day 7 

mg (mgfig) 6.100 cells i .2.107 C~IIS 

alivettotal % alive/total % 

. _ O-4140 O-10 o/40 0 

MDP 100 (4) 27140 62.5 9/4O 22.5 

MDP-6-0-stearate 150 (6) 32l40 60 19/40 47.5 

MOP-Lys-e-stearate 179 (7.2) 37140 67.5 20140 50 

Matwrmto et al.. Irdection and lmmunity1(1903), 1020 - 1040 
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5.2.2. Resistance to infections 
Muramyl peptides. Chedid et a1.12’ first demonstrated that muramyl peptides can enhance 

the resistance of mice against pathogens such as Klebsiella pneumoniae, Listeria monocytogenes, 
Pseudomonas aeruginosa, Candida albicans, Escherichia coli and Trypanosoma cruzi, but only when 
administered prophylactically. ’ Synergistic effects can be observed with antibiotics. ’ 24 Lipophilic 
derivatives and polymeric prodrugs or slow-release formulations (Abet minipump) are superior to 
the water-soluble muramyl peptides. 

One finding worthy of note is that lipophilic muramyl peptides are both prophylactically and 
therapeutically active against RNA and DNA viruses.‘2”*‘25-‘27 

Table 5. Prophylactic effect of MTP-PE against various experimental 
virus infections in mice and guinea pigs 

WUS Viral lnoculum Anlmal MED l 
IogPFU (route) specks mglkg 

Influenza ANicforfa 3.3-4 (i.n.) tllO"SS 0.001 
Arrexas 0.3-l (Ln.) lllO"SS 0.0001 
NUSSR 2.3-3 (i.n.) mCus* 0.1+ 
B/Ann Arbor 0.3-l (Ln.) mouse 0.01+ 
B/Hong Kong 2.3-3.3 (i.n.) mouse 0.0001 

Parainflusnra 1 (Sendai) l-l.7 (in) IllOUSS 0.01 

Herpes simpler lrlup 4.8 (Ln.) mouse 0.1+ 
1Nirtus 3.3 (i.n.) mouse 1.0 
2/Angelotti 4 (hag.) guinea pig 0.05+# 
2/Alabama 3 (i.vag.) guinea pig 0.15 
2lMS 3.6 (i.vag.) guinea pig 1 .o+ 

. midnwm effective dose level 
1.n. administridlon 7 days before infec4on. 

+ doEa8 lower than hlrkated were not tested. 
1) single i. vapinal adtinlslralb 7 days belom infeciion. 
5 single 8.C. a&lwa*o” 3 days before hfeuion. 

Figure 20 illustrates another aspect of the action of muramylpeptides and lipopeptides. Both 
classes of compounds liberate colony-stimulating factors from macrophages and monocytes and, 
via IL-l and TNF, from endothelial cells and presumably also other cells. One of the consequences 
is stimulation of bone-marrow (leucocyte progenitors) to increase the number of various types of 
leucocytes in circulation. As granulocytes and many other leucocytes are destroyed in fulfilling their 
defensive functions, reinforcement of the population of freshly matured defence cells is more efficient 
than stimulating cells that are no longer fully active. 

& Yunmylpeplldes 

W Wwaptlda* 

+ Reinforcement 

- Activation 

----+ Kiling 

Fig. 20. Stimulation of bone-marrow (leuc. prog.) by muramylpeptides and lipopeptides. 
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For a survey of the role of immunomodulators in defence against microbial infections see 
reference 179. 

Lipopeptides 
LP-I. This type of lipopeptide, developed by RhBne-Poulenc and by Fujisawa, has been shown 

to stimulate resistance to infection and is now under clinical investigation.’ 
LP-ZZZ. Representatives of this type also display a marked anti-infective activity when admin- 

istered prophylactically, or simultaneously with the induction of the infection. 

Table 6. Prophylactic activity of lipopeptide 
CGP-31 362 against acute systemic infections in mice 

(60-70% survival) 

Organism Dose (mglkg) -24h 

i.p. S.C. i.n. p.0. 

