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The feasibility of using carbohydrate-based vaccines for the im-
munotherapy of cancer is being actively explored at the present
time. Although a number of clinical trials have already been
conducted with glycoconjugate vaccines, the optimal design and
composition of the vaccines has yet to be determined. Among the
candidate antigens being examined is LewisY (LeY), a blood group-
related antigen that is overexpressed on the majority of human
carcinomas. Using LeY as a model for specificity, we have examined
the role of epitope clustering, carrier structure, and adjuvant on the
immunogenicity of LeY conjugates in mice. A glycolipopeptide
containing a cluster of three contiguous LeY-serine epitopes and
the Pam3Cys immunostimulating moiety was found to be superior
to a similar construct containing only one LeY-serine epitope in
eliciting antitumor cell antibodies. Because only IgM antibodies
were produced by this vaccine, the effect on immunogenicity of
coupling the glycopeptide to keyhole limpet hemocyanin was
examined; although both IgM and IgG antibodies were formed, the
antibodies reacted only with the immunizing structure. Reexami-
nation of the clustered LeY-serine PamsCys conjugate with the
adjuvant QS-21 resulted in the identification of both IgG and IgM
antibodies reacting with tumor cells, thus demonstrating the
feasibility of an entirely synthetic carbohydrate-based anticancer
vaccine in an animal model.

long-time goal of tumor immunology has been to co-opt the

potentially formidable capacities of the human immune
system to attack cancer. With this end in mind, specific immu-
notherapy has been widely attempted with the passive admin-
istration of antitumor monoclonal antibodies (1). Recently,
attention has also turned to active immunization approaches
using a variety of antigens, including whole cells, cell extracts,
and defined antigens. Included in the last category are various
carbohydrate structures that have been identified as being
preferentially expressed in cancers. Examples include ganglio-
sides, e.g., GM2 (2), GD3 (3), and fucosyl GM1 (4), and blood
group-related specificities, e.g., LewisY (LeY) (5) and globo H
(6-38), and mucin-core structures, e.g., T-F (9), and sTn (9, 10).
Preclinical studies in mice and clinical studies in patients have
demonstrated the ability of vaccines containing these structures,
usually as carbohydrate-protein conjugates, to induce specific
antitumor cell antibody responses.

LeY is a carbohydrate specificity belonging to the A, B, H,
Lewis blood group family that is overexpressed on the majority
of carcinomas, including ovary, pancreas, prostate, breast, colon,
and non-small cell lung cancers (11). In ovarian cancers, LeY is
preferentially expressed in serous and endometrial cancers (12).
Based on this pattern of expression and the results of a preclin-
ical study in mice demonstrating the immunogenicity of a LeY
oligosaccharide-keyhole limpet hemocyanin (KLH) conjugate
(13), we recently conducted a Phase I clinical trial in ovarian
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cancer patients using this conjugate together with the immuno-
logical adjuvant QS21 (5). This trial was successful in that the
vaccine induced antibody responses in the majority of the
patients (18/24) and that the vaccine was well tolerated with no
adverse effects related to autoimmunity being observed. How-
ever, most of the antibody responses were modest and were
mainly restricted to immunoglobulins of the IgM class. With the
goal of improving on these results, we have examined the effect
of varying epitope clustering, carrier structure, and adjuvant on
IgM and IgG production in mice. The rationale for studying
epitope clustering is based on the observation that in mucins,
which express LeY (and many other carbohydrate structures), the
epitopes are carried on adjacent serine or threonine residues in
blocks or clusters (14, 15) and that such clusters are often the
preferred targets of antitumor cell monoclonal antibodies (16,
17). This study shows that all three parameters influence the
immunogenicity of LeY-containing vaccines.

