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Abstract Passively administered and actively induced 
antibodies have been associated with the eradication of 
circulating tumor cells and micrometastases in mice and 
humans. We have identified a series of cell surface car- 
bohydrate and peptide antigens on melanomas, sarco- 
mas, and cancer of  the breast, prostate, ovary, and lung 
tissues. We found that breaking tolerance toward these 
tumor antigens was best achieved using vaccines con- 
taining antigens chemically conjugated to keyhole limpet 
hemocyanin (KLH) plus a potent immunological adju- 
vant (QS-21). To date, by using this approach to vac- 
cination, antibodies have been induced in patients 
against glycolipid: antigens GM2, GD2, GD3, Fu- 
cosylGM1, Globo H, and Lewis Y, and glycoprotein 
(mucin) antigens Tn, sialyl Tn, TF, and MUC1. More 
recently, in a comparative study we investigated the 
T cell response induced by MUC1-KLH conjugates. 
Although a MUCl-specific T cell response was not 
consistently detected in any patient, the role of K L H  in 
orienting the cytokine environment was crucial. We were 
able to confirm that K L H  in these conjugate vaccines 
induces a Thl  T cell response as demonstrated by the 
high ant i-KLH INF- 7 secretion and the IgG1 and IgG3 
subclasses of this high titer IgG antibodies induced. 
Clinical trials using K L H  conjugated glycolipid and 
glycoprotein vaccines, are currently ongoing. These 
range from phase I/II single antigens trials with glycos- 
ilated MUC1, polysialic acid, synthetic Fucosyl GM1 
and GD2, to phase II trials with a polyvalent vaccine 
containing six or seven antigens. Randomized phase II 
trials with polyvalent vaccines are planned for initiation 
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in 2001 2002 in patients with ovarian, breast, and 
prostate cancer. 

Introduction 

Since Edward Jenner carried out the first successful 
human vaccination some 200 years ago, the effort of 
vaccinologists has been directed primarily toward the 
preparation of vaccines able to elicit protective anti- 
bodies. In the 1950s and 1960s a series of elegant studies 
[8, 46, 11, 34] showed that carcinogen- or virally induced 
experimental tumors were highly immunogenic in syn- 
geneic mice and rats. This notion assimilated cancer to 
infectious diseases in that a specific immune response 
was evocable. Microorganisms may possess hundreds of 
molecules that are foreign to a host, and are thus anti- 
genic, but an immune response against the majority of 
these is entirely irrelevant to the prevention of infection. 
Cancer cells share this property, with the addition that 
cancer cells arise from self and so their antigens are 
tolerated to a greater or lesser degree. To circumvent 
these problems, increasing attention is being given to the 
identification and purification or synthesis of protective 
antigens and their association with a carrier and/or an 
immunological adjuvant for optimal antibody induction 
[12 14]. Most practical vaccine development programs 
against infectious diseases have relied on the vaccine's 
capacity to evoke antibody formation but they can elicit 
other kinds of immune response, including T helper 
1 (Thl)- and T helper 2 (Th2)-type CD4 T cells, or 
CD8 T cell responses. The same range of immune re- 
sponses applies to vaccine development programs 
against cancer, and active and passive antibody admin- 
istration has been shown to eradicate tumor in experi- 
mental animals and in humans [6, 16, 18, 17, 42, 38, 31, 
27, 47, 30, 19]. Here we review our experience in 
breaking tolerance to various tumor antigens by keyhole 
limpet hemocyanin (KLH)-conjugates in association 
with the use of the potent immune adjuvant QS-21 in the 
adjuvant setting of cancer therapy. 
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Early trials with gangliosides 

