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Peptide-based synthetic vaccines

Mariusz Skwarczynski*® and Istvan Toth®*°

Classically all vaccines were produced using live or attenuated microorganisms or parts of them. However,
the use of whole organisms, their components or the biological process for vaccine production has several
weaknesses. The presence of immunologically redundant biological components or biological impurities in
such vaccines might cause major problems. All the disadvantageous of traditional vaccines might be
overcome via the development of fully synthetic peptide-based vaccines. However, once minimal
antigenic epitopes only are applied for immunisation, the immune responses are poor. The use of an

adjuvant can overcome this obstacle; however, it may raise new glitches. Here we briefly summarise the
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Accepted 14th December 2015 current stand on peptide-based vaccines, discuss epitope and adjuvant design, and multi-epitope and

nanoparticle-based vaccine approaches. This mini review discusses also the disadvantages and benefits

DOI: 10.1039/c55c03892h associated with peptide-based vaccines. It proposes possible methods to overcome the weaknesses of
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Introduction

Vaccination is among the most successful medical treatments
ever developed. This prophylaxis had a long journey through
history to become one of humanity's key achievements; from
early immunisation in China, centuries ago, through to Edward
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the synthetic vaccine strategy and suggests future directions for its development.

Jenner's works in the eighteenth century — when the word
“vaccination” was introduced for the first time - up to these
modern times when recombinant protein-based vaccines are
increasingly becoming popular. Despite the advances in the
field, classical vaccination using whole organisms is still
common. Whole pathogen immunisations usually produce long
lasting immunity; however, they are not without drawbacks. For
example, the safety of this form of vaccination is one of the
major concerns as it may cause autoimmune or strong allergic
responses. Interestingly, allergic shock is often related not to
the presence of pathogen itself but rather, it is caused by
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contamination from the medium on which microorganism was
grown (e.g. eggs, antibiotics). Attenuation or inactivation of
such vaccines might not be perfect and the pathogen may
return to its virulent state. One of the most prominent examples
of such vaccine defectiveness was the “Liibeck disaster”, when,
in 1930, 67 babies among the 249 vaccinated with tuberculosis
vaccine (BCG) died.' Shedding of the pathogen to the environ-
ment, during vaccine manufacture, is the other problem and
infections of staff during the production process have been also
reported.? Manufacturing difficulties of some pathogen (e.g
malaria sporozoites), poor vaccine stability and the need for
a “cold chain” are other significant disadvantages of classical
vaccines. Some of the vaccines cannot even use the whole cell
approach (e.g. cancer vaccines, due to tumour similarity to
healthy human cells). Subunit vaccines utilising only part of the
whole pathogen are more controllable and can be produced
without the use of the pathogen itself (e.g. recombinant
proteins). They are a very attractive alternative to the whole
pathogen approach and have become extensively popular in the
modern era. However, they are still not perfectly safe, and cause
side effects and production difficulties similar to whole path-
ogen strategies. For example whole protein-based approach was
largely abandoned in the case of the vaccine against Group A
Streptococcus which was targeting surface protein (M-protein) of
the bacteria due to potential protein-triggered autoimmunity.?
In addition to problems associated with protein purities (these
are normally produced using microorganisms), there are
common stability issues, large scale protein expression diffi-
culties, difficulties with the introduction of desired post-trans-
lational modification (e.g. glycosylation) into recombinant
proteins and poor or undesired immune responses (inflam-
mation, autoimmunity, etc.). Therefore, the use of only minimal
antigenic epitopes which can trigger the desired immune
responses appears to be the smart approach to develop safe
vaccines. The synthetic peptide-based vaccines may have such
a capacity. They may become the unique medication of the
future capable of delivering not only protection against diseases
but may turn into the therapeutic tool to treat them.

Vaccination and immunity

A vaccine, similar to a natural pathogen, at first, needs to be
recognised by an animal/human defence system as an “enemy”
to trigger a cascade of immune responses (Fig. 1). The innate
immune system serves as the first line of defence against
microbial aggressors or toxins (produced by them). It also
recognises pathogens/antigens as invaders and stimulates
adaptive immunity, triggering antibodies and cellular
responses. Antigen-presenting cells (APCs) such as dendritic
cells (DCs) or macrophages are able to recognise pathogen-
associated molecular patterns (PAMPSs) via pattern recognition
receptors (PRRs) such as toll-like receptors (TLRs). The PAMPs
are recognised before or during the endocytosis process of an
antigen by APCs. Once recognised, antigens are processed into
small molecules (usually peptides) and loaded on MHC-I or
MHC-II proteins.*®* MHC-II loaded with small antigen trigger
the activation of T-helper cells (CD4) which further activate
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cellular immunity (cytotoxic T-lymphocyte (CTL) responses)
and/or humoral immunity (neutralising and/or opsonic anti-
bodies production by B-cells). Antigens loaded on MHC-I
interact directly with CD8+ cells stimulating cellular responses.
Antigen can be recognised, processed and transported to lymph
nodes by peripheral APCs, or it may travel on its own to
lymphatic nodes and then be processed by lymph node resident
APCs. Lymph nodes are composed mostly of T-cells, B-cells, DCs
and macrophages, and one of the major sites for activation of
adaptive immunity.®