E. cd 2016 1 5 

s. Bum”8 10 B 1 25 10 

s. pyogenes aronson 10 25 

S. pneumoniae 1126 0.6 

P. aeruglnosa 799 1 10 

In bacterial and viral infections, the best results are obtained when the route of infection and 
the route of administration of the substance are the same. This is partly explained by the distinct 
mobilization of neutrophils ; however, monocytes and macrophages are also activated, and the 
proliferation of T cells is stimulated. 

5.2.3. Antitumour activities 
Models. Assessments of the activity of immunostimulants against tumours naturally depend 

upon the experimental models used and upon their clinical relevance.‘28~‘28e Neither the rejection 
of sarcoma 180, which is normally regarded as an allogenic transplant, nor the results obtained after 
combined application of tumour cells and immunostimulants will be considered in this context. 
Similar circumstances arise upon intratumoral application. Of far greater practical interest are the 
experiments in which attempts are made to activate so-called unspecific defence against micro- 
metastases systemically (i.v., p.0.). This defence system (NK cells, monocytes, macrophages, gra- 
nulocytes, etc.), which normally receives powerful impetus from T cells, is generally weakened, or 
no longer functionally efficient after radiotherapy, chemotherapy, or long-standing neoplastic 
disease. An added problem is the resistance of the tumour due to induced selection as a result of 
the chemotherapy. It has been shown that tumour cells of different origins, like cells resistant to 
chemotherapy, are selectively recognized and killed by monocytes and macrophages.‘2g~‘30 The 
normal activation of these defensive cells is presumably mediated by factors from T cells ; but 
bacterial components such as murein, lipopolysaccharide (LPS), lipoprotein, or fungal glucans, 
can replace such factors (IFNy) and render monocytes and macrophages tumoricidal. Various 
components can act synergistically. ’ 34-1 38 The process is also partly dependent on endogenous 
factors, as can be inferred from demonstrable synergies’31g132 (cf. Table 7). For T subsets in 
antitumour defence systems, see reference 133. 
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Table 7. Synergisms of muramylpeptides and lymphokines 

iv-trealmenl of 

C57BU6mice 

akeolar M$s 

% cytows 

_--- 

MAF It2 in MLV 40 

MAF l/20 in MLV -2 

MDP 0.62 m in MLV 41 

MDP 0.3 m in MLV -1 

MDP 0.3 erg + MAF l/20 44 

(131) 

Synergisms of rnlcmbial components: 

MDP + LPS cytotoxic MQs (134) 

h-monocytes 

lncubetedwfth 

% cytotoxldtv for 

A 375 mefanome 

n-MDP 1 p@‘ml 61 

n-MDP 0.01 fqYml 0 

h-IFN 1000 u/nu 0 

h-IFN 10 Lf/ml 

+n-MDP 0.01 @ml 59 

(132) 

Abbreviations: MAF: macropha9e-activating factors from T-cells; 

MLV: muMlamellervesfdes 

MDP + TDM resistance to: bacterial in+ctfons (135) TDM: trehabse dimpdate 

viral infecuons (137) h: human 

tumour (136) 

MDP + TDM +4-P-Lipid A lumour regression (136) 

Results obtained in a melanoma model’ 39*‘40 with the lipophilic muramyl peptide MTP-PE are 
shown in Fig. 2 1. 

% Survival 

100 - 

i 

. MTP-PE / MLV 
10 pg I 2.5 pm01 

0 20 40 60 00 100 120 140 160 180 200 
itttttt tt 

Days 

i.v. Trealment 

Fig. 21. Treatment of spontaneous metastases by intravenous administration of liposomes containing MDP 
or MTP-PE (S : surgery of the primary tumour). 

It has been shown that intravenously injected liposomes render not only monocytes tumoricidal, 
but also macrophages in the liver and lung.‘4’,‘42 Not only does the formulation protect the 
substance from premature degradation and excretion, but the admixed phosphatidyl serine also 
catalyses its uptake into phagocytes ; and, lastly, the liposomes constitute an intracellular slow- 
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release form, of which the rate of decomposition can be varied according to the type of phospholipid 
used. The approximate adjustment of the size of the liposomes also permits their temporary retention 
in the pulmonary capillaries. For a detailed discussion of the liposome approach see reference 142a. 

