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We have devised a facile route to monodisperse PAHs of 3.0
(6) and 4.5 nm (7) length,!'*! which, regardless of their consider-
able size, can be handled and characterized (Table 3) like any
low molecular weight compound. To our knowledge PAH 7 is
the most extended, fully characterized aromatic compound

known today.
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tes and vaccines.!'! Examples include the gangliosides GM2,
GD2, GD3, O-acetyl-GD3, and fucosyl-GM1, the neutral gly-
cosphingolipid globo-H, the T, Tn, and sTn epitopes expressed
on glycoproteins, and the Le" epitope expressed on both glycol-
ipids and glycoproteins. Of these potential targets, gan-
glioside GM2 is of particular interest, because a) GM2 is ex-
pressed on the cell surface of a number of human cancers,
including melanoma, sarcoma, and renal cancer;?! b) GM2-re-
active antibodies (mouse and human polyclonal and monoclon-
al antibodies) are cytotoxic in vitro against GM2* human can-
cer cells;?* ¢) GM2 is immunogenic in humans due to the
presence of naturally occurring low-titer IgM serum antibodies
against GM2,1* to the relative ease of isolating GM2 monoclon-
al antibodies from humans,!> and to the induction of GM?2
antibodies in melanoma patients following immunization with
GM2-containing vaccines;!> # 781 d) the presence of GM2 an-
tibodies in melanoma patients appears to be associated with an
improved survival rate and a longer disease-free interval;*! and
e) no deleterious side effects associated with an immune re-
sponse to GM?2 have been observed [

Various approaches for inducing an immune response against
GM2" cancer cells in melanoma patients have been pursued,
including immunization with GM2-expressing tumor cells,[”
with purified GM2 mixed with various immunological adju-
vants,!>*! and more recently, with vaccines consisting of puri-
fied GM2 chemically conjugated to an immunogenic carrier
protein.!®! Antibodies induced by whole cell vaccines or GM2
adherent to bacillus Calmette Guerin (BCG) were generally of
the IgM isotype (low-titer, short-lived, and nonboostable), con-
sistent with a T-cell-independent immune response.'* ) In more
recent studies vaccination with GM2 chemically conjugated to
keyhole hemocyanin (KLH) and mixed with QS 21, an adjuvant
of the saponin family, resulted in more strongly cytotoxic IgM
antibodies and the frequent induction of IgG antibodies against
GM2 in ELISA (enzyme-linked immunosorbent assay).[®-8!
However, the majority of the IgG antibodies against GM2 failed
to react with GM2-expressing human cancer cells.!®} This could
be due, among other explanations, to the induction of IgG anti-
bodies against GM2 epitopes that are hidden or buried on the
cell surface, possibly as a consequence of the particular vaccine
formulation.

The GM?2 used in these studies was derived from mammalian
tissues (e.g., bovine brain, cat Tay~Sachs brain, or human
melanoma). However, extraction and purification of GM2 from
tissue bears the risk of biological contamination. In addition,
mammalian tissue-derived GM2 comprises a mixture of differ-
ent molecular species, mostly varying in the ceramide moiety.
For systematic clinical vaccine development, a consistent source
of a single, well-defined, synthetic GM2 species would be desir-
able, particularly for vaccines to be used in large groups of
patients. We have therefore developed a practical method for the
chemical synthesis of ample quantities of GM?2 oligosaccharide
building blocks and GM2 ganglioside for use in GM2 cancer
vaccines.

The strategies pursued in previous GM?2 syntheses!® =1 fol-
lIow the GA2 or the GM3 route,!* 2! which is also employed here
(Scheme 1). The most important synthetic problems in this en-
deavor are a) convenient generation of a suitable lactose build-
ing block, b) a-selective attachment of a sialyl donor to the
3b-hydroxyl group of this lactose constituent, ¢) high-yield f-se-
lective attachment of an N-protected galactosamine residue to
the low-reactive 4b-hydroxyl group of the GM3 trisaccharide
intermediate, and d) convenient transformation of the N-pro-
tected galactosamine residue into the N-acetyl-galactosamine
constituent. Problems (a)—(d) can be solved by means of build-
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Scheme 1. Retrosynthesis of GM2 (1).

ing blocks 2,131 3, and 5-7, which constitute tetrasaccharide
intermediate 4.