Materials and Methods

Antigens. Fig. 1 illustrates the general approach to the synthesis
of the glycopeptides used in this study, in which a protected
oligosaccharyl-serine moiety is prepared and used to synthesize
compounds 1-5. Structures 1-3 (Fig. 24), consisting of three (1
and 2) or one (3) LeY pentasaccharide attached to serine residues
of a heptapeptide terminated with a Pams;Cys moiety, were
synthesized via glycal assembly (18-21). In compounds 1 and 3,
the pentasaccharide was linked to the serine of the peptide
through an a-linkage, whereas compound 2 contained a B-link-
age. The synthesis of compound 4 (an analog of compound 1 with
three hexasaccharides attached to the peptide; Fig. 2B) has been
reported (20, 21). The conjugate 5 (Fig. 2B) in which the
(LeY)s-substituted peptide was attached to KLH was synthesized
from a thiol-terminated version of the glycopeptide using
maleimidobenzoyl-N-hydroxysuccinimide ester (MBS) as re-
ported (22). This compound reacted with an anti-Le¥ mono-
clonal antibody (3S193), showing that the Le¥ epitope was
retained (data not shown). The conjugate was found to contain
an average of 111 mol of glycopeptide/mol of KLH. LeY-Cer
(13), the LeY-expressing mucin (23), and Le¥-BSA (13) have
been described.

Animals and Vaccinations. Groups of five or eight mice (female;
BALB/c for immunization with compounds 1, 2, and 3 or
C57/BL6 for immunization with compounds 4 and 5) were
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Fig. 1. Schematic showing general route to synthesis of glycopeptides. P, protecting groups.

immunized subcutaneously in two sites with amounts of the
constructs containing 10 ug of carbohydrate at 0, 1, 2, and 3
weeks. Mice were bled 10 days after the final immunizations.
QS21 (10 pg) was included in some of the vaccines, as indicated
in Results.

ELISA. ELISA was performed as described previously (5, 13).
The data reported in Fig. 3 used p-nitrophenylphosphate as the
substrate and detection of the product at 405 nm, whereas the
remainder of the experiments used fluorescein diphosphate
(Molecular Probes) as the substrate and detection in a Wallac
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Fig. 2. Structures of LeY vaccines used in this study. (A)
Structures of three glycolipopeptide constructs bearing
three (1 and 2) or one (3) LeY pentasaccharide. These
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structures are abbreviated as (aLeY)s;-peptide-PamsCys (1),
(BLeY)3-peptide-Pam3Cys (2), and (aLeY);-peptide-Pam3Cys
(3), respectively. (B) Structures of clustered LeY construct
bearing three LeY hexasaccharides linked to PamsCys (4) or
KLH (5).
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Fig. 3. Reactivity of sera from mice immunized with clustered or nonclus-
tered LeY-Pam3Cys constructs tested by ELISA. (A) Tested with LeY-Cer. (B)
Tested with LeY mucin. A, Average values of five mice immunized with
construct 1; m, five mice immunized with construct 2; ¥, average values of five
mice immunized with construct 3.

(Gaithersburg, MD) plate-reading fluorimeter (model 1420).
For determination of the Ig class of the responses, anti-IgG
(7y-chain) or anti-IgM (u-chain specific) reagents from Southern
Biotechnology Associates were used as the second antibody.

Flow Cytometry. Reactivity of sera with a tumor cell line
(OVCAR-3) was assayed by fluorescence-activated cell sorting
as described (5). Anti-mouse Ig (H and L chain), and y- or
u-specific antibodies were used as the second reagent.

Results

Comparison of Lipoglycopeptide Conjugates with Clustered and Non-
clustered LeY Epitopes. We first compared the immunogenicity of
three different Le¥ conjugates having either clustered (1 and 2)

or single LeY (3) oligosaccharides attached to a Ser-Ser-Ser-Ala-
Val-Ala-Val peptide that was in turn linked to a B-cell stimu-
lating moiety, termed Pam3;Cys. Because Pam;Cys is an immu-
nostimulatory structure (24, 25), we omitted QS21 or other
adjuvants from this vaccine. Sera from groups of five mice were
examined for antibody production by ELISA tests with LeY-
ceramide, a LeY-containing mucin, and various LeY-protein
conjugates and by fluorescence-activated cell sorting analysis for
reactivity with LeY-positive tumor cells.