During the late 1970s and 1980s, Livingston et al. [24, 
26] and Tai et al. [45] identified gangliosides as tumor 
molecules potentially able to induce an immune response 
after vaccination. By immunizing mice and patients with 
whole melanoma cells or cell lysates [29, 28, 25, 23], 
GM2 and GD2 were identified as responsible for the 
induction of IgM antibodies at low but detectable titers 
with a short half-life. Nevertheless, gangliosides were 
identified as targets for immunotherapy. This led to their 
purification and synthesis after which several vaccine 
strategies were explored in the 1980s. GM2 alone did not 
induce any antibody response, therefore the immuno- 
genicity of GM2 plus Salmonella minnesota R595, BCG 
or liposome with MPLA were compared in mice and 
humans. These studies indicated that while Salmonella 
was better in mice [24], only BCG was able to induce 
consistent IgM antibodies in humans at a moderate and 
short-lived titer. However, there was no secondary re- 
sponse after boost. Patients with antibodies against 
GM2 after vaccination were found to have a longer 
disease-free and overall survival [26]. Therefore, a ran- 
domized trial was initiated to prove the efficacy of GM2 
plus BCG in comparison to BCG alone. One hundred 
and twenty-two stage III melanoma patients were en- 
rolled and it was shown that the antibody response was 
induced in patients receiving GM2 and not in the con- 
trols. By FACS, these elicited IgM were able to bind to 
tumor cells expressing the antigen. Furthermore, these 
antibodies were able to mediate CDC [30, 22]. Once 
again, patients with natural or vaccine-induced 
antibodies against GM2 had a significantly prolonged 
disease-free and overall survival compared to antibody- 
negative patients. Comparing the GM2/BCG and BCG 
groups as randomized there was no significant difference 
in disease-free or overall survival, though there was a 
strong trend in favor of the GM2/BCG group. Trials 
were initiated with GD2/BCG and GD3/BCG. Anti- 
bodies were induced in occasional patients immunized 
with GD2 but not with GD3. Clearly, the door to im- 
munization against melanoma antigens was open, but 
the necessity to make it more efficient was a priority, 
Two approaches were taken: i) modification of gan- 
glioside structure (GD3 lactone, GD3 amide, GD3 
gangliosidol-O- acetyl GD3) that failed to induce anti- 
body against unmodified GD3 [39]; or ii) conjugating 
GD3 to a carrier. 

Conjugate Vaccine Components 
for Optimal Antibody Induction 

Antigen -- 

Antigen 
configuration must 
mimic expression 
on tumor cell 

High antigen/carrier 
ratio needed 

Carrier (KLH) + Adjuvant (QS-21) 

Cytokine release Activation of APCs, 
proportional B-cells and T-cells 
to carrier 
immunogenicity 

Cytokine release Depot effect 
sequence may 
be key 

Fig. 1 Scheme of vaccine constructs used with all the different tumor 
antigens 

vaccinate in combination with a strong immune 
adjuvant (Fig. 1). Helling compared different carriers 
conjugated to GD3 in an attempt to obtain the highest 
titer anti-GD3 antibodies. The comparison included a 
series of different carrier molecules, such as: poly-L-ly- 
sind i hydrobromide for the most intense Ag epitope 
expression; bovine serum albumin (BSA) imject super- 
carrier immune modulator which was modified to ex- 
press a quite intense number of epitopes; Neisseria 
meningitidis outer membrane proteins (OMP) which 
have been widely used in vaccines against infectious 
diseases; multiple antigen peptide (MAP YAL-IV 294-I) 
contained four repeats of the malarial T-cell epitope and 
possesses branches so that it guarantees a multiplication 
of epitopes; ABH (p-azidobenzoyl-hydrozyde) because it 
is able to link carbohydrate to proteins; and finally, 
K L H  ~keyhole limpet hemocyanin), a big protein 
(5 x 10 ° D) extracted from keyhole limpets. Conjugation 
with K L H  proved superior to all the others in mice 
immunized with GD3 - K L H  + QS-21, resulting in 
long-lasting production of both IgM and igG in high 
titer [13, 12]. The path for the first clinical trial with 
conjugate GM2-KLH was open and studies commenced 
in humans to compare a large variety of different adju- 
vants. QS-21, a purified saponin fraction separated from 
the bark of Quillaja saponaria was optimal. Trials in 
humans demonstrated once again that the use of QS-21 
led to the secretion of the highest titers of IgM and IgG 
[14]. Antibodies were able to recognize GM2 on the 
surface of tumor cells by FACS and were functionally 
active in inducing tumor killing through complement- 
(CDC) and antibody-dependent cellular cytotoxicity 
(ADCC) [14, 32]. 

