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High-affinity binding of antibodies provides for increased
specificity and usually higher effector functions in vivo. This
goal, well documented in cancer immunotherapy, is very
relevant to vaccines as well, and has particularly significant
application toward glycan antigens. The inability to elicit high-
affinity antibodies has limited potential applications of glycan-
based immunogens, giving rise to insufficient population
coverage due to low titers and short duration of protection. That
such vaccines have achieved widespread use in spite of these
shortcomings highlights the surpassing importance of glycans
as prophylactic immunological targets. New advances in the
combination of synthetic chemistry, bioconjugation, and
mechanistic immunology offer the possibility to vastly expand
the number of potential molecular targets in cancer and
infectious diseases by opening a wider world of carbohydrate
structures to immunological recognition and high-affinity
response.
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Introduction

A series of papers by N.A. Mitchison in the Ewropean
Journal of Immunology in 1971 first dissected the recognition
of haptens and developed the principle of hapten-carrier
immunogenicity to elicit specific antibodies against non-
natural small molecules [1-5]. According to this design, the
hapten represents the antibody epitope and is attached to a
carrier protein that is seen by helper T cells to provide
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bystander maturation and mutagenesis to the hapten-spe-
cific B cells. This scheme also highlights the key inherent
limitation of glycan haptens: their inability to bind to MHC
class IT molecules and elicit specific T helper responses.

From the perspective of structural diversity, uniqueness,
and disease relevance, glycans have long been recognized
as excellent potential antigens for the development of
anti-cancer and anti-infectious vaccines. Many cancer
cells re-express unique surface glycans, while microbes,
including pathogenic fungi and bacteria, are covered with
glycans not found in eukaryotic cells [6]. An effective
tetravalent anti-Streptococcus pneumoniae (SP) vaccine was
first developed in 1945 using purified polysaccharides [7],
but it was subsequently rarely used. More than 25 years
were required to see the deployment of a 14-valent and
then a 23-valent version of this vaccine (PneumoVax),
which has significantly impacted the prevalence of pneu-
monia and meningitis caused by this microbe.

Shortly thereafter came polysaccharide-based vaccines
against Haemophilus influenzae type B (HiB, 1977), Neisseria
meningitidis (NM, 1981), and Sa/monella typhi, the agent of
typhoid fever (ST, 1994). In all cases, effectiveness was
shown in adults but not young children or the elderly, and
protection was achieved typically for periods of only two
or three years. Mitchison’s ‘conjugate vaccine’ concept
was then employed to develop the next generation of
these vaccines, for HiB in 1987 [8], SP in 2000 [9], ST in
2001 [10], and NM in 2005 [11]. (For the purposes of this
discussion, we define ‘conjugate vaccines’ as those in
which the desired antigenic molecule, or collection of
molecules, is attached to a ‘carrier,” usually a protein.)
The translation of basic science to the commercial stage
of these vaccines took 20-30 years: if we want to see a
third generation of glycan-targeting vaccines, the sooner
we implement changes, the better.

Why should changes be introduced for vaccines that have
shown strong efficacy and led to a very efficient control of
the diseases they target? The medical and financial
(~%4.0 billion in annual sales) success of the two main
commercial glycan-based streptococcal vaccines should
not hide their shortcomings. As with the landmark vac-
cines mentioned above, the ability of Prevnar and Pneu-
moVax to protect the very young, the old, and the
immunocompromised is marginal, and the duration of
protection very limited, often not exceeding 2-3 years,
especially for some of the serotypes [12]. The same type

www.sciencedirect.com

Current Opinion in Immunology 2019, 59:65-71


mailto:lteyton@scripps.edu
http://www.sciencedirect.com/science/journal/09527915/59
https://doi.org/10.1016/j.coi.2019.05.010
https://doi.org/10.1016/j.coi.2019.03.004
http://crossmark.crossref.org/dialog/?doi=10.1016/j.coi.2019.03.004&domain=pdf
http://www.sciencedirect.com/science/journal/09527915

