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Abstract

The development of carbohydrate based anti-cancer vaccines is of high current interests. Herein,
the latest development in this exciting field is reviewed. After a general introduction about tumor
associated carbohydrate antigens and immune responses, the review is focused on the various
strategies that have been developed to enhance the immunogenecity of these antigens. The results
from animal studies and clinical trials are presented.

1. Introduction

Cancer is one of the most harmful diseases. According to a report from the American Cancer
Society,[] cancer is the second leading cause of death in economically developed countries,
and the third leading cause of death in developing countries. In 2008 alone, there were
nearly 12.7 million new cancer cases and close to 7.6 million people lost their battle to
cancer worldwide. It is predicted that by 2050, there can be as many as 27 million new cases
and 17.5 million deaths caused by this disease.[?]

Traditional methods for anti-cancer therapy include chemotherapy, ionizing radiation and
surgery. While tremendous progress has been made in these areas during the past decades,
cancer still remains extremely difficult to cure and prevent. Therefore, it is imperative that
novel methods are continuously developed to combat cancer. In view of the great success in
vaccines against many infectious diseases, immunotherapies and anti-cancer vaccines are
attractive alternative approaches for cancer prevention and treatment.

Anti-cancer vaccine is based on the idea of harnessing the awesome power of the body’s
immune system to fight cancer. As early as 1893, Coley observed that an immune response
to a fulminant bacterial infection could eliminate established sarcomas.[®] However, little
was known at that time about the immune system. In 1950s, Burnet and Thomas proposed
the concept ‘immunosurveillance’, where immunological cells can sense and eliminate
continuously arising transformed cells.[*] After much debate, the immunosurveillance theory
is now widely accepted.

Several immunotherapeutic methods against cancer have been used successfully in the
clinic. The first therapeutic monoclonal antibody (mAb), rituximab was approved by the US
FDA for the treatment of B-cell non-Hodgkin’s lymphoma by targeting CD20 present on B
cell surfaces.[5] By 2010, ten mAbs have been approved by the US FDA for cancer
treatment.[8] Besides mAbs, a dendritic cell based therapeutic vaccine, Provenge, was
approved in 2010 to fight advanced prostate cancer.[®] These developments highlight the
potential for immunotherapy against cancer. However, many of these treatments can only
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prolong patients’ lives by several months. Therefore, continual research is needed to develop
highly effective anti-cancer vaccines and immunotherapies.

2. Tumor Associated Carbohydrate Antigens

On cancer cell surface, there are a variety of antigenic carbohydrate structures, with some
representative examples shown in Figure 1.17-9] These tumor associated carbohydrate
antigens (TACAS) can be divided into two classes: (1) glycolipid antigens, where
carbohydrates are linked to ceramide lipids and anchored to the lipid bilayer on the cell
surface through hydrophobic hydrophobic interactions. The glycolipids can be further
divided to several families. These include the gangliosides such as GD2, GD3, GM2, GM3,
and fucosyl GM1; globo-series Globo-H, Gb3, Gb4, and Gh5; lacto-series (type 1) SLe?,
LeP, and Le3-LeP and neolacto-series (type 2) SLe*, LeY, and LeY-LeX; (2) glycoprotein
antigens including Tn, TF and STn linked to the hydroxyl group of serine or threonine in
glycoproteins.

TACAs are expressed at much higher levels on malignant cells and the high density of these
antigens distinguish tumor from their normal cell counterparts.[’-91 For example, the mAb
M2590, which specifically reacts with melanoma (not with normal melanocytes), recognizes
GM3 gangliosides on the cell surface only when it is above a threshold density level.[10]
TACAs are among the most frequently found antigens on cancer cell surface.[!1] They are
present in tumors more frequently than oncogene products such as rask and HER2/neu, and
their correlation with cancer progression is much stronger than inactivation of tumor
suppressing genes such as p53.112] Furthermore, TACAs are shared by many cancer cell
types; an example is gangliosides GM2 and GD2 expressed in large quantities on melanoma,
sarcomas or neuroblastomas cells (Table 1).[13.14] |_e¥ and Globo H antigens are expressed
on a variety of epithelial cancers including breast, prostate and ovarian cancers.l71516] Thys
vaccines against TACAS open up the possibility of targeting multiple types of cancer using a
single construct.

Cancer stem cells are a subpopulation of cancer cells with stem-cell like characteristics of
self-renewal, which are capable of regenerating and differentiating into multiple cell types in
a particular cancer. For an effective anti-cancer therapy, cancer stem cells should be targeted
as well to prevent the re-emergence of cancer.[17] Recently, there are several reports
suggesting that TACAs are significantly expressed in cancer stem cells.[18.19] For example,
the Wong group disclosed that Globo H was expressed in 8/40 (20%) breast cancer stem
cells and Gbb5, the pentasaccharide precursor or Globo H, was expressed in 25/40 (62.5%) of
breast cancer stem cells.[19] Therefore, these attributes render TACAs attractive targets for
anti-cancer immunotherapy development.

3. Challenges associated with the development of anti-cancer vaccines
targeting TACAs

The immune system adapts to the challenge of cancer through two possible mechanisms, the
humoral immune response and the cellular response. Cell-mediated immunity involves the
activation of a variety of immune cells, including macrophages, DCs, antigen-specific CD4+
helper T (Th) cells, and CD8+ cytotoxic T (Tc) cells. An antigen is typically ingested by
antigen presenting cells (APCs) such as DCs, which in turn process the antigen and present a
small portion, known as T cell epitopes to activate Tc and Th cells. Th cells release various
cytokines to help potentiate the immune system, while upon stimulation by the epitopes and
the cytokines the Tc cells recognize and kill tumor cells expressing the antigens.
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The humoral response, in contrast, is mediated by secreted antibodies, which are produced
by B cells upon cross-linking the B cell receptors (BCRs) by B cell epitopes (Figure 2a).
The first type of antibody generated responding to an immunological challenge is the
pentameric IgM, which have relatively low affinities to antigens and last only a short period
of time for a few days. In order to have long lasting humoral responses, the activated B cells
must be able to bind with Th cells, receiving the stimulatory cytokine signals from Th cells
(Figure 2b).[20.21] This leads to the switching of antibody subtypes to high affinity 1gGs and
the generation of memory cells, which can rapidly produce large amounts of high affinity
IgG antibodies upon subsequent encounter with the same antigen. The antibodies can bind
with the target cancer cells, marking them for destruction by either the complement system
through the complement-dependent cytotoxicity (CDC) or lymphocytes (antibody dependent
cell-mediated cytotoxicity ADCC).

There are strong clinical evidences that anti-TACA immune responses can be beneficial to
cancer treatment. In melanoma, the small population of patients with high titers of natural
antibodies against GM2 was found to have up to 90% 5 year survival, compared to the
expected 40% rate.[22.23] Administration of mAbs specific for TACAs such as the anti-GD3
mAb R24 led to tumor regression in human.[2425] Therefore, if a strong immune response
can be elicited towards TACAs, it can potentially exert protective effects to the host against
cancer.