KLH-conjugation and gangliosides: the prototype 

In 1994 Helling et al. [13] showed the ability of conju- 
gation to a carrier protein to improve the immunoge- 
nicity of a tumor antigen and bolster an otherwise weak 
antibody response. To induce a strong antibody 
response against the antigen of interest, the optimal 
strategy is to conjugate the antigen to a carrier and 

Focusing on antigen identification 

Between 1993 and 1997, by using available monoclonal 
antibodies, a series of immunohistochemistry studies 
were performed [51, 48, 50]. These studies allowed the 
identification of other antigens expressed on the surface 
of different tumors, generating candidates for K L H  
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Table 1 Antigen tested in immunohistologic screen 

Gangliosides Blood related Proteins 

GD3 GD2 GM2 Tn sTn TF MUCi 2 3 4 7 
9-0-Acetyl GD3 Globo H MUC 5ac MUC 5b 
Fucosyl GM1 Lea Sialyl Lea CEA 
Polysialic acid Ley Leb PSMA 

Lex Sialyl Lex KSA 
Polyfucosyl Lex HCGb 

conjugate vaccines (Table 1). These molecules can be 
defined in three categories: i) gangliosides, selectively 
expressed on melanoma,  sarcoma,  or neuroblas toma 
with the exception of  GM2 which is widely expressed in 
all tumor  cells tested; ii) b lood-group related antigens or 
glycolipid antigens expressed on a wide variety of  epi- 
thelial cancers (breast, prostate, lung, colon, pancreas, 
ovary); and iii) proteins, expressed again on tumors of  
epithelial origin. These molecules are expressed on the 
surface of tumor  cells protruding up to 100 A from the 
cell membrane  as glycolipid or as glycoproteins and 

mucins with their associated carbohydrates  (Tn, sTn, 
TF)  forming the "mucin layer" a glycocalix which ex- 
tends up to 4,000 A from the cell surface (Fig. 2). Each 
of  these classes of  surface antigens represent good tar- 
gets for humora l  or cellular response. 

KLH-Conjugates in clinical trials 

After tests on a range of normal  and malignant  tissues, 
thirteen of  the 28 antigens shown in Table 1 were se- 
lected as suitable targets and conjugated to K L H ,  mixed 
with QS-21, and tested in mice as well as in a series of  
phase-I clinical trials. Table 2 shows a summary  of  the 
results obtained in some of  these trials. Three groups of 
patient responses can be identified based on ELISA re- 
sponses against the synthetic antigens and reaction with 
tumor  cells: high titer, universal responders to sTn, 
GM2 [30], and FucosylGM1 [7]; intermediate titer re- 
sponders to Globo  H [43, 10], Tn, and MUC1 [9] (breast 
and prostate); and low titer responders to GD2  [5, 4], 

Fig. 2 Representation of steric 
conformation of the different 
tumor antigens on the cell sur- 
face of tumor cells 
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Table 2 Summary of sero- 
logical results in vaccinated 
patients 

Antigen Median ELISA 

IgM IgG 

GM2 640 320 
GD3 80 t 60 
Fucosyl GM 1 320 640 
Globo H 640 40 
Lewis Y 80 0 
Tn 1280 1280 
sTn 1280 160 
TF 320 10 
MUC1 1280 5120 
KSA 40 160 
Polysialic acid 480 0 
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IgG Median FACS Median Median 
subclass IA CDC 

IgM IgG 

IgG1 +3 3+ 2+ 2+ 2+ 
1+ 1+ 1+ 1+ 

lgG1 3+ 2+  2+ 
i g G l + 3  2+ 1+ 2+ I +  

2+ 1+ 2+ 1+ 
2 + neg 1 + neg 

IgG3 3 + neg 1 + neg 
neg 1 + neg 

IgG1 + 3 1 + neg neg neg 
neg neg neg neg 
3 + neg neg 

GD3 [35], LeY [41], and TF  (melanoma, ovarian, and 
prostate). The overali response was essentially 100% for 
patients immunized with GM2, FucosylGM 1, and sTN, 
and between 60% and 80% for patients immunized with 
GD3-1actone, Globo H, n-propionyl-polysialic acid, 
polysialic acid, TN, and MUC1, and between 40% to 
60% for patients immunized with GD2-1actone, LeY, 
and TF. Serologic responses against MUC2 and KSA 
have not yet been shown to react with tumor cells. 