After investigating various galactosamine donors, we select-
ed N-trichloroethoxycarbonyl(Teoc)-protected trichloroacetim-
idate 5,'*! which was obtained from galactosamine in three
convenient steps via the 1-O unprotected intermediate 8 in high
yield (Scheme 2). This procedure avoided the tedious azi-
dogalactose production!*-*?! and the difficult removal of N-
phthaloyl protecting groups in the presence of NeuSAc residues,
required in previous GM2 syntheses.!®> '% Simple treatment of
N-Teoc-containing compounds with Zn/acetic anhydride leads
to direct replacement of N-Teoc by an acetyl group.!'> The
known diethyl phosphite derivative 6!*®) was employed as
NeuSAc donor.

The 3b,4b-O-unprotected 2a-O-pivaloyllactose residue 707
facilitates the desired consecutive regioselective attack at the 3b-
and then at the 4b-hydroxyl group, because of the very different

1. Teoc-Cl, NaHCO3, H0; AcO - OAc
GalNH AC,0, Pyr {91%) o Qo
2 2. N,H,+HOAc, DMF (93%)  AcO OH
TeocNH

CI5CCN, DBU, CH,Cl,
(80%)

5

Scheme 2. Synthesis of the trichloroacetimidate 5 (Pyr = pyridine).
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reactivities of these groups. The number of steps required for the
reported synthesis of 71'7! was greatly reduced by employing
1a,2a-O-silyl-group migration!!®) for the regioselective intro-
duction of the 2a-O-pivaloyl group. Isopropylidenation of lac-
toset*®) and then silylation with thexyldimethylsilyl chloride
(TDS-CI) in the presence of base led to 1-O-silylated 3b,4b-O-
isopropylidenelactose 9 (Scheme 3), which can be conveniently
obtained also via the per-O-acetyl derivative of 3b,4b-O-iso-
propylidenelactose.[*?! Benzylation of 9 with benzyl bromide
and NaH as base in DMF leads to reversible silyl-group migra-
tion between the 1a and 2a oxygen atoms. Owing to the high
nucleophilicity of the oxide oxygen atom of the f anomer, 10 is
directly obtained from these intermediates in good yield by an
irreversible anomeric O-alkylation processt*® 21 Removal of
the 2a-O-silyl group with tetra-n-butylammonium fluoride
(TBAF) in THF, pivaloylation, and acid-catalyzed cleavage of
the isopropylidene group furnished target molecule 7 in high
yield.

Reaction of sialyl donors with 2,3.4-O-unprotected galactosyl
residues provides generally good a-glycosylation results. This is
usually not found for 3,4-O-unprotected galactose deriva-
tives.[1® 22! Investigations with donor 6 and acceptor 7 and var-
ious catalysts showed that tin(u) triflate in acetonitrile

—40°C leads to high o selectivity (a:f = 9:1) and good yields
of GM3 intermediate 11 (Scheme 4); at room temperature
sialoside yields of up to 80% were obtained with a slightly
higher content of the § anomer (x:f = 4:1); the o product 11
can be separated by flash chromatography in high purity. Sub-
sequent glycosylation with donor § gave the desired tetrasaccha-
ride in almost quantitative yield. Replacement of the Teoc group
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Scheme 4. Synthesis of GM2 (1) from the building blocks 6, 7, 5, and 2.
Tf = F,CSO,, TMS = trimethylsilyl, WSC = water-soluble carbodiimide [N-(3-di-
methylaminopropyl)- V-ethylcarbodiimide hydrochloride].

by an acetyl group with Zn/Ac,O proceeded smoothly. Hy-
drogenolysis with Pd/C in MeOH/HOAC, followed by treatment
with Ac,O in pyridine led to replacement of all O-benzyl groups
by O-acetyl groups. All subsequent procedures followed our
previously introduced standard methods:*?! regioselective re-
moval of the anomeric O-acetyl group with N,H,-HOAc and
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1. TBAF, THF (30%) “azidosphingosine  glycosyla-
‘ tion procedure”™? to az-
dosphingosine derivative 2,13
transformation of the azido in-
to the amino group, attachment
of the stearoyl residue (or other
acyl group; see below), and
then removal of all protective
groups under basic conditions
furnished target molecule 1 that
was identical to previously syn-
thesized material.[8- 9]