Despite these encouraging observations, there are significant challenges to develop active
anti-tumor immunotherapy based on TACAs. Among the obstacles is the difficulty of
isolating sufficient quantities of TACAs from natural sources, as cell surface carbohydrates
are very heterogeneous (Table 1).[7:26] The possibility of highly active trace contaminants
suggests that caution needs to be taken with naturally isolated samples.[27] Therefore,
synthesis is currently the preferred method to acquire adequate amounts of TACAS in pure
form.[28] In addition, synthetic chemistry can bestow great flexibility in functionalizing
TACAs and enable large scale preparation. Because TACA structures are often highly
complex and carbohydrate synthesis requires much experience in design and execution, 728l
the successful development of TACA based vaccines will necessitate an interdisciplinary
approach bridging immunology with carbohydrate synthetic chemistry. We refer interested
readers to several reviews on state-of-the-art carbohydrate synthesis strategies.[28-30]

The main immunological challenge lies in the low immunogenicity of TACAs.[31 Although
they are over-expressed on cancer cell surface, TACAS are also present in small amounts on
normal cells, thus perceived as self-antigens by the immune system. When administered
alone, TACAs only weakly activate the B cells. Without additional help from Th cells, low
titers of the low affinity IgM antibodies are generated.[32-34 Therefore, TACAs need to be
covalently linked with an immunogenic carrier,[35-371 which contain epitopes recognizable
by the Th cells. Such synthetic constructs can be uptaken and processed by APCs, which
will lead to the presentation of the Th cell epitopes to the Th cells, resulting in their
activation and differentiation. Subsequently, the activated Th cells will specifically
recognize matched B cells displaying the same Th cell epitopes, releasing powerful helper
cytokines to stimulate the B cells (Figure 2b).[20.21] This will initiate the isotype switching
and production of high titers of 1gG by B cells as well as the crucial immuno-memory
against TACAs.[38-40]

Carbohydrates as B Cell Epitopes

Carbohydrates are mainly epitopes for B cells. In order to generate 1gG by B cells, two
signals are required: an antigen-specific first signal delivered via cross-linking of surface
BCRs and a second co-stimulatory cytokine signal delivered by Th cells (Figure 2b).[20.21]
The effect of BCR cross-linking was first demonstrated by using size fractionated linear
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acrylamide polymers substituted with haptens, which demonstrated that greater than 20
haptens spaced by 5 to 10 nm was enough to trigger T-cell-independent B-cell activation.[4]
The patterned displays of antigens were subsequently illustrated to lead to earlier B cell
amplification for potent IgM responses as well as isotype switching to 1gG.[42-4%] Antigen
organization can also have a great influence on B cell tolerance with B cells unresponsive to
poorly organized antigens while responding promptly to the same antigen presented in a
highly organized manner.[#6] For TACA based anti-cancer vaccines, construct structure is an
important factor that must be considered to generate high antibody titers.

Glycoconjugates as T Cell Epitopes

With the exception of zwitterionic polysaccharides (see section 5.3), most carbohydrate
antigens are T cell independent because they do not bind with the major histocompatibility
complexes (MHC) directly and cannot activate T cells by themselves. It is known that
peptides are the principal epitopes of T cells through the binding with MHCs[47] (There are
two types of MHCs. Class | MHCs are expressed on all nucleated cells and they present
epitopes to Tc cells. Class Il MHCs are expressed on APCs, which present epitopes to Th
cells). As many peptides and proteins are glycosylated, the glycopeptides and glycoproteins
can potentially serve as T cell epitopes as well.[48-50] |n 1994, Haurum et al demonstrated
that immunization with MHC class | restricted peptides conjugated with GICNAc generated
Tc cells recognizing the glycopeptides.[48] Jondal and coworkers discovered that
immunization with MHC | binding glycopeptide RGYg-6H-Gal, (Figure 3a) produced Tc
cells that specifically killed cells presenting either the glycopeptide or the glycolipid with
same carbohydrate moiety.[4%] Furthermore, the Tc cells generated by RGYg-6H-Gal, could
also kill target cells pulsed with glycopeptide ASNg-6H-Gal, (Figure 3a), which shared the
same carbohydrate structure but contained different peptide sequences. This suggested
recognition of the carbohydrate portion of the glycopeptide epitope independent of peptide-
MHC complexes. Subsequent crystal structures of MHC and RGYg-6H-Gal, complex
showed that the carbohydrate moiety protruded out of the MHC groove and dominated the
putative TCR/MHC 1 interactions (Figure 3b).[50]

In addition to binding with MHC class I, many glycopeptides have been shown to bind with
MHC class Il. For example, two glycopeptides from CD53, CD5312,_136 and CD53121_136
glycosylated with a hexasaccharide at Asn129, were shown to bind with class 11 MHC.[51]
Furthermore, MHC class |1 restricted human T cell response to the bee venom allergen
phospholipase A2 in allergic patients was found to be dependent on the presence of N-
glycans.[52] Based on these observations, it is possible to induce activations of both B cells
and T cells against carbohydrates and glyco-conjugates for cancer vaccine development.

With the general knowledge of TACAs and immune responses, in the following sections we
will discuss two main strategies to boost the immunogenicity against TACAS: 1)
modifications of TACASs; 2) immunogenic platforms for TACA delivery. We will focus on
the immunological aspects of the TACA constructs and the clinical results will be presented
when available.

4. Modification of TACAs towards Anti-cancer Vaccine Development

4.1. Vaccination with Rare or Unnatural Epitopes

An approach to break immune tolerance to TACAs is to use rare TACA derivatives or
unnatural TACAs mimics. These modified TACAs may be much more immunogenic and
generate robust antibody response cross-reactive to the native TACA antigens.
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Ganglioside Lactones—Since gangliosides are hydroxy acids, they are prone to form
lactones at low pH. For gangliosides with more than one sialic acid such as GD3, various
lactones can be formed[®3! (Figure 4), which may affect ganglioside structures in vivo. As
early as 1987, Nores et al showed that mice immunized with a GM3 lactone resulted in the
formation of strikingly high number of hybridomas secreting antibodies, which recognized
both GM3 and GM3 lactone.[10] Under the same condition, immunization with GM3 did not
result in hydridoma formation. Inspired by this finding, Livingston and coworkers prepared
GD3 lactones, GD3 amide and GD3 gangliosidol to overcome the poor immunogenicity of
GD3. All the three GD3 derivatives were immunogenic in mice, and GD3 lactone induced
production of antibodies that cross-reacted with both GD3 and GD3 expressing human
melanoma cells.[54] During clinical trials, these GD3 derivatives absorbed on the Bacille
Calmette-Guérin (BCG) carrier elicited IgM only in melanoma patients and the antibodies
did not recognize GD3.5%] In the subsequent studies, the authors showed that GD3 lactone-
keyhole limpet hemocyanine (KLH) conjugates with the saponin QS-21 as the adjuvant
elicited both IgM and 1gG antibodies, which strongly cross-reacted with GD3.[56] In
contrast, the GD3-KLH failed to generate any antibodies, suggesting that the GD3 tolerance
could be broken by immunizations with GD3 lactone but not with GD3 and KLH is a more
suitable carrier than BCG. Similar phenomena were reported with GD2 lactone-KLH
constructs in clinical trials. Two mechanisms were proposed for the higher immunogenecity
associated with GD2 or GD3 lactones: 1) while the expression of GD2 or GD3 lactones is
rare in normal tissues, the lower pH values in the tumor microenvironment may favor the
lactone formation from these gangliosides, leading to higher concentrations of the lactones
in tumor; 371 2) the lactones have rigid and distorted conformations, thus may be better
recognized by BCR.[10.58]

To overcome the hydrolytic instability of the lactones, Magnusson and coworkers
synthesized a GM3 lactam (Figure 5) with increased stability of the ring.[5® Immunization
of mice with GM3 lactam-bovine serum albumin (BSA) conjugate followed by
establishment of hybridomas generated a large number of GM3 lactam specific clones.
Interestingly, most of these clones recognized GM3 lactone but not GM3. Recently,
Arcangeli and colleagues reported the design and synthesis of disaccharides to mimic GM3
lactone.[89] After KLH conjugation, the resulting glycoprotein was used for immunization in
mice with significant IgM titers obtained against melanoma cells.