Globo H may serve as an example of our experience 
with glycotipid antigens. Globo H was originally 
identified by Hakamori  et al. [20, 3] with the monoclonal  
antibody MBr l  [33] and subsequently synthesized by 
Danishefsky et al. [2] in our group. It is expressed on a 
variety of epithelial cancers and is utilized in our breast 
and prostate cancer vaccines. Proper synthesis is critical 
as shown by binding inhibition studies with MBrl .  It is 
in fact sufficient to introduce a simple change in its 
structure, from a fl to a a bond between the third and 
fourth sugar, to completely abrogate the binding. The 
same kind of  study was performed on the sera of  
patients immunized with Globo H. In this case, sera are 
inhibited by Globo H and not by GD3, but we do see 
some inhibition with structures that share at least four of 
the same sugars with Globo H, suggesting the induction 
of a polyvalent antibody response [37, 36]. In clinical 
trials the use of  Globo H - K L H  conjugate in combi- 
nation with QS-21, resulted in a tumor-specific antibody 
response by ELISA and FACS (Fig. 3 and Fig. 4) that 
was capable of  mediating strong CDC and ADCC [43, 
10]. In some cases, this response lasted up to 2 years 
after the therapy without any further boost. 

Mucins and other glycoproteins 

Our experience with MUC1 is typical of our experience 
with mucin antigens. Mucins are highly glycosilated 
proteins expressed at the lumenal side of  epithelial cells 
where they may protect the mucosae. They are also 
expressed on tumor  cells of the same origin, with MUC1 
being the best known. In tumor cells, mucins may be over 
expressed and under glycosilated [1]. These properties 

GloboH-KLH + QS21 VACCINATIONS 
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Fig .  3 Antibody titer by Elisa in patients vaccinated with Globo 
H-KLH plus adjuvant QS-21 

make MUC1 a potential target for cancer immuno- 
therapy, so different approaches to its conjugation with 
K L H  were explored. In this case, a different method was 
applied, using the linker molecule MBS between the 
antigen MUC1 and the carrier K L H  [49]. This resulted 
in several trials in breast and prostate cancer, where we 
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Table 3 Stimulation index, IFN-7, and IL-4 secretion induced by 
96 h in vitro stimulation after mice vaccination with MUC1-KLH 
plus adjuvant IFN-7 and IL-4 are expressed as pg/ml 

Adjuvant In vitro stimulation antigen 

KLH MUC1 

S.I. IFN-7 IL4 S.I. IFN7 IL4 

QS-21 11 6573 683 1.2 222 166 
MPL-SE 8.3 5233 406 1.5 1121 114 
MoGM-CSF 6.9 1164 637 1.4 367 96 
Detox-PC 5.7 nd 186 0.9 nd 86 
TiterMax-G 2.7 694 30 1.6 66 71 
Saline 1.2 181 75 1.1 171 101 
GpG ODN 1.1 9602 142 1 1158 29 

Table 4 Cytokine profile on supernatants of KLH unstimulated or 
stimulated post-immune human T cells after 6 days of culture 

Patients Cell IL4 pg/ml INF7 U/ml 
type 

Unstimu- Stimu- Unsti- Stimu- 
lated lated mulated lated 

-\ 10 
x" 11 

13 
,5 1 
x" 12 
"4 
, \  
,~ 16 

mAb 18 
MBrl 

PBMC 25 27 0 28 
PBMC 24 26 0 22 
PBMC 34 30 0 26 
CD4 78 75 2 49 
CD4 51 53 1 25 
CD8 91 99 3 4 
CD4 253 215 7 36 
CD8 110 137 5 18 
CD4 71 96 14 35 
CD8 272 185 41 25 

Fig. 4 Cell surface binding (FACS) and biological activity (CDC) of 
sera pre- and post-immunization in patients vaccinated with Globo H- 
KLK plus adjuvant QS-21 

were able  to show a high t i ter  o f  specific an t ibod ies  tha t  
recognize  bo th  the synthe t ic  an t igen  in E L I S A  as well as Antigen 
the na t ive  fo rm on the cell surface by  F A C S  [9]. In ter -  
est ingly,  these an t ibod ie s  d id  n o t  med ia te  C D C  (Liu N 
et al., m a n u s c r i p t  in p r epa ra t i on ) ,  bu t  m a y  be effective KLH 
at induc ing  A D C C  [44]. MUCl 

W e  are  cur ren t ly  eva lua t ing  o the r  g lycopro te in  ant i -  PHA 
gens inc luding  K S A ,  P S M A ,  and  m e l a n o s o m a l  ant igens  
chemica l ly  con juga t ed  with  K L H  in mur ine  systems.  

How about T cells? 