As in these experiments with MTP-PE, the same mode of tumoricidal activation proved effective 
with N-acetyl-muramyl-~-alanyl-D-isoglutaminyl-~-alanyl-glycerol-dipal~tate,‘43 and, strangely 
enough, also with N-acetyl-muramyl-D-alanyl-D-isoglutaminyl-L-alanyl-glycerol-dipalmitate. 144 It 
should be kept in mind that N-acetyl-muramyl-D-alanyl-D-isoglutamine is inactive in the adjuvans 
tests. 

Ho~yEoN”yoNHyoNH2 
OCOC15H31 

CONH LCOO 
7 A°C0C15H31 

Fig. 22. N-Acetyl-muramyl-L(D)-alanyl-D-isoglut~ny~-L-a~any~-g~ycero~-~pa~mitate. 

The liposomal formulation of MTP-PE can also activate human monocytes when injected i.v. ’ 3o 
Treatment of autochthonous skin tumours in the mouse has been reported. 14’ 

Lipopeptides (LP-III) 
Compounds of the first generation with sequences corresponding to or resembling the natural 

sequence ’ ‘3 ’ 4 6 proved to be potent macrophage activators (mouse and rat), but only in vitro and 
not in vivo. It needed a further modification of the peptide moiety with taurine, CGP 31 362, to 
yield compounds that were highly active in vivo. This also induced measurable rejection of pulmonary 
metastases after not only i.v., but also p.o. administration. 147 

(RI (9 cH3(CH,),,CONHCHCONHcHcoNHoHCONH, 
&H, AH, 

%H, 

I 
HZ 
H,CONHCH,CONHCH,CH,SOa. Na+ 

(4 H i , OCOGH&,CHI 

H,C~OW&,CH, 

Fig. 23. CGP-31 362. 

A summary of pharmacological effects is given in Table 8. It should be noticed that muramyl- 
peptides including the lipophilic derivatives are a species different from the lipopeptides LP-III. 
They have a distinctly different biological profile although the overall effects so far mentioned seem 
to be the same. They differ in several respects : 

-Substitution by fatty acids is not essential for muramylpeptides. Good prodrug forms can also 
be obtained with benzoyl groups or other aromatic acids, whereas for lipopeptides fatty acids are 
essential. 

-Muramylpeptides, hydrophilic or lipophilic, do not induce secretion of TNF from macrophages 
by themselves. They need the cooperation of IFN-y or LPS. LP-III function without this 
cooperation. 

-Muramylpeptides are weak inducers of mitosis of spleen cells, LP-III are strong inducers, even 
stronger on a molar basis than LPS. 

-Finally, in in vitro experiments, LP-III are more active than the most active muramylpeptides in 
inducing tumoricidal macrophages. 
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Table 8. Summary of pharmacological results 

Test syetemo CompoundelJudgement Efflcecy 

6353 

Antibody synthesis (moose) 

Delayed hypersens&ity. DlH 
(guinea pi~) antigens: BSA. OVA 

E-call mitcgenicity (mouse) in vitro 
incorporation of 3H-thymidine into 
spleen cells 

Tunwr cell killing by rat ahwolar 
mSCrOphaQSS (melanoma MDBA-200) 

Bacterial infections, acute and chronic MPs. hydrophilic moderately active, 
(mouse) pmphylactically 

Ecoli, Klebstella pn.. Candida. 
Saw., P.aemg., S.amnson, S.pneum.. 
(Toxoplasma gond. 0) 

MPS, lpophik more active 
LPS active pmphylac- 

tically 

Viral infections (mouse, DNA-, 
RNA-viruses) 

MPs, hydmphik inactive 

MPs. lipophilic very active 

LPS less active than MPs 

LPS very adlw 

MPS. hydrophilic vety active 

MPS. lipophilic fess wtive 

MPs. hydmphillc potent in FiA 

LPS inadhre in FIA 
MPs am weak inducwm 

of mttosis 
LPS are potem (>LPS) 

MPs, hydrcphik weak unless incar- 
porated in liposomes 

MPs, Spophilic varyadhreako 
without liposomes 

LPS very active without 
liposomes 

I-lOrr~4~ i.p. 8.~. 

I-10 mg&g i.p. 8.~. 

I-lOpqk!J 8.C. 

I-IO *I 

0.1 pg/ml 

in viva: 0.1-l “IQ&Q 

0 x i.v. 

in viva: l-5 nlgkg p.0. 