O-Acetyl GD3—Besides the GD3 lactone, O-acetylated GD3, including the 9-O-acetyl
GD3 (CD60b) and 7-O-acetyl GD3 (CD60c), have been observed in several cancers
including melanoma and breast cancer.[62 It is supposed that the O-acetylation may reduce
or totally abolish apoptosis irrespectively of apoptosis-inducing agents.l82] Cheresh et al
demonstrated that the mAb D1.1 recognized 9-O-acetyl GD3 on human melanoma cells.[62]
Clinical studies by Livingston and coworkers showed that 9-O-acetyl GD3 was weakly
immunogenic in humans and GD3 bearing two or more O-acetyl groups induced good
immune responses, but the antibodies did not recognize human melanoma cells.[83] To use
the O-acetylated GD3 as effective anti-cancer vaccines, further studies are required.

Neu5Gc GM3—The two most common forms of the non-reducing terminal carbohydrates
of gangliosides are the N-acetylneuraminic acid (Neu5Ac) and its derivative N-
glycolylneuraminic acid (Neu5Gc). Neu5Gc is biosynthesized from NeuSAc catalyzed by
the cytidine monophopho-N-acetylneuraminic acid hydroxylase (CMAH) (Figure 6).[64] In
contrast to most mammals such as horse, sheep, and goat, human tissues normally lack
Neu5Gc due to deletion of the CMAH gene.[6] Interestingly, Neu5GcGM3 is found highly
expressed in several types of human cancer cells such as breast and melanoma.[56] The
significance of Neu5Gc for tumor cell biology is still under investigation with a recent
report indicating that Neu5GcGM3 down-modulated CD4 expression in murine and human
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T lymphocytes especially in non-activated T cells.[87] It is noteworthy that patients with
anti-Neu5Gc antibody were found to have increased 5 year survival rates.[68]

Since Neu5Ac GM3 is poorly immunogenic, the tumor-specific character of Neu5Gec GM3
presents a novel target for anti-cancer vaccine development. Currently, two constructs
targeting Neu5Gc GM3 are undergoing clinical trials:[6%] anti-idiotype murine mAb
racotumomab (formerly known as 1E10) against Neu5Gc-containing gangliosides for non-
small or small cell lung cancer and Neu5GcGM3-VSSP (very small size proteasome, made
of out membrane proteins from Neisseria meningitides) for breast cancer or melanoma.
Recent Phase Ib/Ila study of Neu5Gc GM3-VSSP for advanced melanoma patients
demonstrated the vaccine construct was well tolerated.[70] All patients generated Neu5Gc
GM3 specific IgM, 1gG and IgA antibodies, and the IgM antibodies showed significant
cross-reactivity with NeubAc GM3 and Neu5Ac GM2. Importantly, 9 of 22 patients
survived more than 1 year with 7 patients living more than 2 years. This encouraging
observation is uncommon for advanced melanoma patients.

4.2. Synthetic Modifications of TACAs

As the glycosyl linkages in TACAs are potentially susceptible to acid catalyzed hydrolysis
and enzymatic degradation in vivo, to improve the stability of the antigens, C-linked STn
(Figure 7a) and S-linked GM2 or GM3 (Figure 7b) have been explored as surrogates of the
corresponding native O-linked TACAs by the Linhardt and Bundle groups.[72-73] Antigen
specific immune responses were generated against these modified antigens with moderate
cross-reactivity towards the native O-glycosides.

Recently, Ye and coworkers prepared 40 STn analogs and evaluated the immune responses
in mice after conjugation with KLH.[74] Several fluorine containing STn compounds were
found to give significant increases in antibody production and the antibodies strongly cross-
reacted with native STn or STn expressing tumor cells (Figure 7c). Similarly, the Kunz
group synthesized the MUC1 peptide linked with TF antigen analogs substituted at 6 and 6’
positions with fluorine atoms (Figure 8).[75] When conjugated to the tetanus toxoid (TT) as
the carrier, the vaccine construct elicited strong 1gG responses that recognized the native
antigens present on breast cancer cell MCF-7.

4.3. Glycoengineering-Based Cancer Vaccine

Cells constantly uptake nutrients from their environments, which enables cellular structure
engineering through exogenously added compounds. The pioneering research by Reutter and
coworkers disclosed that mammalian cells could uptake various N-acylmannosamine
analogs from the cultural medium as biosynthesis precursors and convert them to unnatural
N-acyl neuraminic acids, which were further incorporated into glycosphingolipids on cell
surface.[”®] Through this process, the cell surface glycoproteins and glycolipids could be
engineered to bear unnatural carbohydrates, which could potentially break the tolerance and
at the same time avoid generating an autoimmune response to the native TACAs.

Bertozzi and coworkers demonstrated that immunization of rabbits with unnatural sialic acid
bearing N-levulinoyl group (Neu5Lev) conjugated to KLH (Figure 9a) produced significant
titers of antibodies specific for the modified sialic acid.[7”] These antibodies recognized
tumor cells incubated with the biosynthesis precursor peracetylated N-levulinoyl
mannosamine (ManLev), and did not cross-react with the cells expressing the natural
sialosides. Furthermore, the antibodies were capable of directing complement-mediated lysis
of tumor cells expressing the unnatural sialic acids. About the same time, Jennings and
coworkers reported that incubation of leukemic cells with N-propionyl mannosamine led to
the substitution of N-acetyl groups of cell surface a2-8 polysalic acids with N-propionyl
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groups.L”8] This induced the susceptibility of glyco-engineered tumor cells to cell death
mediated by the mAb 13D9, which specifically recognized the a2—8 N-propionylated
polysialic acid. In a mouse model, tumor metastasis was significantly reduced by feeding the
mice with N-propionyl mannosamine followed by treatment with the mAb 13D9.
Furthermore, the Jennings group showed that mice immunized with N-butyryl GD3-KLH
conjugates elicited much higher IgG titers than N-propionyl GD3-KLH and N-benzoyl GD3-
KLH (Figure 9b).L7°1 The antibodies did not cross-react with native GD3. Subsequent tumor
challenge experiments demonstrated although this method was not effective against pre-
established large solid tumor (10 mm diameter), administering monoclonal antibody 2A
specific for N-butyryl GD3 in combination with the biosynthesis precursor N-butyryl
mannosamine effectively protected mice from SK-MEL-28 tumor grafting before solid
tumor was developed.

Instead of relying on passive immunization with exogenous mAbs, Guo and coworkers
explored the possibility of generating antibodies in vivo against the glyco-engineered cancer
cells using vaccine constructs containing the unnatural TACA analog. They systematically
evaluated the effects of N-substituents in sialic acids of various GM3 and STn analogs.[8%]
The N-phenylacetyl (NPhAC) substituted GM3 (Figure 9¢) and STn conjugates with KLH
elicited the highest antibody titers without cross-reactivity against native GM3 or STn. The
NPhAc GM3-KLH antiserum and NPhAc GM3 specific mAb exhibited strong and specific
complement dependent cytotoxicity to several melanoma cell lines incubated with low uM
concentration of the precursor N-phenylacetyl mannosamine.[81:82] Recently, GM3 and STn
analogs bearing p-substituted phenyl acetamide moieties were found to give even higher
antibody titers than the parent NPhAc containing compounds,[83:84] which are promising
candidates for further study. The tumor protective efficacy of this innovative strategy needs
to be established further in vivo in animal models.