One of the important characteristics of immune responses is
the T-helper subtype activation and corresponding type-specific
cytokines release. Antigen loaded on MHC-II can activate both
Th1 and Th2-types helper cells. Th2 cells trigger mainly humoral
responses against extracellular pathogens, while Th1 cells acti-
vate cellular immunity against intracellular pathogen (viruses,
cancer). However, Th1 and Th2 are not strictly equal with cell-
mediated and humoral immunity, respectively.” For example, the
Th1 pathway may also stimulate modest levels of antibody-based
responses. Th1 cytokines tend to produce the pro-inflammatory
responses while Th2 is associated with the anti-inflammatory
responses. Imbalanced Th1/Th2 responses may cause immuno-
pathological complications such as tissue damage via extensive
inflammation or strong allergic responses.® Thus, a properly-
balanced Th1 and Th2 responses should be taken into account
during the vaccine development process.

Peptide-based vaccine

The use of only a minimal microbial component which is able to
stimulate long lasting protection against the pathogen is
becoming the tendency in vaccine development. Thus, fully
synthetic peptide-based vaccines are the potential future of
vaccination (Fig. 2). This type of vaccine may not replace the
recent trend in development of recombinant protein-based
vaccines in the near future; however, exciting development in
peptide-based immunogens is already occurring.

The key feature of peptide based vaccines are as follow:*">

(1) Peptide-based vaccines are produced almost exclusively
using chemical synthetic approaches. Peptide antigen can be
fully and precisely characterised as a chemical entity (analo-
gously to classical drugs).

(2) Production of peptides becomes simple, easily repro-
ducible, fast and cost-effective due to recent developments in
solid phase peptide synthesis (SPPS) using automatic synthes-
isers and application of microwave techniques.

(3) Chemical synthesis practically removes all the problems
associated with the biological contamination of the antigens.

(4) These vaccines are typically water-soluble, stable under
simple storage conditions (generally does not require “cold
chain”), can be freeze-dried, and their stability can be easily
assessed using standard physicochemical characterisation
methods.

(5) Peptides can be customised to target very specific objec-
tives. The immune responses can be directed against naturally
non-immunodominant epitopes. By the use of a multi-epitope
approach, single peptide-based vaccine can be designed to
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Fig. 1 Schematic representation of major pathways of immune response.

target several strains, different stages of life cycle or even
different pathogens.

(6) Peptide antigens are less likely to induce allergic or
autoimmune responses due to the lack of redundant elements.

Such an approach to vaccination is not free from challenges
to be overcome (Fig. 2). Peptides are very poor immunogens on
their own and need assistance of adjuvants (immune stimu-
lants) or at least a delivery system. They are very susceptible to
enzymatic degradation, significantly more than folded protein.
They are often not recognised equally by the whole outbred
population, such as humans. However, this weakness is also
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suffered, to some extent, by other subunit vaccines (including
recombinant protein-based vaccines).

Epitope design

The choice of an epitope is a crucial step in the design of
a peptide-based vaccine. Therefore, appropriate peptide epitopes
on the protein of interest at first need to be identified. These
epitopes should be able to induce strong, long-lasting humoral
and/or cellular immunity against the desired pathogen. However,
epitopes chosen for peptide vaccine design are not always the

This journal is © The Royal Society of Chemistry 2016
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immune dominant epitopes against which humans predomi-
nantly induce immune responses. For example, antibodies from
humans infected with hookworms recognize dominant epitope
on Necator americanus APR-1 protein but do not offer any
protection against hookworm." While other APR-1 epitope,
poorly recognized by human upon natural infection, showed
ability to induce production of neutralising antibodies. Therefore
the latter non-dominant epitope was suggested as a promising
candidate for peptide-based vaccine development.”® The selec-
tion of epitope also needs to take into account possible hyper-
sensitivity responses associated with some of the antigens.
Several IgE-inducing epitopes were reported to partially overlap
with IgG epitopes in the Na-ASP-2 protein from hookworm and
cause immediate-type hypersensitivity reactions after vaccination
in humans.™ Finally, the chosen epitope needs to be highly
conserved or a mixture of several epitopes will be required for
vaccine to cover variety of pathogen subtypes.