1060 “IQkQ i.p. 
i.p.-infection 

0.5-25 mgikg i.n. 
I.n.-infection 

0.1-I “IQkQ i.n. p.0. 

l-Sma/ke in. p.0. 

MPs: Murarnylpeptides 
LPS: Lipopeptides LP-III 
FiA: Freund’s lnconplete adjuvant 

5.2.4. Sleep induction. A factor isolated from human urine and found to induce slow-wave (deep) 
sleep in the rabbit and in the cat was identified as N-acetyl-muramyl-L-alanyl-D-isoglutaminyl- 
diaminopimelic acid. 14’ The same property is also displayed by other ‘muramyl peptides after 
intravenous, intraperitoneal and oral administration. The most active are the 1 ,B-anhydro-N-acetyl- 
muramyl derivatives.‘4g,‘50 MTP-PE is inactive. Lipopeptides, on the other hand, also induce slow- 
wave sleep in the cat but after a longer lag phase. 

5.3. Toxicity 
Muramyl peptides. Mice and rats are relatively insensitive to muramyl peptides (LDSo mouse : 

approx. 2200 mg/kg i.p.). For toxicological investigations the guinea-pig and the dog are more 
suitable species. The findings summarized below were made in dogs treated for 10 days with MDP 
(5 mg/kg) and MTP-PE (10 mg/kg) S.C. and i.v. and with MDP (5 mg/kg) administered S.C. by 
minipumps. For a detailed description see references 151 and 152. 

There is a rapid effect on leucocytes (rise of granulocytes and monocytes) indicating a strong 
activation of the bone-marrow, release of pyrogenic factors as IL-I and transient increase of cortisol 
in plasma. Vascular effects can be observed in the eye and the arterial walls as well as involvement 
of mesothelial cells (epicarditis, pericarditis and synovitis) and changes in liver function (increase 
of acute phase proteins and increase of alkaline phosphatase). 
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MTP-PE in the liposomal formulation is 100 times less toxic than the free form and dogs treated 
over 14 days with 1 mg/kg MTP-PE daily by the intranasal route showed none of the above changes. 

The role of muramyl peptides in the induction of adjuvant arthritis has been challenged. Effects 
of this nature could only be induced under particular conditions and in special strains of mice and 
rats. More recent investigations indicate that MDPs intensify an immune reaction against auto- 
antigens such as collagen II, ’ 53 or the cross-reacting antigens from Mycobacteria. ’ 54*1 5 5 

The pyrogenicity of MDP is augmented by coupling to polymeric vehicles.ls6 Apyrogenic MDP 
derivatives, are also known including murabutide, N-acetyl-muramyl-L-alanyl-D-glutamine-a-~- 
butyl ester,157 or N-acetyl-muramyl-L-threonyl-D-isoglutamine.73 Liposomal MTP-PE does not 
cause the release of IL-l from monocytes158 and it is not pyrogenic up to 30 mg/kg S.C. 

Fever can, however, be kept in check with antipyretics. Chedid et al. were surprised to find that 
simultaneous administration of MDP and indomethacin to mice exerted a synergistic anti-infective 
action.159 

Proceeding from the hypothesis that suppression of the release of the feed-back inhibitor PGE2 
by activated macrophages could intensify or prolong the activation, we synthesized lipophilic 
conjugates of cycle-oxygenase inhibitors and MDP derivatives. 16’ The resultant compounds are 
very potent in activating macrophages to the tumoricidal state. 

Lipopeptides 
LP-I. The acute toxicity of pimelautide (Fig. 3) in the mouse is LDm = 410 mg/kg i.v. Although 

the compound is pyrogenic in the rabbit, in a study in dogs, S.C. injections given three times weekly 
for one month were well tolerated up to a dose of 1 mg/kg. 

LP-III. Apart from pyrogenicity, there are as yet no data available on the toxicity of LP-III. 

5.4. Targeting 
The targeted administration of muramyl peptides is expected to give rise to fewer side-effects. 

Since macrophages and monocytes are recognized as target cells, attempts have been made to find 
formulations ensuring that the substance is predominantly distributed among these cells. A successful 
formula was developed by Fidler et al. 41 Phosphatidyl serine introduced as a component of lecithin 
liposomes accelerates their uptake into monocytes and macrophages (mouse, rat and human). A 
conjugate such as tri-mannosyl-di-lysyl-cholesterol31 as a component of liposomes also accelerates 
their uptake into macrophages. 16’ By using mannose-containing phospholipids isolated from Myco- 
bacteria, liposomes can be prepared that bind to the mannose receptors of macrophages. 162*163 
Synthetic mannosyl-kephalin 32 acts in the same manner’ 64 (Fig. 24). 