As shown in Fig. 3, mice immunized with the (Le¥); construct
in either the a (1) or B (2) configuration produced substantial
titers of antibodies reacting with both LeY-Cer (Fig. 34) or
LeY-mucin (Fig. 3B). Mice immunized with the (LeY);-bearing
construct (3) (Fig, 3 4 and B), however, responded much more
poorly. The average titers for Le¥-Cer were 1:4,096, 1:4,096, and
1:512, respectively. When tested against LeY-positive tumor cells
(ovarian cancer cell line OVCAR-3), the same trend was ob-
served, with the mice immunized with the clustered-epitope
constructs (groups A and B) producing antibodies reacting more
strongly with the cancer cell line (P = 0.03; Table 1). We also
tested the mice sera against synthetic LeY-protein conjugates by
ELISA (Fig. 4). Surprisingly, all three groups of mice reacted
better with Le¥-BSA (in which a single LeY oligosaccharide was
coupled directly to BSA) than with a conjugate in which the
(aLeY); peptide was coupled to BSA. With the LeY-BSA target,
the mice immunized with trivalent 1 had higher titers than those
immunized with monovalent 3. In all three groups of mice, tested
against the various conjugates, only IgM antibodies were
observed.

Immunogenicity of a Clustered LeY-KLH Conjugate. In an attempt to
produce IgG as well as IgM responses to the (LeY)s clustered
epitope, we synthesized a conjugate in which the (LeY)s-bearing
peptide was conjugated to the KLH protein carrier (5). Its
immunogenicity in mice was compared with a Le¥-KLH conju-
gate, which was previously studied (13). Unexpectedly, mice
immunized with the (LeY)s-peptide-KLH conjugate responded
by producing antibodies reacting only with LeYs-peptide epitope
(coupled to BSA). No antibodies were observed to be reactive
with LeY-Cer, LeY-mucin, LeY-BSA, or even with 1 (Fig. 5). This
result could not be explained by problems with the conjugation,
as compound 5 reacted with an anti-LeY antibody, showing that
an intact LeY epitope was still present. Both IgG and IgM
responses were observed, with the IgG responses being stronger
than IgM responses (data not shown). As expected, the mice
immunized with LeY directly coupled to KLH produced anti-
bodies (both IgG and IgM) capable of recognizing Le¥-Cer and
LeY-mucin (data not shown), as we had observed previously (13).
Thus, although coupling the (LeY)s-peptide to the KLH carrier

Table 1. Reactivities of sera from mice immunized with (LeY)s-peptide-PamsCys and
(LeY)3-peptide-KLH conjugates with OVCAR-3 ovarian cancer cells analyzed by

flow cytometry

Mice Immunogen Ig class tested Mean fluorescence % Positive cells

Group A (aLeY)3-PamsCys (1)
Group B (BLeY)3-PamsCys (2)
Group C (aLeY);-PamsCys (3)
Group D (aLeY)3-PamsCys (4) + QS21

Group E (aLeY)s-KLH (5) + QS21

IgM 446.2 = 109 725 + 4.5
19G <10.0 <5.0
IgM 518.2 * 69.7 737 + 2.7
I9G <10.0 <5.0
IgM 267.4 + 20.5 57.4 + 10.8
19G <10.0 <5.0
IgM 170.1 = 30.0 77.8 + 4.9
I9G 371+ 6.7 49.8 + 19.0
IgM 726 + 7.6 233+ 146
19G

Groups A vs. C (P = 0.03) and B vs. C (P = 0.03) were compared by using a two-sample t-test.
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Fig. 4. Reactivity of sera of mice immunized with clustered or nonclustered
LeY-Pam3Cys constructs tested on by ELISA LeY-protein conjugates. (A) Tested
on (LeY)s-peptide-BSA. (B) Tested by ELISA on LeY-KLH. See legend to Fig. 3 for
symbols.

protein resulted in a vaccine capable of eliciting both IgG and
IgM responses, the specificity of the response was apparently
restricted to the immunizing epitope as indicated by ELISA.
Surprisingly, some reactivity with OVCAR-3 cells was noted by
flow cytometry (group E in Table 1), although the level of
reactivity was moderate (23.3% positive cells).