5. Immunogenic Platforms for TACA delivery

5.1. TACAs Delivered by Immunogenic Protein Carriers

Since Landsteiner’s classic experiments with hapten-carrier conjugates,[8°] conjugation to
immunogenic proteins has been successfully applied to enhance antibody productions
against a variety of antigens. The protein carriers can provide the crucial Th epitopes
required to induce the isotype switching of the antibody responses to the hapten. A variety
of protein carriers, which include KLH, TT, BCG, and BSA, have been utilized in the
development of TACA based anti-cancer vaccines. To date, KLH has been the most
commonly employed protein carrier due to its superior immunogenic properties when
conjugated with TACASs. In this section, we will describe TACA conjugates with
immunogenic protein carriers and the progress in evaluations of these vaccine constructs.

Globo H—Globo H is a globo-series glycolipid (Figure 1), which was first isolated by
Hakomori and coworkers from breast tumor extracts.[8¢] Globo H is a tumor-associated
antigen that is heavily expressed on a number of tumors, including breast, lung (small cell
and non-small cell), colon, ovarian, pancreas, and prostate.[87] Although it is also expressed
on the luminal surface of normal epithelial cells, the location precludes its access by the
immune system. The restricted distribution and differential expression of Globo H renders it
a promising target for anti-cancer vaccine development.

By testing the reactivity of multiple Globo H analogs with a Globo H specific mAb MBr1,
the structure-activity relationship for Globo H is established as follows:[88:891 1) the fucosyl
unit (ring F, see Figure 1 for ring designation) is crucial and the binding is abolished without
it; 2) the B-linkage between the C and D rings is critical as the a-linked analog was very
weakly bound; 3) A and B rings do not contribute much to the binding; 4) the a-linkage
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between the B and C rings is not critical as the  anomer gives similar binding. Mice
immunized with Globo H-KLH generated antibodies against Globo H-ceramide with higher
IgM titers than IgG. The antibodies showed moderate binding with breast cancer cell MCF-7
(30%-45%). The antiserum also gave 48% lysis of MCF-7 in the presence of human
complements while the maximum of CDC with mAb MBr1 was 72%. In subsequent clinical
trials using the Globo H-KLH construct,[9 all five patients with progressive and recurrent
prostate cancer produced strong IgM responses with two of the five patients showing
significant 1gG titers. All the antisera recognized synthetic and tumor-derived Globo H —
ceramide as well as MCF-7 cells. Another clinical study on prostate cancer patients proved
that the vaccine is safe with no significant toxicity,[®!] and the antibodies responses were
similar to the previous study.[%%] The therapeutic effects in these patients were demonstrated
by the decline of PSA concentration in one-third of the patients. Beneficial results were
found in clinical trials with breast cancer patients as well.[®2] Large scale clinical trials are
necessary to fully establish the potential of Globo H based vaccine.

GM2—GM2 is widely expressed in most types of cancer including breast, ovary, prostate,
small cell lung cancer, and melanoma.[87] It is recognized as the most immunogenic
ganglioside expressed on melanoma cells.[34] A correlation between the presence of anti-
GM2 natural serum antibodies and survival in stage |11 melanoma patients was observed.[2?]
Early clinical studies with BCG as the protein carrier for GM2 only induced IgM antibodies
in the majority of patients. Subsequent clinical evaluation[®3 of GM2 conjugated to KLH
not only induced high-titer, longer-lasting IgM antibodies against GM2, but also elicited
significant GM2 specific 1gG antibodies in most of melanoma patients suggesting the
activation of Th cells and the induction of isotype switching. Furthermore, both the IgM and
IgG antibodies from all seven patients showed moderate to high reactivity against GM2
expressing human sarcoma cell line A2394. The antisera from all patients showed
significant CDC (average 66%) and ADCC (average 61%) against A2394 cells. Subtype
analysis indicated the 1gG antibodies were primarily 1gG1 and 1gG3, which were strong
inducers of CDC. Unfortunately, a randomized phase 111 study demonstrated that patients
immunized with GM2-KLH showed an inferior relapse-free and overall survival compared
with patients who received high-dose interferon a-2b (HDI) therapy.[®*] The HDI therapy is
currently the standard of care for adjuvant therapy of high-risk melanoma patients and the
reference standard for evaluation of alternative therapies such as vaccines in the United
States. Therefore, the study was terminated early. Recently, another phase 111 study of stage
Il melanoma patients demonstrated that GM2-KLH vaccination with saponin QS-21 as the
adjuvant was ineffective and could even be detrimental to patients.[%5]

LeY and KH-1—The LeY antigen, also known as CD-174, is related in structure to the ABH
family of blood group antigens found on human blood cells. It can be carried by glycolipids,
glycoproteins or mucins, and is highly expressed on a number of cancers of epithelial origin
such as colon,[981 Jung,[7] breast,[98] prostatel®®], and ovary.[190] It was reported that LeY
expression in ovary tumor is relatively uniform compared to other glycolipids.[191] The
linker for attaching LeY to KLH was found to be crucial for high immune responses. The
rigid cyclic 4-(maleimidomethyl)cyclohexane-1-carboxylate linker (LeY-MI-KLH) (Figure
10a) induced high antibody response to the linker, while the flexible acyclic 3-
(bromoacetamido)propionate functionalized LeY conjugated with KLH (LeY-BrAc-KLH)
(Figure 10b) helped direct the humoral responses towards the desired LeY epitope.[102]

In animal studies, mice immunized with LeY-KLH, which was prepared by conjugating a
LeY pentasaccharide with KLH through a flexible linker,[193] generated high titers of IgG
and IgM antibodies against natural occurring LeY-ceramide and showed moderate toxicity to
MCF-7 tumor cells.[194] In clinical trials, the same LeY-KLH construct was well tolerated
with no obvious side effects.[105] However, the immune responses against LeY were low.
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Only about 16 of 24 patients produced low to moderate IgM antibodies and 3 of 24 patients
gave low titers of 1gG. The antibodies were transiently generated in patients even with
repeated immunizations. In contrast, very high titers of IgM and IgG responses against KLH
were observed in patients suggesting that KLH dominated the immune responses.

To overcome the weak immunogenicity of LeY, the LeY-Le* heterodimer (KH-1 antigen)
was explored as the antigen,[19€] which was originally identified with monoclonal antibodies
AH6 and was found to be over-expressed in a number of cancers.[297] Mice immunized with
KH-1-KLH generated high IgM and IgG antibodies against KH-1 and significant titers of
IgG against LeY with little recognition of LeX. This suggested that the carbohydrates at the
non-reducing end of the TACA are the major determinant in epitope recognition.
Interestingly, preclinical studies[298] showed that mice immunized with KH-1-Et-KLH
elicited low titer of IgM only, but the rigid linker containing KH-1-MMCCH-KLH
generated significant 19gG and IgM antibodies in all mice (Figure 11). This is in contrast to
earlier study on LeY-KLH, where the conjugate with a flexible linker gave higher immune
response.[192] The exact cause for this discrepancy is not known, which could be related to
the higher antigen density of KH-1-MMCCH-KLH. The IgG antibodies showed excellent
reactivity with MCF-7 cells. However, preliminary results from the clinical trial results were
not encouraging. Patients with ovarian cancer immunized with KH-1-KLH generated very
low IgM and undetectable 1gG titers against LeY.

Fucosyl-GM1—Fucosyl-GM1 (Fuc-GM1) was first isolated from bovine thyroid
gland.[199] |t was subsequently identified as a unique antigen present on most small cell lung
cancer (SCLC) cells,[119] and it has the most restricted distribution on normal tissues among
all the gangliosides. Preclinical study in mice using Fuc-GM1-KLH gave high titers of 19G
and IgM against Fuc-GM1-ceramide.[111] The antibodies did not cross-react with GM1,
which is widely expressed in normal tissues such as brain. Interestingly, patients immunized
with bovine-derived Fuc-GM1 vaccine generated IgM and IgG responses while those
immunized with vaccine constructs derived from synthetic Fuc-GM1 gave mainly IgM
responses.[112.113] This difference could be due to the fact that the ceramide lipid is part of
the bovine-derived Fuc-GML1 structure. The IgM antibodies generated from both constructs
showed significant CDC against SCLC cells. The clinical effectiveness of the Fuc-GM1-
KLH construct against cancer is yet to be established.