NHR 

RNH 

RHN-CONH CONH-’ 
de- \ 

31 

32 

Fig. 24. Tri-mannosyl-di-lysyIcholesterol,31; Mannosyl-kephalin, 32. 
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Alternatively, soluble compounds can be used. A conjugate of bovine serum albumin, MDP and 
mannose is readily taken up by macrophages. 36,364 A recent review of saccharide determinants for 
selective drug delivery has been published by Shen. 36b The same effect is achieved with an antigen- 
antibody complex from carrier-bound MDP and a monoclonal antibody specific for MDP. In this 
case, uptake occurs by way of the macrophage Fc receptors.‘65 A conjugate of tumour-specific 
monoclonal antibodies and MDP can be incorporated via the Fc receptors into macrophages at the 
neoplastic focus. ’ 66 

All attempts to steer antibodies towards tumour cells are, however, confronted with the problem 
of antigen variation. Owing to induced selection (immune defence, chemotherapy) the phenotype 
of the tumour cells undergoes constant change. This is why an approach taking advantage of the 
natural targeting mechanism of the immune defence cells is so important. 

The fact that intravenous administration of a liposomal preparation of muramylpeptides leads 
to tumoricidal alveolar macrophages in lung tissue, although liposomes cannot penetrate from 
the circulation, can be rationalized. Results from different areas of research can be combined 
hypothetically to explain the following chain of events : 

Liposomes which are used are of a size suitable to ensure their temporary retention in the 
pulmonary capillaries and their uptake there into monocytes. Activated monocytes, in their turn, 
secrete IL-l and TNF and thus activate the endothelium, to which they are then bound. 1673*68 In 
response to appropriate stimuli from the tissue,“j9 the cells migrate from the vessels and become 
activated (e.g. tumoricidal) alveolar macrophages. 

5.5. Pharmacokinetics 
The rapid elimination of water-soluble muramylpeptides after i.v. injection’9*‘70 and, somewhat 

more slowly, after administration in an oil-emulsion (incomplete Freund’s adjuvant) can be con- 
siderably retarded by lipophilic substituents. “’ This has been observed with MTP-PE in the rat. 
Even more extreme is the repository effect that occurs after i.v. injection of MTP-PE in liposomes. 
The blood levels of nor-MDP in the dog after intravenous injection decline faster than the levels of 
MTP-PE. A similar slow decrease of serum concentrations has been reported for MDP-Lys(L18) 
(Fig. 11) injected subcutaneously into rats. “* 

MDP and nor-MDP are excreted in practically unchanged form, whereas MTP-PE undergoes 
cleavage of the N-acetyl group. N-acetyl-muramyl-dipeptide and -tripeptide also occur as metab- 
olites. 

5.6. Biochemical mechanisms 
The mechanisms responsible for the biological effects of both lipopeptides and muramyl peptides 

are still unknown. Lederer’s group found no demonstrable correlation between adjuvant activity, 
anti-infective efficacy and pyrogenicity. 3 Tentative explanations have been put forward suggesting 
that effects of muramylpeptides on the central nervous system could be linked with the turnover of 
prostaglandins and serotonin in the diencephalon.‘74 Evidence purporting to show an affinity of 
MDP derivatives for serotonin receptors’7sp’76 is not very convincing because the labelled derivatives 
which were used, contained serotonin-like residues. A differential messenger-RNA synthesis in 
macrophages activated with IFNy and MDP has been described.“’ 

5.7. Summary and conclusions 
Analysis of bacterial lead compounds has yielded extremely active, synthesizable low-molecular 

agents. These agents induce the release of endogenous mediators such as lymphokines from lym- 
phocytes, monokines from monocytes and interleukins. They also act synergistically with such 
factors. In animal models in viva, a variety of pharmacological effects can be demonstrated, and the 
associated cell system identified. These effects include antibody synthesis (B cells), DTH (T cells), 
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resistance to infection (neutrophils, monocytes, macrophages) and antitumour defence (monocytes, 
macrophages, neutrophils, NK cells and Tc lymphocytes), 