Effect of Including QS21 Adjuvant in the (LeY);-Peptide-Pams;Cys

Vaccine. As an alternative to using the KLH carrier to increase
immunogenicity of the (LeY)s-peptide construct, we examined

00000 T T T

the effect of including QS21 adjuvant with the clustered glyco-
lipopeptide 1. This approach was successful in that both IgG and
IgM antibodies reactive with natural forms of LeY, i.e., LeY-Cer
and LeY-mucin, were formed, although IgM responses (Fig. 6 C
and D) generally appeared greater than IgG responses (Fig. 6 A
and B). When tested against synthetic glycoconjugates, we found
that the antibodies reacted better with LeY-BSA than with
(LeY)s-BSA, in a similar manner to the antibodies induced
without QS21 (data not shown). The antibodies produced in
these mice were also capable of reacting with LeY-positive tumor
cells, as tested by flow cytometry (group D in Table 1). Both IgM
and IgG cell-reactive antibodies were detected, although, as
noted previously, the intensity of staining appeared greater for
IgM antibodies than IgG antibodies (Table 1).

Discussion

In designing conjugate anticancer vaccines, the initial goals are
(i) to elicit the production of antibodies that react with natural
forms of the antigen, i.e., glycoproteins and glycolipids, and with
antigen-positive tumor cells, and (if) to elicit a wide spectrum of
immunoglobulins, including both IgG and IgM antibodies. An
additional goal in our studies was to produce entirely synthetic
constructs that could be produced reproducibly and in large
quantities and meet regulatory guidelines. The present studies
addressed all three points by using Le¥ as a model antigen.
The first point we examined was the possible advantage of
using, as the immunogen, a short peptide construct bearing a
clustered moiety of three LeY oligosaccharides substituted on
three contiguous serine residues. The rationale for using this
motif is that it would closely mimic the natural form of Le¥ as
found on mucins, and possibly in glycolipid rafts, on the cell
surface. Moreover, it is well known that some monoclonal
antibodies produced to tumor cells or mucins preferentially
recognize clustered carbohydrate epitopes (16, 17). The best
studied example is probably the recognition of a clustered Tn
structure, i.e., (a-O-GalNAc), Ser(a-O-GalNAc)Ser(a-O-
GalNAc)Ser by mouse monoclonal antibody MLS 102 (16). The
present study demonstrates that the clustered LeY structure, 1,
was more efficient at eliciting antibodies reacting with natural
forms of Le¥ and with tumor cells than a construct substituted
with a single LeY oligosaccharide (3). Importantly, this is the first
time that such an effect has been shown by actually vaccinating
with various synthetic clustered and nonclustered structures.
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Reactivity of sera of mice immunized with (LeY)3-peptide-KLH conjugate-tested by ELISA. (A) Tested on LeY-Cer. (B) Tested on LeY-mucin. (C) Tested on

(LeY)s-peptide-BSA. (D) Tested on LeY-BSA target. Results for total Ig from eight immunized mice are shown.
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Fig. 6. Reactivity of sera of mice immunized with (LeY)s-peptide-Pam3Cys in the presence of QS21 adjuvant. (A and C) Tested by ELISA with LeY-Cer. (B and D)
Tested by ELISA with LeY-mucin. (A and B) I1gG antibodies. (C and D) IgM antibodies. Results from five mice are shown.

Earlier studies compared selected monoclonal antibodies with
clustered-epitope immunogens rather than analyzing the total
antibody response or were not informative on this point (26, 27).
Although the benefits of multivalency is well established for both
antibody and lectin binding (16, 17, 28, 29), the molecular
mechanism underlying this phenomenon is poorly understood.
Presumably the effect is not attributable to recognition of a
combined epitope encompassing three or more sugar chains as
such a structure would exceed the size of antibody combining
sites. Whiteside and coworkers (30) have suggested that the
increased affinity attributable to multivalency arises mainly from
decrease in entropy following protein-ligand interactions. What-
ever the mechanism involved, our study clearly shows that
immunization with a clustered structure induces antibodies
reacting selectively with clustered antigens and cells on which
they are expressed.