The availability of a GM2 oligosaccharide building block in
large quantities by chemical synthesis facilitates the construc-
tion of GM2 gangliosides with different defined ceramide moi-
eties and novel GM2 neoglycoconjugates for use as immuno-
gens in GM2 vaccines. For instance, we have synthesized by this
methodology GM2 having fatty acids of various lengths (capric
acid, stearic acid, and lignoceric acid) in the ceramide moiety,
and we have linked GM2 oligosaccharide to a short lipophilic
spacer molecule (azidohexanol) to facilitate further conjugation
to carrier molecules. To identify potential serological differences
resulting from the composition of the lipid moiety, we tested
these compounds and GM2 derived from bovine brain for their
reactivity with a number of serological reagents (including
mouse and human monoclonal antibodies against GM2, rabbit
immune serum with GM?2 reactivity, and sera from melanoma
patients who had been immunized with vaccines containing
bovine-brain GM2) by ELISA, dot blot immune stains, and
immune thin-layer chromatography. We found that synthetic
GM?2 with stearic acid or lignoceric acid and sphingosine in the
ceramide moiety was serologically indistinguishable from GM2
derived from bovine brain (Figures 1 and 2). However, GM2
with a ceramide containing a shorter fatty acid (e.g., capric acid)
or GM2 oligosaccharide linked to azidohexanol showed dra-
matically reduced reactivity towards GM2-reactive antibodies.
This suggests that ceramide containing a fatty acid longer than

10 (R =Bn)

ITLC
(mAD 45.66)

a) HPTLC b)

C10 Ci18 C24 ot

| L

sGM2 GMZ sGM2 GM2

Figure 1. Reaction of 2 human monoclonal GM2 antibody (mAb 45.66) from a
patient with malignant melanoma with synthetic GM2 containing capric acid
(C10sGM2), stearic acid (C18sGM2), lignoceric acid (C24sGM2), or GM2
derived from bovine brain (bbGM2). The amount of gangliosode spotted per lane
was 1 mg. The TLC was developed in chloroform/methanol/CaCl, (0.2%) in H,O
(55/45/10 v/v/v) and treated with hybridoma supernatant 45.66 diluted 1:10 with
phosphate-buffered saline. Specific reactivity was made visible by using an anti-hu-
man [gM antibody conjugated to horseradish peroxidase and diaminobenzidine (b).
Gangliosides were stained with orcinol/H,SO, after immunostaining (a).
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Figure 2. ELISA reactivity of GM2 antibodies with synthetic GM2 containing
C10:0(*), C18:0(0), or C24:0 (a) fatty acid or with bovine brain-derived GM2 (D).
A) Mouse monoclonal antibody 10.11 (purified [gM). B} Human monociona] anti-
body 45.66 (tissue culture supernatant, IgM). C) Serum of a melanoma patient
immunized with bovine brain-derived GM2-KLH/QS21 vaccine (IgG). No reactiv-
ity was observed with control antibodies or other gangliosides. Method: 200 pmol
GM2 were incubated with varying amounts of GM2 antibedy, and reactivity was
quantitated by using Fitc-conjugated species, isotype specific secondary antibodies,
and a microplate fluorospectrometer.

ten carbon atoms is required for full and specific immune recog-
nition of GM2. Based on this observation, we have now pre-
pared GM2-KLH conjugate vaccines by using synthetic GM2
containing stearic acid. Clinical trials with these vaccines will be
initiated in the near future in patients with advanced malignant
melanoma. By utilizing fully synthetic GM2, which is structural-
ly well defined and free of biological contaminants, we hope to
come a step closer towards our goal of developing a safe and
efficient vaccine able to induce consistently a high-titered and
long-lived cytotoxic antibody response in cancer patients.

Received: December 16, 1996
Revised version: May 15, 1997 [Z98861E]
German version: Angew. Chem. 1997, 109, 2081 -2085

Angew. Chem. Int. Ed. Engl. 1997, 36, No. 18

© WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1997

Keywords: antigens * antitumor agents -
coside synthesis - tumor therapy

ganglicsides - gly-

[1] H. F. Qettgen, L.J. Old in Biologic Therapy of Cancer (F.ds.: V. DeVita,
S. Hellmann, S. A. Rosenberg), J. B. Lippincott Company, Philadelphia,
PA, 1991; G. Ritter, P. O Livingston, Seminars Cancer Biol. 1991, 2, 401 -
409.

2] W. B. Hamilton, F. Helling, K. O. Lloyd, P. O. Livingston, Ini. J. Cancer 1993,
53, 566—573.

[3] P. O. Livingston, E. J. Natoli, M. Jones Calves, E. Stockert, H. F. Oettgen, L. J.
Old, Proc. Nat. Acad. Sci. USA 1987, 84, 2911 -2915.