66 Vaccines

of polysaccharide-based approach has repeatedly failed to
produce vaccines against microbes such as Staphylococcus
aureus, one of the most important emerging antibiotic-
resistant pathogens [13]. An analysis of these shortcom-
ings of current conjugate vaccines identifies affinity
maturation of antibodies as the primary issue. While
current approaches promote some cell-cell interactions
supportive of affinity maturation, bystander CD4 T cell
help is usually suboptimal as it targets primarily anti-
protein B cells and not the rare anti-glycan B cell. Effi-
cient B cell maturation and productive mutagenesis
require intimate CD4 T cell-B cell interactions, of which
CD40-CD40 ligand pair association is the most important
[14], along with a high local concentration of cytokines
such as ILL-4 and IL.-13. In this context, the limitations of
bystander T cell help to B cells include the production of
low-affinity to medium-affinity antibodies and very little
expansion of the memory B cell compartment. Conse-
quently, these vaccines have short duration, and high-
affinity anti-glycan antibodies against SP, NM, ST, and
HiB have never been isolated. However, the clinical and
commercial success of these vaccines, and the heavy
investment that vaccine development requires, have
stopped most R&D on conjugate vaccines.

We discuss here the potential for new approaches aimed
at increasing the T cell dependence of the anti-glycan
response in order to promote the production of high-
affinity antibodies. We regard this as the best route to
the development of a third generation of anti-glycan
based vaccines that will open a far larger range of
disease-relevant molecular targets to the power of the
prophylactic immune response.

The fundamental issue: no MHC class Il
binding for glycans

Apart from reports involving zwitterionic polysaccharides,
there is to date no example of glycans binding to MHC
class IT molecules [15], making this class of molecules T
cell-independent and not capable of driving directly the
generation of high-affinity antibodies. However, the
immune system is very well suited to recognize glycans,
especially those repetitively displayed as on the surfaces
of bacteria, capsular polysaccharides being the best exam-
ple. This function is assigned to lectins and [gMs. Lectin
recognition is usually of low affinity, unless part of the
adjacent protein displaying the sugar is also part of the
epitope [16]; nevertheless, the interactions are sufficient
for microbe uptake and destruction. IgMs, the first effec-
tor molecules of adaptive immunity, use multivalency to
compensate for the low affinity and low specificity of
binding to individual glycans. This enables fast sampling
(off-rates) of non-optimal recognition events, and makes
IgMs the most efficient innate defense system in the
mammalian arsenal. For instance, the hyper-IgM syn-
drome, in which patients have mutations that preclude
immunoglobulin switch, is rarely revealed by a severe

bacterial infection but rather by pulmonary infections
with an unusual fungus, Preumocystis carinii, also encoun-
tered in AIDS patients [17].

In addition to their essential role in protecting us from
pathological microbes, IgMs display glycan specificity in
three other contexts. The first is the rapid emergence
after birth of anti-blood group antibodies directed at the A
and B glycans of red blood cells. Titers are usually low,
the switch to IgG not efficient, and the sequences of both
heavy and light chains show few mutations from germline
[18]. Secondly, all of us produce large quantities of anti-
bodies against the aGal epitope (Galal-3GalB1-4
GlcNAc), a motif recognized as foreign because of the
loss of a1-3-galactosyl transferase function in humans and
OIld World apes [19]. Surprisingly, these antibodies
become problematic only in instances where a massive
immunogenic challenge is applied, as for blood group
incompatibility during transfusion or antibody transfer to
the newborn in multiparous women, or xenogenic organ
transplantation. A third example of anti-glycan IgM effect
is in the pathological context of Guillain-Barré syndrome,
in which the recognition of the ganglioside-like sugar
moiety of the Campylobacter jejuni polysaccharide leads to
immunological attack of axons [20].

From a molecular perspective, these examples illustrate
that the adaptive immune system is fully equipped to
detect a range of glycans. So, the essential problem in the
robust and general production of high-affinity anti-glycan
antibodies is to provide B cells sufficient help to undergo
full maturation and somatic mutagenesis. In an ideal and
most efficient scenario, to recruit help, B cells recognize
the antigen through their idiotypic receptors and inter-
nalize it upon recognition to produce a series of antigen-
derived peptides. These peptides bind to MHC class 11
and are then presented at high density at the surface of
that same B cell to CD4 T helper cells. As B cell survival
and proliferation in the germinal center is proportional to
the amount of peptide they can present to cognate CD4 T
cells, the probability of generating a high-affinity anti-
glycan clone is dependent on the efficient execution of all
the steps leading to peptide presentation. This series of
steps are governed by some simple principles that are not
optimally fulfilled by current conjugate vaccines, as
discussed below.