MUC-1 Glycopeptide—Mucin MUCL1 is a membrane-bound glycoprotein with a large
extracellular domain consisting of between 30 and 100 copies of the 20 amino acid
HGVTSAPDTRPAPGSTAPPA tandem repeat.[114] The serine and threonine residues
within the tandem repeat can be glycosylated. In many cancers of epithelial origins such as
breast, ovarian, pancreatic, and prostate, the O-glycans of MUC1 are limited to short
carbohydrate chains such as Tn, TF, and the corresponding sialylated STn and STF.[115]
These short carbohydrates are not only TACAs themselves but also expose previously
masked peptide backbone, thus rendering MUCL1 glycopeptides targets for anti-cancer
vaccine development.

The Kunz group has prepared a series of MUC1 glycopeptide constructs for immunological
evaluations.[116] |n their latest work, two MUC1 glycopeptides bearing a STn disaccharide
at separate locations were synthesized and conjugated with TT at the carrier protein. Very
strong antibody responses (mainly IgG1 subtype) were obtained upon immunization of mice
with these two constructs. The binding of the antiserum with MCF-7 cell was very strong,
which could be inhibited by competitive binding with the free glycopeptide suggesting the
specificity of the biological recognition. The antisera also exhibited selectivities towards
native tumor tissues, as the advanced tumor tissue but not the barely dedifferentiated one
was stained strongly by the post-immune antiserum.
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Sorensen et al reported that 60 amino acid MUC1 peptide (containing three tandem repeats)
fully substituted with Tn or STn conjugated with KLH elicited stronger 1gG antibody
responses than the partially glycosylated peptide-KLH construct in both wide type and
MUCT1 transgenic mice.[117] The antiserum only recognized the full glycopeptide with little
cross-reactivity with the unglycosylated peptide or carbohydrate antigen alone (Tn or STn).
This is in contrast to Livingston’s observations,[118] but it should be mentioned different
adjuvants and different length of the glycopeptides were used in these two studies. In
subsequent in vivo studies,[11%] the 60mer MUC1 peptide fully substituted with STn coupled
with KLH did not show consistent protection of MUCL1 transgenic mice from tumor
challenge.

Monomeric cluster Vaccine—As TACAs are over-expressed on cancer cell surface,
another potential strategy to enhance the anti-TACA immune response is to increase local
concentrations of TACAs through clustering of the epitope in the vaccine construct. This is
supported by the observations that there are tandem repeat units in mucins containing
multiple threonine and serine residues, the potential glycosylation sites.

The cluster effect was demonstrated by Livingston and coworkers using the Tn antigen.[118]
Mice immunized with Tn-KLH raised little antibodies against Tn cluster (Tn(c)) conjugated
to human serum albumin (HSA) or desialylated ovine submaxillary mucin (dOSM) -a
natural source of Tn, although the loading of Tn in KLH was as high as 1,330 copies of Tn
per KLH. In addition, the antiserum showed very little binding to Tn expressing tumor cell
LSC. In contrast, the Tn(c)-KLH (Figure 12) generated high 1gG titers towards both Tn(c)-
HSA and dOSM with moderate recognition of LSC. In phase I clinical trials with prostate
cancer patients,[120] Tn(c)-KLH elicited significant titers of IgM and 1gG. Although the
antisera showed modest binding with LSC cells and complement mediated cell lysis,
vaccination induced declines of the slopes of prostate specific antigen in several patients.

In contrast to Tn antigen, no significant differences were observed between STn antigen and
clustered STn (STn(c)).[*2] Mice immunized with STn-KLH and STn(c)-KLH could elicit
significant titers of 1gG and IgM with good recognition of OSM that is a nature source of
STn. There were little cross-reactivity as the antiserum from STn-KLH immunization
reacted with STn-HSA but weakly with STn(c)-HSA, while antiserum from STn(c)-KLH
immunization reacted with STn(c)-HSA but weakly with STn-HSA. Both antisera reacted
with STn-positive human tumor cell LSC not with STn-negative LSB cells. In subsequent
clinical studies, both STn-KLH and STn(c)-KLH constructs elicited 1gG and IgM antibodies
in most patients against the synthetic antigens, but only IgM exhibited moderate binding to
OSM and LSC cells. Similar to STn, TF and LeY antigens and their respective clusters did
not show substantial differences in antibody titers.[16:122] The differential behavior of Tn is
most likely due to its small size compared to other TACASs, thus requiring clusters of
antigens for immuno-recognition.

Polyvalent Vaccine (Pooled Monomeric Vaccines)—As discussed above, many
cancer cells express more than one TACA. Therefore, it is reasonable to target multiple
TACAs associated with a particular cancer type so as to elicit a stronger anti-cancer immune
response and prevent the cells from escaping the immuno-surveillance. One approach to
accomplish this is the polyvalent vaccine strategy combining various monomeric TACA-
KLH constructs in the same vaccination.

A preclinical study with heptavalent KLH-conjugate vaccine consisting of seven TACAs,
including GM2, Globo H, LeY, TF(c), Tn(c), STn(c) and glycosylated MUC1, demonstrated
that mice immunized with such vaccine generated antibodies against all TACAs except
GM2.[123] High titers of both IgM and 1gG were observed against five antigens except LeY
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that induced IgM antibody only. In addition, the antibodies generated recognized tumor cells
well. In clinical trials,[124] the heptavalent vaccine plus QS21 adjuvant was tested in 9
patients with epithelial ovarian, fallopian tube, or peritoneal cancer in second or greater
complete clinical remission. Serologic responses were primarily IgM types except for Tn-
MUC1 which induced both IgM and IgG. LeY and GM2 were the least immunogenic ones
among the seven TACAs tested, as only fewer than two patients had immune responses
towards these two antigens. Eight out of the nine patients generated antibodies against at
least three of seven antigens. However, the medium antibody titers for all antigens were
significantly reduced compared to vaccination with individual constructs.

Unimolecular Polyvalent Vaccine—One possible reason for the lower titers
encountered in the pooled monomeric vaccine strategy is the large amounts of carrier protein
KLH administered with the seven TACA constructs. The limited number of B cells available
in the host could be directed towards KLH, thus lowering anti-TACA responses. To reduce
the undesired anti-carrier immune responses yet still target multiple TACAs, the
unimolecular polyvalent vaccine strategy was explored in which multiple types of antigens
are incorporated into a single peptide backbone.

A unimolecular pentavalent construct (Figure 13) consisting of five prostate and breast
cancer associated carbohydrate antigens, Globo H, GM2, STn, TF and Tn, was synthesized
and conjugated to KLH by Danishefsky and coworkers.[125] Immunization of mice with this
complex construct showed that superior IgM and IgG antibodies were generated against
Globo-H, while the antibody titers against Tn were inferior compared with a non-covalent
mixture of the monovalent constructs and LeY did not elicit any immune responses. This
suggests that the positioning of the antigen on the multivalent construct may play an
important role in determining its immunogenicity and further design and development are
necessary to create an effective construct against all the components. Other examples of
unimolecular pentavalent constructs include clustered Gb3-MUC5AC-KLH[126] and MUC1
glycopeptide-KLH conjugates.[127]

In conclusion, immunogenic protein carriers such as KLH have been shown to significantly
enhance the immune responses towards TACAS. In spite of the significant progresses, there
are still serious limitations associated with the immunogenic carriers studied so far, as
exemplified by the failure of GM2-KLHI[%4 and Theratope vaccine (STn-KLH)[128] in
clinical trials. There are several possible reasons for the lack of clinical success for KLH: 1)
KLH is itself a glycoprotein, displaying a variety of carbohydrates including high mannose-
type glycans and GalNAc on the surface.[12%] These endogenous carbohydrates on KLH may
divert the anti-carbohydrate immune response away from the desired TACAs; 2) the quality
and quantity of antibodies generated with KLH conjugates may not be sufficient. To address
these issues, a variety of other vaccine delivery platforms have been studied, which will be
discussed in the following sections.