It can be anticipated that such compounds will find application in modem vaccines constructed 
syntheticahy from a universal T epitope, a specific B epitope and an adjuvant, such as MDP. The bene- 
ficial application of these compounds in the treatment of malignant tumours, chronic infections, and 
perhaps also auto-immune diseases depends upon a thorough understanding of their effects in the 
human body. Clinical investigations of various synthetic agents are in progress. Their success will, 
however, be conditional upon the possibility of targeting such compounds towards the desired site 
of action by the development of appropriate prodrug formulations. Another decisive aspect concerns 
the migratory characteristics of leucocytes and their interaction with endothelial cells : these processes 
remain comparatively obscure. The active part played by certain types of endothelium is now being 
investigated in greater depth. ’ 78 It has to be borne in mind that mammals live in symbiosis with 
bacteria and are to some degree adapted to bacterial metabolites and components. This is another 
reason for expecting that it should be possible to develop therapeutic agents capable of exploiting 
this principle. 
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ABA: 
Abs : 
ADCC : 
APC: 
BCG : 
BSA: 
CD2, CD4: 
CFU : 
CSA: 
CSF : 
DTH : 
End : 
Eos : 
FcA : 
FiA : 
Fc: 
Fibr. : 
h-IFN : 
I-a : 
IgG : 
IFN : 
IL-1 : 
i.p. : 
i.v. : 
LAF-3 : 
LAK : 
Leuc. Prog. : 
LGL : 
LPI, -II, -III: 
LPS : 
mAb: 
MAF : 
MDP : 
MDP-Lys(L18) : 
MHC : 
MHC-II : 
MLC : 
MIF: 
MLV: 
M+: 
MO: 
MTP-PE : 
NK: 
nor-MDP : 
Paras. : 
PG: 
PGE : 
PMN : 
p.0. : 
PPD : 
S.C. : 

Tc: 
T,: 
Ts: 
TCR: 
TNF : 
TT: 
Virus : 

APPENDIX-ABBREVIATIONS AND ACRONYMS 

azobenzene arsonate 
antibody synthesis 
antibody-dependent cell-mediated cytotoxicity 
antigen-presenting cell 
bacille Calmette-G&in 
bovine serum albumin 
cluster determinant 2,4, surface proteins on T cells 
colony forming unit ; M- : for macrophages G- : for granulocytes 
colony stimulating activitjj 
colony stimulating factor 
delayed-type hypersensitivity 
endothelial cell 
eosinophil 
Freund’s complete adjuvant (with Mycobacteria) 
Freund’s incomplete adjuvant (without Mycobacteria) 
fragment cristalline, stem of y-shaped immunoglobulines 
fibroblast 
human interferon y 
protein of the MHC-complex, region I 
immunoglobulin, class G 
interferon 
interleukin 1 
intraperitoneal 
intravenous 
lymphocyte function-associated antigen 3 
lymphokine (IL-2)-activated killer (I)-cells 
leucocyte progenitor cell 
large granular lymphocyte 
lipopeptides type I, II, III 
lipopolysaccharide (of Gram-negative bacteria) 
monoclonal antibody 
macrophage-activating factor 
N-acetyl-muramyl-L-alanyl-D-isoglutamine 
N-acetyl-muramyl-L-alanyl-D-isoglutaminyl-&-stearoyl-L-lysine 
major histocompatibility complex 
protein encoded in region I of MHC, also called I-a 
mixed lymphocyte culture 
macrophage migration inhibition factor 
multilamellar vesicles 
macrophage 
monocyte 
muramyl-tripeptide-phosphatidyl-ethanolamine 
natural killer cell 
N-acetyl-glucosaminyl-3-O-acetyl-L-~anyl-D-isoglut~ne 
parasite or parasite-infected cell 
peptidoglycan 
prostaglandin E 
polymorphonuclear granulocyte, neutrophil 
per OS 
purified protein derivative (tubercle protein) 
subcutaneous 
cytotoxic T lymphocyte 
T-helper cell 
T-suppressor cell 
T cell receptor 
tumour-necrosis factor 
tetanus toxoid 
virus or virus-infected cell 