A practical issue for conjugate vaccines:
natural glycans

The manufacturing of conjugate vaccines remains a diffi-
cult exercise. Because the glycans used in these vaccines
are from natural sources, each of the pathogens targeted
by the vaccine must be cultured in very large quantities.
T'hen, polysaccharides have to be purified and coupled to
a carrier protein. In addition to the obvious difficulties of
handling large quantities of hazardous organisms, even
the best-established protocols for the purification of
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microbial glycans leave immunogenic contaminants in
varying quantities. Furthermore, traditional methods of
coupling of the complex sugars to the carrier do not
control for the sites of coupling, their heterogeneity,
and the accessibility of the glycan epitope after coupling;
consequently, antigen amounts and quality are not well
quantified. It is very difficult to implement good quality
control procedures in this process [21°]. As a resul, it is
certain that each sugar is presented in multiple different
ways, and that significant variability exists between
batches. These problems are especially important for
complex vaccines in which many glycan epitopes are
targeted.

We believe that the reliance on natural polysaccharide
sources has resulted in more complex formulations than
necessary. In contrast to conformational epitopes of pro-
teins, the structural motifs encrypted in bacterial glycans
are reasonably simple and modular. The target polysac-
charides are very often composed of many repeats of short
oligosaccharides, which should be the focus of our atten-
tion. For example, the unique molecular signatures of the
13 polysaccharides targeted by Prevnar 13 can be
represented by six or seven disaccharides and trisacchar-
ides (Figure 1), vastly reducing the complexity of the
system. Thus, a trisaccharide motif, Gal-al,3-Glu-al,
3-Rha, uniquely identifies serotypes 6A and 6B, and only
disaccharides are required to distinguish serotypes 6A,
6B, 18C, and 19A (Glu-a1,3-Rha) from serotypes 18C and
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23F (Glu-B1,4-Gal-P-glycerol). The successful develop-
ment of vaccines using such simplified glycan antigens
requires us to demonstrate serotype specificity, which will
be greatly aided by driving maturation against them to
achieve high-affinity antibodies.

"This reductionist strategy both requires and makes prac-
tical the production of target glycans by synthetic chem-
istry. The synthesis of complex carbohydrates remains
challenging, and is largely impossible for polysaccharides.
However, without minimizing the level of sophistication
required, it is fair to say that most carbohydrates of four
sugars or fewer are accessible with full control of stereo-
chemistry by competent practitioners using current meth-
ods. Synthetic sugars offer absolute control of linker
design and of overall purity, characterized by high-
resolution mass spectrometry and nuclear magnetic reso-
nance. As shown in the example presented in Figure 1,
this approach has been successful in our hands for several
glycans in the family of SP capsular antigens and we have
now managed to reduce the complexity of the sugar from
tetrasaccharide to disaccharide (Figure 1) [22°]. Further-
more, it has been shown by others that synthetic glycan-
based conjugates can be co-formulated with existing
commercial vaccines, expanding their coverage [23°].

A neglected component: carrier design
A variety of carrier proteins have been employed in
conjugate vaccine design, with the most popular being
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(a) Schematic representation of the 13 serotypes of Streptococcus pneumoniae retained in Prevnar 13. This cartoon illustrates some of the redundant
motifs that are shared by multiple serotypes, for example, terminal disaccharide of 6A and 6B, or 19A and 19F. (b—c) A tetrasaccharide and a
disaccharide unit from the serotype 3 of Streptococcus pneumoniae were compared head to head in mouse vaccination. Serum titers after two
injections (day 0 and day 56) were nearly identical between the two forms of the glycan, and specificity of the anti-disaccharide sera was perfect ((c)
tested on a glycan microarray of 312 microbial sugars), indicating that affinity and specificity were kept when using a minimal glycan unit.
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inactivated recombinant diptheria toxin (CRM197),
recombinant tetanus toxoid, keyhole limpet hemocyanin,
bovine serum albumin, and several types of virus-like
particles; only the toxoids have so far reached the clinic
[24]. While many labs have their favorites, all are chosen
for their apparent immunogenicity and are rarely com-
pared head-to-head, nor are design features often
explored to optimize the immune response.