5.2. Virus like Particles (VLPs) Based TACA Delivery

VLPs are the envelopes or capsids from viruses, which are comprised of structural proteins
self-assembled in a highly ordered manner.[13%] For example, the capsids of Cowpea Mosaic
Virus (CPMV) are made up of 60 copies of identical subunits arranged in an icosahedral
geometry.[131] As discussed in section 3, B cells respond strongly to highly organized
antigens.[4¢] Therefore, it was hypothesized that TACAs displayed on VLPs can efficiently
cross-link BCRs leading to potent B cell activation.

The Huang, Wang and Finn groups tested the application of CPMV as the immunogenic
TACA carrier.[1321 CPMV capsid has superior stability, which can tolerate up to 50%
organic solvents such as DMSO for at least two days.[133-135] This enables its ready
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functionalization by TACAs without losing the capsid integrity. As Tn is a weak antigen and
no 1gG responses were generated using the Tn-KLH construct, Tn-CPMV conjugate was
prepared to test whether organized display of Tn could significantly boost its
immunogenecity. A Tn derivative bearing a maleimide moiety was synthesized and
conjugated to a cysteine mutant of CPMV (Figure 14). CPMV does not contain endogenous
carbohydrates and each Tn-CPMV bore an average of 60 copies of Tn suggesting that
complete functionalization of CMPV was achieved. Mice immunized with Tn-CPMV
elicited high titers of both IgM and 1gG against Tn. The antisera showed strong reactivity
towards the multidrug resistant ovarian cancer cell line NCI-ADR RES, indicating TACAs
based vaccines can be a potentially novel therapeutic towards drug resistant cancer. In a
separate study,[13¢] a variety of carbohydrates including Globo H, sialyl LewisX, and blood
group A tetrasaccharides were immobilized onto CPMV. Inoculation of chickens with these
constructs generated gram quantities of antiglycan IgY antibodies, which are the functional
equivalent of mammalian 1gGs. When screened against a microarray bearing over 200
glycans, these IgY antibodies displayed excellent specificity and avidity in binding the
carbohydrate antigens from which they were generated. Therefore, VLPs are showing great
promises as TACA carriers, the full potential of which will need to be established.

5.3. Zwitterionic Polysaccharides (ZPS) Based TACA Delivery

Although the majority of carbohydrate antigens are T-cell independent, i.e., they elicit
immune responses independently of T cells, a novel discovery was made that ZPSs from the
capsules of some bacteria can stimulate potent Th cell responses in vitro and in vivo.[137]
Such immunomodulatory ZPSs have been isolated from different bacterial species, including
PS Al and PS B from Bacteroides fragilis strain 9343, PS A2 from B. fragilis 638, and Sp1
from type 1 Streptococcus pneumonia (Figure 15).[138] These ZPSs share an important
structure motif -alternative positive and negative charges with high density, which are
required for their binding to MHC class 1l and presentation to Th cells. Recently, PS Al was
identified as a TLR2 agonist. TLR-2 is a receptor playing fundamental roles in pathogen
recognition and activation of innate immunity, which links the innate and adaptive immune
systems.[139]

Based on their ability to activate Th cells, ZPSs were explored as a novel carrier for TACA
based anti-cancer vaccine development. The Andreana group selectively oxidized the vicinal
hydroxyl groups in D-galactofuranose of PS A1.1140] The resulting aldehyde was then
conjugated with a GalNAc through an oxime bond (Figure 16). Immunization without
exogenous adjuvant stimulated strong antibodies against the construct, possibly due to
immuno-potentiation by PS Al as a Toll-like receptor-2 (TLR-2) agonist. Addition of
Titermax Gold adjuvant for vaccination helped further boost the antibody titers. Subtyping
of the 1gG by ELISA revealed that only significant amounts of 1gG3 were observed, which
was viewed as an anti-carbohydrate response. Further studies are necessary to illustrate the
full potential of ZPSs as TACA carriers.

5.4. Fully Synthetic Carbohydrate Cancer Vaccine

The conjugation of carbohydrate antigens to an immunogenic carrier represents a classic
approach for vaccine design. One potential drawback of this approach is that the carrier
proteins themselves are highly immunogenic and can induce strong antibody
response.[141.142] This can possibly lead to immuno-suppression to epitopes displayed on
carriers, especially the weakly immunogenic TACAs. For example, Tn antigen covalently
linked to KLH gave low antibody titers against Tn but elicited strong anti-KLH
responses.[118] To address this issue, fully synthetic vaccines, which contain the exact Th
peptide epitope and the TACA B cell epitope, have been developed in the past two decades.
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5.4.1. Two Component Vaccine: Multiple Antigen Glycopeptide (MAG)—In
1988, Tam and coworkers described a new method for assembly of immunogenic peptide
antigen, referred to as multiple antigen peptide, in which high density of peptide epitopes
were attached to the amino groups in oligomeric branched polylysine.[243] This concept was
extended by Lo-man and coworkers to overcome the low immunogenicity of Tn antigen.
They prepared the first MAG construct B4-T4-M (also known as MAG:Tn-PV, Figure 17), a
tetrameric structure composed of four copies of Tn and a mouse Th cell peptide epitope
derived from poliovirus (PV).[244 Mice immunized with MAG:Tn-PV in the presence of
alum as the adjuvant generated high IgG titers. T cell stimulation was enhanced by 1000
times with MAG:Tn-PV, suggesting that the incorporation of Tn in the construct
dramatically increased the binding of PV peptide by MHC class Il molecules. To further
improve the immune responses, trimeric Tn cluster was introduced into the MAG (Figure
17).1145] |mmunization with the resulting MAG:Tn3-PV induced higher antibody titers (by
several hundred thousand) and longer-lasting responses than MAG:Tn-PV.[145] The
antibody titers remained stable even five months after the final immunization, and the
antisera showed strong reactivity against Jurkat and TA3/Ha cells. The capability of
MAG:Tn3-PV immunization to protect mouse from the highly tumorigenic TA3/Ha
adenocarcinoma was tested first in the prophylactic setting. The mice were immunized with
the MAG:Tn3-PV construct, which was followed by injection of TA3/Ha cells. While all the
untreated mice died from the cancer within 30 days, 80% of the animals vaccinated with
MAG:Tn3-PV survived. The control construct MAP:PV without the Tn antigens only
protected 10% mice from tumor induced death, thus highlighting the importance of TACA
targeting. The efficacy of the vaccine construct was further tested in a therapeutic model
against pre-established cancer. TA3/Ha cells were injected into mice first to allow for tumor
growth. If left untreated, all mice died within 25 days. In contrast, close to 40% mice
receiving the MAG:Tn3-PV survived after 100 days.

Inspired by these results, the authors further investigated the effect of amino acid sequence
of the backbone of Tn cluster on the immune response.[248] The glycocluster of three o-
GalNAc on the Ser-Thr-Thr tripeptide backbone sequence with each amino acid residue was
found to be most antigenic and the immune responses were much stronger than the
corresponding Tn(c)-KLH conjugate. The MAG:Tn3 construct was able to induce anti-Tn
IgG antibodies not only in mice but also in two nonhuman primate species. The antisera
were able to induce CDC or ADCC against human tumor cells, thus opening the way for a
new generation of anticancer vaccine design based on fully synthetic glycopeptides.