As a part of this study on clustered epitopes, we compared the
immunogenicity of constructs in which the oligosaccharides were
linked to the peptide through the natural a-O- GalNAc Ser
linkage (1) with those linked through a unnatural B-O-GalNAc
Ser linkage (2). Perhaps not surprisingly, both antigen species
were equally efficient at producing antibodies to natural forms
of LeY and cells. One possible explanation of this result is that in
mucins and cells LeY epitopes may be carried on longer glycan
chains than used in the immunogen such that the B-linked
GalNAc may substitute for the p-linked GIcNAc or Gal that
would be found in these long chains (e.g., Fucal — 2Galpl —
4 [Fucal — 3]GlcNAcB1 — 3GalBl —). Alternatively, it could
be that the anomeric linkage is not a part of the immunogenic
epitope.

With respect to the failure of the PamsCys-substituted glyco-
lipopeptides to elicit IgG antibodies, this finding is perhaps not
unexpected in that this construct would function as a T-cell
independent antigen. Such antigens poorly stimulate T-cell help
and do not generally induce class-switching or affinity matura-
tion of B lymphocytes. More surprising is the failure of the
(LeY)s-KLH construct (5), in which an immunogenic protein
carrier is substituted for Pam3Cys, to induce antibodies reacting
with natural forms of LeY. From ELISA analysis, it appears that
this more potent antigenic construct produced antibodies, par-
ticularly IgG, that are highly specific for the immunizing struc-
ture and have little or no reactivity with related structures, such

3268 | www.pnas.org/cgi/doi/10.1073/pnas.051623598

as LeY-Cer and LeY-mucin. However, the induced antibodies
were able to react with cancer cells expressing LeY, and therefore
further clinical evaluation need not be ruled out. Indeed, in
addition to inherent differences between animal and human
response to vaccination, these results may be indicative of subtle
differences in the way that LeY is displayed on a cell surface in
contrast to display in a plastic surface assay.

In view of our goal to design completely synthetic vaccines
capable of producing a full spectrum of antibody responses, we
examined whether including an adjuvant with the glycolipopep-
tide vaccine, previously shown to produce only an IgM responses,
would be effective in this regard. We were encouraged to find
that including QS21 adjuvant with the clustered glycolipopeptide
(4) resulted in the elicitation of IgG as well as IgM antibodies.
Previous studies on protein and carbohydrate-protein conjugates
have also shown the effectiveness of QS21 in this regard (31).
Although IgM antibodies still predominated in our study, the
results show that the addition of adjuvant induced class-
switching of B lymphocytes to produce IgG antibodies. Thus,
although Pam;Cys alone may serve as a B cell stimulating moiety
(23, 24), it seems that other signals, e.g., from QS21, are needed
to fully implement an antibody response. T-cell independent
antigens that need additional stimulation through bacterial or
other structures, such as our vaccine, are referred to as TI-1
antigens. The mechanism probably involves the release of cyto-
kines (e.g., IL-4) from natural killer or other cells, which
promote B cell class-switching (32).

The major conclusions of this study, in practical terms, are (i)
glycolipopeptide with clustered LeY epitopes are more effective
than related structures with single LeY epitopes in producing
antitumor cell antibodies; (if) antibody responses to the clustered
LeY-structure conjugated to KLH were skewed toward the
immunizing carbohydrate structure; and (iif) totally synthetic
constructs can be effective immunogens in conjunction with a
suitable adjuvant, the effect of which is to bypass the need for
specific T-cell help to stimulate IgG as well as IgM antibodies.
The development of a totally synthetic vaccine, in contrast to
carbohydrate-protein conjugate vaccines, would greatly facilitate
the production of the vaccine for large scale clinical trials and
could simplify regulatory approval.
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