Consider, for example, the widely used CRM197. It
suffers from being large (535 amino acids) and containing
no less than 40 primary amines, most of which are likely to
be addressed in coupling reactions to attach the antigen of
interest [25]. The resulting highly heterogeneous con-
jugates are unlikely to produce a focused and optimized
immune response. To circumvent this issue, we have
employed the self-assembled virus-like particle derived
from the 132-amino-acid QP phage capsid protein
[22°,26]. When recombinantly expressed, 180 copies of
this protein assemble in high yields into 30-nm diameter
icosahedral particles. Such carriers have many advantages:
optimal size for lymphatic transport and dendritic cell
uptake, high stability toward chemical modification and
extended storage, tailorable amino acid sequences to
introduce unique conjugation sites (including unnatural
amino acids) and peptide insertions and extensions, and
casy GMP-level production in large quantities [27].

We have taken advantage of the availability of synthetic
glycan epitopes bearing different linkages to explore the
effects of different attachment chemistries and linker
lengths on the immune response of QB-based glycan immu-
nogens. The ligation chemistry determines to a large degree
the specificity of the positions on the carrier protein to which
glycans are appended. The standard approach is crosslinking
to lysine -NH, groups with activated acyl linkers. In this
case, the attachment site can be rendered homogeneous by
mutating away all lysines but one. The use of other methods
allows the investigator to achieve site-specific functionaliza-
tion, such as by introducing an artificial cysteine or unnatural
amino acid at a chosen position. The latter approach also
provides the minimum possible length for the linkage
between peptide and sugar, other than that provided by
enzymatic O-glycosylation or N-glycosylation. We believe
short linkers to be important for the recognition of glycopep-
tides by CD4 T cells toincrease T cell help. Other than chain
length, ‘natural’ connectivity is not required to present a
glycan moiety in such a way as to achieve a strong anti-glycan
immune response [28], showing that nature has not chosen to
be very sensitive to the molecular nature of the connection.
Another important parameter is the display valency: how
many copies of the desired antigen are attached to the
display platform. We have observed optimal ranges that
provide a sufficient concentration of the relevant glycopep-
tide while avoiding inhibition of B cell maturation which
otherwise favors IgM and T-independent isotypes like
natural polysaccharides do [22°].

A successful combination of these features has been
realized in our approach to anti-SP3 and anti-SP14 vac-
cines. These are composed of synthetic tetrasaccharide
antigens, attached by a short linker to at least half of
180 identical peptide sites that are repeated on the
surface of a virus-like particle. Alternatives in each of
the display parameters resulted in diminished perfor-
mance, whereas the optimized design gave a well-
characterized immunogen seen by both B and T cells,
and supporting a strong expansion of T follicular helper
cells to provide high-affinity [gG molecules, an outcome
not reported for any other strategy [22°]. Most critical
appears to be focusing the immune response on a single
glycopeptide, allowing for consistent presentation of the
epitope in sufficient amounts over sufficient time. We
note, for example, that increased antigen dosage has been
shown to be sufficient in elderly people to improve flu
vaccine protection [29], and that similar results have been
reported for SP vaccination [9]. It also allows for co-
dependent optimization of the peptide sequence for
MHC binding, a parameter that we will turn to in future
studies. This approach, while highly focused on the
glycopeptide of interest with the objective to reduce
the complexity of the antigen, retains the carrier protein
and its ability to support additional T' cell help.

Adjuvants: a new frontier

When pathogens invade us, they provide a collection of
molecules that stimulate a series of innate ‘pattern
recognition’ receptors that are essential to initiate and
potentiate immune responses. For each microbe, a mini-
mum of two molecules with this type of ‘adjuvant’ prop-
erty is usually recognized: one surface molecule such as
lipopolysaccharide (ILPS) for Gram-negative bacteria and
peptidoglycan for Gram-positive bacteria, and one inter-
nal molecule, usually a component of the bacterial
genome. In all instances where natural primary infections
confer efficient protection against secondary challenges,
the adjuvant effect is strong. Inactivated or killed whole
microbial vaccines which have proven efficacious are all
based on this property. Thus, one is well advised to
include one or more adjuvants in subunit or conjugate
vaccine candidates; we believe this to be absolutely
required for glycan-focused targets [30]. However, regu-
latory approval of adjuvants has been slow due to their
frequent induction of side effects such as pain and sore-
ness at the site of injection, short duration flu-like symp-
toms, and mild headache.