Recently, Freire et al reported that even in the absence of an adjuvant, mice intradermally
immunized with MAG:Tn3-PV generated high titers of IgG1.1147] As some skin residing
DCs have galactose-type lectin (MGL; CD301) receptors, the Tn modified glycopeptide
MAG:Tn3-PV was much more efficiently captured and presented to Th cells by the MGL+
DCs than the non-glycosylated conjugates. This study helped to explain the earlier
observation that the presence of Tn in MAG:Tn3-PV increased Th cell simulation by 1000
times.[144] Although the recognition of Tn antigen by MGL is known, this study showed for
the first time that Tn antigen could play dual roles: tumor associate antigen and ligand for
MGL. Hence, Tn clusters can not only strengthen the immune responses, but also enhance
the uptake and presentation of vaccine constructs.

5.4.2. Self-adjuvanting multiple component vaccine—Although great progress has
been made for two component vaccines, adjuvants are still needed to boost immune
responses in many cases. Of the adjuvants currently available, only aluminum salts (alum) is
approved for human usage and others such as Freund’s adjuvant can cause severe side
effects. To address this issue, the fully synthetic self-adjuvant multiple component vaccines
are pursued.

J Carbohydr Chem. Author manuscript; available in PMC 2013 February 28.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Yin and Huang

Page 14

The pioneering research by Deres et al showed that synthetic viral peptides covalently
linked to tripalmitoyl-S-glycerylcysteinyl-seryl-serine (Pam3Cys), which was part of the
immunologically active N-terminal sequence of the principle lipoprotein of Escherichia coli,
also known as Braun’s lipoprotein, can efficiently prime influenza-virus-specific Tc cells in
vivo.[148] Later on, the first fully synthetic carbohydrate vaccine was described by Toyokuni
et al, who covalently linked a Tn dimer to PamsCys (Figure 18a).l14%] Mice immunized with
this vaccine construct showed significant IgM but low 1gG response. This study showed for
the first time that a short synthetic glycolipid could elicit specific immune response against
TACAs without exogenous adjuvant and carrier protein.

Instead of the Tn antigen, Lloyd, Danishefsky and coworkers synthesized the monomeric
LeY and various trimetric LeY cluster (LeY(C)) and conjugated them to peptide-Pam3Cys, to
examine the effects of epitope clustering, carrier structure, and adjuvant on antibody
production (Figure 18b).[16] In the absence of adjuvant, all the glyco-lipopeptide gave IgM
only, with clustered-epitope constructs more superior than monomeric one. A significant but
low titer of 1gG was elicited in the presence of QS-21 adjuvant. The antibodies reacted
strongly with LeY-positive ovarian cancer cell line OVCAR-3.

Recently, the Guo group reported that conjugating the adjuvant monophosphoryl lipid A
(MPLA) with the N-phenylacetyl analog of GM3 (Figure 18c). Interestingly, although this
construct lacks a peptide Th epitope, robust 1gG3 antibody responses were observed, which
reacted strongly with glycoengineered SKMEL-28 cancer cells.[!50] The addition of an
external adjuvant, i.e., Titermax Gold, greatly reduced the immunological activity of the
conjugates possibly due to the interaction between MLPA and Titermax Gold.

To further boost the immune responses, Boons and coworkers introduced a three component
vaccine construct, which is composed of the lipopeptide adjuvant Pam3Cys, the B cell
epitope Tn antigen, and the YAF peptide (Figure 19a).[151] The YAF peptide, derived from
an outer-membrane protein of Neisseria meningitides, has been identified as a human MCH
class Il ligand, thus serving as a Th epitope. Mice immunized with the glycolipopeptide with
QS21 as the adjuvant generated modest IgM and 1gG antibodies against the Tn antigen. In a
subsequent study, the three component construct was improved by substituting the human
Th epitope YAF peptide with the mouse Th epitope derived from the PV. For the B cell
epitope, instead of just the Tn antigen, Tn containing glycopeptide MUC1 was incorporated.
Two variations of the Pam3Cys, i.e., Pam,CysSK, or Pam3CysSK, were used as the built-in
adjuvant (Figure 19b).[152] Mice immunized with the three component Pam3sCysSK,
glycopeptide elicited exceptionally higher titers (several hundred thousands) of anti-MUC1
IgG antibodies, which displayed strong recognition of MUC1 expressing tumor cells
(MCF-7). Importantly, the antibody titer against the Th peptide was much lower compared
to that towards MUC1, suggesting the humoral response elicited was focused against the
desired epitope. The immune response was further boosted with the co-administration of an
exogenous adjuvant QS-21 with the tri-component vaccine construct.

It was shown that the covalent conjugation of Pam3CysSK, to glycopeptide is crucial for
excellent antibody response because mixing the Pam3CysSK, and glycopeptide gave little
antibodies. However, this finding perhaps was not unexpected since the glycopeptide could
not insert into liposomes and form the multivalent constructs for B cell activation.
Therefore, in another study, the authors synthesized the same glycopeptide linked with an
immunosilent lipid anchor to further examine the effect of formulation on immune
responses.[153] When co-administrated with Pam3CysSK4 or MPLA, similar 1gG titers were
observed compared to PamsCysSK, linked glycopeptide. However, the abilities of the
antisera to react with cancer cells were impaired. Covalent linkage of the Th epitope with
the B cell epitope was found to be essential for high immune responses. This is consistent
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with the notion that potent B cell activation requires the stimulation by matched Th cells as
discussed in section 3.

Instead of relying on lipopeptides as the built-in adjuvant, Sucheck and coworkers explored
the possibility of using pre-existing antibodies to boost the immuno-recognition of TACA
constructs. They synthesized a novel three component vaccine (Rha-YAF-Tn) containing the
B cell epitope Tn antigen, Th epitope YAF peptide, and a rhamnose moiety (Figure
19c¢).[1541 Human serum has been reported to contain large amounts of naturally occurring
anti-Rha antibodies. To mimic this condition, mice were immunized first with a Rha-OVA
conjugate to induce high titers of anti-Rha antibodies in mice, which generated >100 fold
higher anti-Rha antibodies than the control group. The mice producing anti-Rha antibodies
were then administered the three component Rha-YAF-Tn construct. The anti-Rha
antibodies would recognize the Rha-YAF-Tn, thus enhancing the recognition of the
construct as well as antigen processing and presentation by APCs. ELISA results showed
that mice pre-immunized with Rha-OV A generated higher anti-Tn titers relative to those
without pre-immunization. T cells in the presence of anti-Rha antibodies could be activated
with much lower concentration of Rha-YAF-Tn, thus demonstrating the immuno-
recognition of the Tn construct was enhanced.

Kunz and coworkers recently reported a fully synthetic vaccine consisting of the TLR2
ligand Pam3CysK4 and the 20 amino acid tandem repeat domain of MUC1 bearing Tn or TF
antigens at various positions.[1>5] However, the authors did not show the self-adjuvanting
ability of the vaccine construct. Instead, the vaccine was co-administered with the Freund’s
adjuvant to mice. MUC1 specific antibodies were elicited, but the titers were not as high as
those from the corresponding MUC1-TT conjugates. This was perhaps due to the lack of
additional Th epitopes in the construct.