K L H - c o n j u g a t e s  have  been shown  to induce  a s t rong,  
consis tent ,  long- las t ing ,  tumor-spec i f ic  a n t i b o d y  re- 
sponse.  The  i so type  o f  these an t ibod ie s  is b o t h  I g M  and  
IgG,  ma in ly  IgG1 and  IgG3.  This  profi le  indica tes  the 
invo lvemen t  o f  T cells, specif ical ly he lper  C D 4  of  the 
T h l  subtype .  Therefore ,  we recent ly  in i t ia ted  some ex- 
pe r imen t s  to eva lua te  the capab i l i t y  o f  the con juga tes  to 
induce a T cell response .  W e  ut i l ized spleen cells f rom 
mice i m m u n i z e d  wi th  M U C 1 - K L H  plus  QS-21, and  
pe r iphe ra l  b l o o d  m o n o n u c l e a r  cells ( P B M C )  f rom breas t  

Table 5 Proliferation assay and IFN-y Elispot - human T cell re- 
sponse to KLH and MUC1 after 6 days of in vitro stimulation. 
Data are expressed as mean value of six patients tested in *24 and 
**11 tests respectively. Spots are over 100,000 PBMC 

Pre-immune Post-immune 

S.I.* Spots** S.I.* Spots** 

3,2 96 106 307 
1,1 28 3,2 88 
89 1127 l l8  1078 

cancer  pa t i en t s  vacc ina ted  with  the same cons t ruc t .  In  
bo th  m o u s e  and  h u m a n ,  whole  T cells s t imula ted  in v i t ro  
wi th  K L H  preferen t ia l ly  secrete I N F 7  at  h igh levels IL4  
(Table  3). M o r e o v e r  in humans ,  pur i f ied C D 4  T cells 
i so la ted  f rom P B M C  of  vacc ina ted  pa t ien t s  secrete I N F  7 
in response  to K L H ,  with  unde tec tab le  IL4.  These  d a t a  
conf i rm the crucia l  role o f  K L H  in de t e rmin ing  a T h l  
profi le  in the i m m u n e  response  (Table  4). This  resul t  was 
fur ther  obse rved  in a c o m p a r a t i v e  s tudy  in the mouse ,  
where  we used 20 different  ad juvan t s  and  I N F 7  was se- 
c re ted  a t  a h igher  level wi th  respect  to IL-4  in response  
to K L H ,  regard less  o f  a d j u v a n t  [21]. P ro l i f e ra t ion  and  
E l i spo t  assays  were used to ana lyze  the r e sponse  to 
M U C 1  t u m o r  ant igen.  As  shown in Tab le  5, a s t rong  T 



cell response to the foreign protein K L H  was observed 
in both assays. Less consistent was the T cell response to 
MUC1 peptide. A sporadic stimulation after immuni- 
zation was observed in proliferation assays, and by the 
single-cell analysis of INF~ Elispot [52]. Both assays 
were performed after 6 days of stimulation (Table 5). 
Moreover, no D T H  was observed in patients immunized 
with MUC1 or any of the other antigens. These data 
confirm the ability of  KLH to strongly drive the anti- 
body response against the conjugated antigens toward a 
cytotoxic Thl  profile. 

Future plans 

Tumor cells express many antigens on their surface. This 
tumor heterogeneity and heterogeneity of  the human 
immune response strongly support the use of polyvalent 
vaccines. Some possible targets for this strategy are 
gangliosides GM2, GD2, and GD3 for melanoma, neu- 
roblastoma, and sarcoma; gangliosides, Globo H, poly- 
sialic acid, and Fucosyl GM 1 for small cell lung cancer; 
GM2, mucin-related carbohydrates, Lewis Y and Globo 
H for breast, prostate, and ovary. In this regard, ran- 
domized adjuvant phase II trials are to be initiated at 
MSKCC with polyvalent-KLH-QS-21 vaccines in pa- 
tients with each of  these cancers over the next 2 years. 

K L H  conjugation has been shown to be the best- 
known strategy for antibody induction in cancer 
patients. Randomized trials with polyvalent KLH-  
conjugate plus QS-21 vaccines will determine the impact 
of  this approach on disease-free and overall survival in 
the adjuvant setting. On the other hand, the optimal 
vaccination approach for inducing T cell responses 
against cancer antigens remains to be determined. Our 
group is exploring a broad range of approaches toward 
this end, ranging from K L H  conjugation with whole 
proteins and peptides, to the same peptide and proteins 
unconjugated, to D N A  or viral vector vaccines express- 
ing the genes for these peptides and proteins [40, 15]. 
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