Alum, the only currently approved adjuvant used for anti-
glycan vaccines, is unfortunately weak and biases the
immune response toward a ThZ phenotype, not the
Th1l polarization that would help B cells efficiently.
The addition of more sophisticated adjuvants to anti-
SP vaccines has been extensively explored but successful
reports are limited to some CpG DNA sequences capable
of engaging TLR9 [31]. For anti-SP formulations, we

Current Opinion in Immunology 2019, 59:65-71

www.sciencedirect.com



Figure 2

High-affinity anti-glycan antibodies Polonskaya et al. 69

Microbes

Physical properties

VAR RN

*  Repetitive units « Shape * Size

Chemical properties

VAR S

+ Adjuvant(s):
> DNA/RNA

Synthetic
Microbes

Physical properties: Chemical properties:
+ Size + Addressable surface

+  Shape groups:

*  Repetitive units > NH, chemistry

> ldentical to microbes. Click chemistry
Unnatural AA

Sortase ligation

v Vv

* Adjuvant
» Synthetic (inside or
outside)

+ Antigen
» Synthetic (outside
and minimal)

» Surface receptors/
opsonins
» Recombinant (outside)

Current Opinion in Immunology

Basic principles defining the concept of ‘synthetic microbes’ as the next generation of vaccines. The physical properties of microbes are directly
integrated in the design by using a VLP that is recombinant phage. The collection of chemical properties of real microbes is ‘copied’ for the
synthetic microbe by designing the subunit of the VLP to have multiple addressable surface groups, either natural (free NH2-of side chains), or
engineered (cysteines, unnatural amino acids, modifiable tags). Each of these groups is then used to couple the synthetic antigens and adjuvants,
as well as the recombinant proteins used to promote uptake by B cells and/or dendritic cells. The same platform can be configured for any type
of viral, fungal, or bacterial target, by simply changing the synthetic antigen. The model of the synthetic microbe was built with Chimera [37] using

the three-dimensional structure of QB (pdb 1QBE) [38].

have combined the effects of bacterial RNA packaged by
the recombinant QB virus-like particle with strong agon-
ism of NKT cells provided by a synthetic galactosyl
ceramide derivative [32], an adjuvant that has shown
efficacy in humans [33]. The NKT cell is the main
provider of IL4 at the initiation of B cell immune
responses [34°] and IFNw later, thereby contributing to
affinity maturation of the dendritic cell, recruitment of
CD4 T cells, and the direct cell contact-mediated help to
B cells. These functions are essential for high titers and
quality of anti-microbial antibodies.

The dream of a synthetic microbial vaccine

We contend that the consistent generation of high-affinity
anti-glycan antibodies, and, therefore, effective anti-
glycan vaccines, relies not on a dramatically new concept
but a series of small additive modifications: synthetic
short glycans, limited sites of attachment of the glycan
to polyvalent carriers, glycopeptides capable of MHC
binding and recognizable by CD4 T cells, more

efficacious adjuvants, and platforms with optimal uptake
and delivery to the draining lymph nodes. These
improvements combine to produce ‘synthetic microbes’
in terms of size, shape, repetitive antigenic display, and
presence of adjuvants, constructed with tools of synthetic
biology and chemistry (Figure 2). These components,
needed to drive protective immune responses, are all
tailorable to a wide variety of glycans or other types of
antigens. We nurture the hope that this approach repre-
sents a viable solution to outbreaks of new SP serotypes,
influenza, or other mutating pathogens.

High-affinity anti-glycan antibodies also offer significant
promise for the fields of diagnosis and passive immuno-
therapy. For example, serotype-specific reagents for SP,
§. aureus, and a variety of other pathogens do not currently
exist and would be extraordinarily useful, as would mono-
clonal anti-blood group antibodies usable for blood typ-
ing. Humanized high-affinity anti-glycan antibodies
would be immediately useful in acute infections not
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amenable to vaccination, and play a similar (but safer and
potentially more effective) role as some anti-sera have in
diphteria and tetanus. Even more importantly, anti-tumor
glycan antibodies could be used to arm CAR T cells in
solid tumors, as recently reported [35°]. In the field of
HIV and HIV vaccine, antibodies directed at the glycan
shield of the virus have been reported [36]; however,
because these glycans are normal mammalian N-linked
sugars, their targeting with high affinity antibodies
elicited by vaccination might be problematic.

Conclusions

We believe that methods are now available to develop a
new generation of anti-glycan-based vaccines and immu-
notherapies based on the ability to elicit high-affinity
anti-glycan antibodies. With renewed interest and aug-
mented capabilities, immunization against carbohydrate
antigens should finally be able to help the immunocom-
promised and the elderly, two patient populations that
have so far been poorly served by current glycan-focused
vaccines.
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