Payne and coworkers reported the synthesis of a series of lipoglycopeptides containing
Pam3CysSer as the built-in adjuvant, MUC1 tandem repeating domains glycosylated with
either Tn or TF with (three component construct) or without (two component construct) a Th
epitope (Figure 20).[156.157] The corresponding lipopeptides without glycosylation in the
MUC1 were prepared for comparison. Full glycosylation of MUC1 greatly reduced the
responses against the two component vaccines in mice, which may be due to the diminished
Th response from the glycosylated MUC1 peptide. The tri-component construct gave much
higher antibody titers than the corresponding di-component one, confirming the importance
of Th epitope incorporation. Glycosylation of the lipopeptides has great effects on
specificity of the humoral response. Mice immunized with the TF substituted
lipoglycopeptide elicited significant 1gG antibodies while the one substituted with Tn
generated lower 1gG response. The serum from the unglycosylated three component vaccine
showed significant recognition to MCF-7 (47.6%) and the fully glycosylated ones exhibited
lower binding (22.1%-34.1%). Importantly, the antisera from the three component vaccines
did not bind to MUC1 isolated from normal human breast milk, presumably due to the more
extensive glycosylation on MUC1 isolated from normal tissues. This suggests that the
antibodies raised were selective against tumor.

Building on the success of three component vaccine, Dumy, BenMohamed and coworkers
extended it to four components incorporating an additional peptide epitope for Tc
cells.[158.159] As jllustrated in Figure 21, the vaccine construct OVA-GLP included: 1) a
cluster of GalNAc as B cell epitope linked to a functionalized template RAFT, which is a
cyclic decapeptide consisting of lysine (K), proline (P), glycine (G) and alanine (A); 2) one
universal Th helper epitope known as PADRE (Pan HLA DR-binding Epitope). PADRE is a
synthetic, non-natural peptide that binds to 15 of the 16 most common types of MHC class Il
molecules HLA-DR in human as well as those in mice. It can help overcome the extreme
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polymorphism of HLR-DR encountered in the human population; 3) one Tc epitope
OVA(257-264), a peptide from chicken egg ovalbumin recognized by MHC class I in mice;
4) one palmitic acid moiety serving as a built-in adjuvant. The resulting construct is water-
soluble, which enabled in vivo delivery in adjuvant-free saline. Upon administration in mice,
significant levels of 1gG and IgM specific to the four component construct were elicited,
which were able to recognize the Tn-antigen expressing human breast tumor cells MCF-7.
The palmitic acid was shown to be crucial for antibody production. The vaccine also
generated strong PADRE-specific Th cells and OVA(257-264) specific Tc cell responses.
Importantly, in a therapeutic setting using the MO5/BALB/c tumor mouse model, the
vaccinated group achieved 100% host survival 45 days after tumor challenge, while all the
mice died in the control group with mock treatment.

In another study,[269] instead of the OVA antigen, the authors used human tumor specific Tc
epitope HER-2 and two vaccine constructs were designed with palmitic acid attached either
at the N-terminal (linear HER-GLP, Figure 21) or between the Th and Tc cell epitopes
(branch HER-GLP, Figure 21). Immunization of mice showed that the linear HER-GLP
elicited more potent HER specific IFN-y producing Tc cell responses, while the branched
HER-GLP generated a stronger tumor-specific 1gG response. It was supposed that the
position of the lipid moiety greatly affected the uptake and cross-presentation pathway
resulting in the modulation of the magnitude of induced B and T-cell responses. Therapeutic
immunization with the linear HER-GLP was more effective in reducing tumor progression
as compared to the branched HER-GLP. Interestingly, the combination of branched HER-
GLP and linear HER-GLP led to higher tumor therapeutic efficiencies than individual ones.

The excellent immune responses produced by the fully synthetic multi-component vaccine
constructs demonstrated great promises for this approach. As it does not have any
unnecessary antigenic components, the immune responses can be focused on the desired
TACA epitopes. The TLR ligands present in the construct can facilitate the uptake by APCs
and assist the full activation of APCs. However, the broad applicability of this approach to
other TACAs will still need to be established as the Tn antigen has been the primary focus
so far. The synthetic construct often contains only one Th epitope. As human MHC class |1
molecules are highly polymorphic, multiple Th epitopes may be required in a construct to
elicit a powerful response. In addition, with more and more components built into the
constructs, sophisticated synthetic methodologies will need to be developed to access these
increasingly complex molecules.

6. Conclusions

Great progress has been made in the past decades for carbohydrate based anti-cancer vaccine
development. Many of the studies have examined the antibody titers and subtypes generated,
which yield useful information on the type and strength of the immune responses. However,
to advance the field further, the efficacy of the constructs in tumor protection and treatment
should be established. Moreover, immune responses encompassing both the humoral arm
and the cellular arm especially the Tc cell activation will be highly desired to combat cancer.
More studies are necessary to understand how to create a powerful antigenic construct to
elicit an effective multi-faceted response. With the collective efforts from chemists and
immunologists, perhaps in the near future, we will see TACA-based anti-cancer vaccines in
clinical use for cancer prevention and treatment.
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b) B cell epitope

Th cell epitope
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High Affinity 1gG Cytokines

Figure 2.
Activation of the B cells through crosslinking of the B cell receptors secrets a) IgM in the
absence of Th cell binding and b) 1gG in the presence of Th cell binding.
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a) Structure of RGYg-6H-Gal, and ASNg-6H-Gal,. The peptide sequence RGYVYQGL is a
H-2KP Tc epitope from vesicular stomatitis virus and ASNENMETM is a H-2DP Tc
epitope; b) Co-crystal structure of RGYg-6H-Gal, and H-2KP. The carbohydrate moiety of
the glycopeptide points out of MHC groove and dominates the TCR binding sitel> (Reprint
with permission from Elsevier)
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Figure 4.
GD3 can form various lactones under acidic conditions.
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Figure 5.
GM3 lactam analog synthesized by Magnusson and coworkers
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Figure 6.
Hydroxylation of CMP-Neu5Ac produces CMP-Neu5Gc.
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RO _OH )J\N\/NHZ

a) C-linked STn synthesized by the Linhardt group; b) S-linked GM2 and GM3 prepared by
Bundle and coworkers; c) Structures of fluorinated STn analogs that elicited high immune

responses synthesized by the Ye group.
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Figure 9.
Structures of various KLH conjugates containing unnatural sialic acids.
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Structures of KH-1-KLH conjugates with different linkers
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Figure 13.
A unimolecular pentavalent vaccine construct
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Figure 14.
Functionalization of a VLP CPMV bearing Tn antigen.
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Figure 15.
Chemical structures of the repeating units of several ZPSs.
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Figure 16.
Structure of the GalNAc-PS Al vaccine construct
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Figure 17.

Structures of MAG:Tn-Pv and MAG:Tn3-PV
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Figure 18.
Chemical structures of several self-adjuvanting vaccine constructs
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Figure 19.

Structures of self-adjuvanting three component vaccines from the Boons and Sucheck

groups.
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Payne’s multi-component self-adjuvanting vaccine constructs
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Figure 21.

Four component vaccine constructs by Dumy and coworkers. dA: L-alanine; Cha:
cyclohexyl alanine; Ahx: L-2-aminohexanoic acid.
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Table 1

Major TACAs Identified in Cancer Tissues

Cancer Type Tumor Antigens
Melanoma GM2, GM3, GD2
Neuroblastoma GM2, GD2, polysialic acid
Sarcoma GM2, GD2, GD3

B cell lymphoma | GM2, GD2

Small-cell lung

Breast
Prostate
Lung
Colon
Ovary

Stomach

GM2, fucosyl-GM1, polysialic acid, Globo H
GM2, Globo H, TF(c), Tn(c), LeY

GM2, Globo H, Tn(c), TF(c), STn(c), LeY
GM2, Globo H, LeY

GM2, Tn, STn(c), TF(c), LeY

GM2, Globo H, STn(c), TF(c), LeY

GM2, LeY, Le?, SLe?
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