Most of B-cell epitopes required to induce the desired
humoral immunity have to maintain their native conformation

This journal is © The Royal Society of Chemistry 2016
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found in the protein. While the length of the minimum B-cell
epitopes may significantly vary and starts from as few as five
amino acids, they are incorporated into peptide-based vaccines
as significantly longer peptides to maintain their native
conformation which a short sequence could not adopt. Alter-
natively, to maintain proper conformation, short peptide
epitopes can be flanked with sequences inducing the desired
secondary structure (Fig. 3a). For example, Good and co-workers
used sequences derived from yeast GCN4 protein to promote
the desired conformation on the short peptides.”® This
sequence was used to flank the B-cell epitopes on its C and N-
terminus allowing them to form an o-helix. The antibodies
raised against the resultant peptide were able to recognize the
parent protein.

Stapled peptide is the other approach which allows the
adoption of the desired conformation to shorter peptides
(Fig. 3a). This strategy is based on introducing an “artificial”
chemical bond between distinct side chains of amino acids, not
only forcing the peptide to fold in the desired conformation but

Chem. Sci., 2016, 7, 842-854 | 845


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c5sc03892h

Open Access Article. Published on 17 december 2015. Downloaded on 14. 03. 2026 20:33:10.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Chemical Science

stapled

a) flanked cyclized M\ M

conjugation
(lipid, carbohydrate, etc.)

NI\

sequence modification (e.g. incorporation of D-amino acids)

acetylation, amidation

Fig. 3 Examples of an epitope modification to (a) stabilize confor-
mation (and improve stability against enzymatic degradation) and (b)
improve its stability in vivo.

also to protect peptides against proteolytic degradation. It is
important to notice that stapling the peptide should not alter
the epitope recognition site. For example, Walensky and co-
workers produced peptide-based antigens by stapling an
epitope derived from HIV-1 gp4l-protein which resulted in
stabilisation of its a-helical structure, improved proteolytic
stability, and its high affinity binding with neutralizing
antibodies.'®

Chemical modification of epitopes naturally requires
careful examination whenever the amendment of the struc-
ture does not alter the desired peptide immunological prop-
erties.””*® Thus one of the important advantages of peptide-
based vaccines is their ability to preferentially stimulate an
immune response against regions of the protein that are
critical for pathogen functions but are not very immunogenic
or easily accessible under normal conditions. Hodges and
coworkers demonstrated that a peptide-based, but not the
protein derived, vaccine was able to stimulate a high antibody
titer against a native receptor-binding domain of pilin
protein from Pseudomonas aeruginosa." Vaccine design based
on prediction of the secondary structure of peptide antigen
may fail to achieve desired efficacy by the forcing of peptide to
adopt the wrong conformation, especially when the
secondary structure of the protein antigen is not fully
confirmed.

In contrast, to induce cellular immunity, conformational
presentation of epitopes is not required. The CD8 epitope
needs to be presented to MHC I proteins, after the processing
of antigen, as a strictly defined linear sequence of eight to ten
amino acids. Therefore processing longer peptides into
shorter epitopes is crucial, but not the conformation of an
epitope. These properties of CD8 epitopes allow the relatively
easy computational prediction of the epitopes in the protein
sequence but unfortunately create other difficulties. Modifi-
cation of such epitopes toward conjugation into a delivery
system or improving their solubility may diminish their
immunogenicity. For example, when CD8 epitope from
human papillomavirus (HPV) E7 protein was modified on its
C-terminus, therapeutic antitumor potency of vaccine
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bearing the epitope was greatly reduced or even completely
diminished.*®

Human leukocyte antigen (HLA) genes encoding MHCs are
exceedingly diverse among humans causing the situation that
an epitope recognised by one MHC protein (and therefore one
human population) might not be recognised by another.
Therefore, knowledge on epitope recognition among the tar-
geted human population is an important factor in peptide
vaccine design. The additional difficulties in vaccine develop-
ment rise when model research animals recognise different
epitopes from the protein of interest than the majority of the
human population.

T-Helper cells play a crucial role to link innate and adap-
tive immunity (Fig. 1) and T-helper epitopes are crucial
components of peptide-based vaccine. While immune
responses without the presence of T-helper are possible, they
are weaker, uneven in heterogeneous population and memory
responses are impaired. T-helper can be both disease-specific
(derived from the protein of the targeted pathogen) and
universal, such as an artificial pan-DR helper T-lymphocyte
epitope (PADRE). This synthetic peptide was designed to bind
most of the human HLA-DR receptors, providing “universal”
immune stimulation in a heterogeneous population.** While
protein carrier can be also applied as a source of T-helper
epitopes, such carrier may induce undesirable immune
responses against itself. Thus, incorporation of universal T-
helper epitopes in peptide-based vaccine has become a very
successful approach since the discovery of these epitopes in
the early 1990s.>>?