[4] P. O. Livingston, G. Y. C Wong, S. Adluri, Y. Tao, M. Padavan, R. Parente, C.
Hanlon, M. Calves, F. Helling, G. Ritter, H. F. Oettgen, L. J. Old, J. Clin.
Oncol. 1994, 12, 1036-1044.

[5] H. Yamaguchi, K. Furukawa, S. R. Fortunato, P. O. Livingston, K. O. Lioyd,
H. F. Qettgen, L.J. OW, Proc. Nat. Acad. Sci. USA 1990. 87, 3333-3337;
Y. Nishinaka, M. H. Ravindranath, R. F. Irie, Cancer Res. 1996, 56, 5666—
5671.

[6] F. Helling, S. Zhang, A. Shang, S. Adluri, M. Calves, R. Koganty, B. M.
Longenecker, T.-H. Tao, H. F. Oettgen, P. O. Livingston, Cancer Res. 1995, 55,
2783-2788.

[7] T. Tai, L. D. Cahan, T. Tsuchida, R. E. Saxton, R. F. Irie, D. L. Morton, Int.
J. Cancer 1985, 35, 607-612.

[8] X. Kitamura, P. O. Livingston, S. R. Fortunato, E. Stockert, F. Helling, G.
Ritter, H. F. Qettgen, L. J. Old, Proc. Nat. Acad. Sci. USA 1995, 92, 2805~
2809.

[9] M. Sugimoto, M. Numata, K. Koike, Y. Nakahara, T. Ogawa, Carbohydr. Res.
1986, 156, C1-C5.

[10] A. Hasegawa, T. Nagahama, H. Ohki, M. Kiso, J. Carbohydr. Chem. 1992, 11,
699-714.

[t1] T. Stauch, Dissertation, Universitdt Konstanz, 1995; R. R. Schmidt in Synther-
ic Oligosaccharides—Indispensible Probes for Life Sciences (Ed.: P. Kovac),
‘Washington DC, 1994, pp. 276296 (ACS Symp. Ser. 1994, 560).

{12] T. Stauch, U. Greilich, R. R. Schmidt, Liebigs Ann. 1995, 2101-2111;
U. Greilich, R. Brescello, K.-H. Jung, R. R. Schmidt, ibid. 1996, 663672,
and references therein.

[13] R.R. Schmidt, P. Zimmermann, Tetrahedron Lert. 1986, 27, 481-484;
Angew. Chem. 1986, 98, 722-723; Angew. Chem. Int. Ed. Engl. 1986, 25,
725-726.

[14] Corresponding glucosamine derivatives have already been employed in glyco-
sylation reactions: H. Paulsen, B. Helpap, Carbohydr. Res. 1991, 216, 289-
313; and ref. [15].

[15] W. Dullenkopf, J. C. Castro-Palomino, L. Manzoni, R. R. Schmidt, Carbohy-
dr. Res. 1996, 296, 135-147.

[16] T.J. Martin, R. R. Schmidt, Tetrahedron Letr. 1992, 33. 6123-6126; T. 1.
Martin, R. Brescello, A. Toepfer, R. R. Schmidt, Glycoconj. J. 1993, 10, 16-25,
and references therein.

{171 Y. Ito, M. Numata, M. Sugimoto, T. Ogawa, J Am. Chem. Soc. 1989, 111,
8508 ~8510; N. Numata, M. Sugimoto, Y. Ito, T. Ogawa, Carbohydr. Res. 1994,
203, 205-217.

[18] J M. Lassaletta, R. R. Schmidt, Synlett 1995, 925-927; J. M. Lassaletta,
M. Meichle, S. Weiler, R. R. Schmidt, J. Carbohydr. Chem. 1996, 15, 241 -
254.

[19] H. H. Baer, S. A. Abbas, Carbohydr. Res. 1980, 84, 53-60.

[20] L. Lay, R. Windmiuller, S. Reinhardt, R. R. Schmidt, Carbohydr. Res.,
in press.

[21] R. R. Schmidt, Angew. Chem. 1986, 98, 213-236; Angew. Chem. Int. Ed. Engl.
1986, 25, 212-235.

[22) T. Murase, H. Ishida, M. Kiso, A. Hasegawa, Carbohydr. Res. 1988, 184,
C1-C4.

0570-0833/97/3618-2001 $ 17.50 +.50/0 2001