PADRE is also a good example of epitope engineered toward
higher metabolic stability. The epitope includes p-alanine, r-
cyclo-hexylalanine and amino-caproic acid residues which
greatly improve its stability against enzymatic degradation.
There are also other methods to improve metabolic stability of
peptide antigens, including acetylation of their N-termini,
amidation of C-termini, modification of sequence or its
terminus fragments with unnatural amino acids or other
molecules (e.g. carbohydrates, lipids), epitope stapling and
peptide cyclisation (Fig. 3). For example, cyclization of epitopes
has become popular strategy in HIV vaccine development.>
Cyclisation of an epitope also restrains its three-dimensional
structure and therefore might be used for the assembly of
conformational epitopes. Development of consensus epitopes
by replacement of some amino acids in an epitope sequence
with amino acids presented in corresponding epitope from
different strain of the same pathogen, is another interesting
strategy for vaccine development. Following this approach,
higher antibody titers can be generated against the targeted
protein and, more importantly, those antibodies can recognize
both pathogen strains used in the design of this epitope.*
However, while modification of epitopes may be beneficial,
longer peptides still need to be processed to activate desired
immune responses.*® Recent research by Melief and co-workers
has shown that synthetic long peptides induced stronger T-cell
activation than the corresponding protein, and rapid antigen
processing in APCs was the key factor which allowed enhanced
cellular immune responses.”” Extensive modification of the

This journal is © The Royal Society of Chemistry 2016
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peptide epitopes may disrupt such processing resulting in poor
performance of vaccines bearing them.

Adjuvant and delivery systems

The terms adjuvant and delivery system are no longer mutually
exclusive in the field of vaccine development. Both adjuvants
and delivery systems can have the potential to stimulate an
immune response while simultaneously protecting the antigen
degradation and transporting it to the desired tissue. Further-
more, delivery systems are often described as self-adjuvanting
or containing a built-in adjuvant. To this end we define delivery
systems as technology to administer or transport vaccine
components, and adjuvants as agents with the clear ability to
enhance the immune response against the antigen of interest.
Generally an adjuvant is used in vaccine design as a substitute
for the natural “danger signal” that would usually be triggered
by infection. While whole pathogen-based vaccine usually have
their strong native danger signals, protein, and especially
peptide-based vaccines need the help of adjuvant for their
efficacy.

Currently there is a wide variety of experimental adjuvants
with proven efficacy in the induction of immune responses
against peptide.”® They are usually the agonists of TLRs,
proteins on surface of APCs which recognize PAMPs (Fig. 1);
however, the adjuvants following other recognition mecha-
nisms are also discovered.”” The choice of an adjuvant (or
delivery system) is the second major challenge in peptide
vaccine development, shortly after epitope selection.” There is
only one widely approved adjutant for human use—alum.
However, this adjuvant is a poor immune stimulant, with weak
adjuvanting potency for peptide antigens and shortage in ability
to stimulate cellular immunity.*® Conjugation of the peptide
epitope to protein carrier has been used to overcome this
problem. For example, the vaccine against Group A Strepto-
coccus which entered clinical trials in 2015 was constructed
based on the conjugation of a conserved B-cell epitope with
diphtheria toxin (DT) protein. DT protein served mainly as
a reservoir of T-helper epitopes but also allowed alum to effi-
ciently adjuvant the conjugate.* The presence of a conserved
epitope allowed induction of protective humoral immune
responses against multiple GAS strains.** A similar conserved-
antigen strategy was used to generate broad protection against
a wide range of Pseudomonas aeruginosa strains.*>

Other than alum, adjuvants such as squalene-based emul-
sions AF03, MF59 and AS03, as well as monophosphoryl lipid A-
containing AS04 have been also licensed for human application;
however, these licenses are country and disease specific.>® This
poor availability of adjuvant for human vaccine is related
mainly to the side effects associated with the use of immune
stimulants. For example, one of the most potent inducers of
humoral immunity, complete Freund's adjuvant (CFA), is too
toxic to use in humans. Even the safety of licenced adjuvant
squalene-based MF59 and AS03 came under fire after AS03 was
associated with childhood cases of narcolepsy.** Fortunately,
continuous development in this field is delivering several new
potentially safe adjuvants every year.** While some of these
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adjuvants are poorly defined bacterial component or large
molecules, some of them are relatively simple chemical
compounds (e.g. S-[2,3-bis(palmitoyloxy)propyl] cysteine, imi-
quimod, resiquimod, saponins, lipopolysaccharides, imidazo-
quinolines, polyuridylic acid (polyU)). The latter can be
produced using standard chemical approaches. Moreover, large
libraries of their derivatives can be synthesised toward identi-
fication of the most potent and safe analogues. Beside the
development of new ligand for APCs receptors, modification of
currently known “natural” adjuvants aiming to reduce their
toxicity is a promising approach. One such example is the
dephosphorylation of lipid A (TLR-4 ligand derived from
bacterial liposaccharide) which significantly reduced its
toxicity. The monophosphoryl lipid A in combination with
aluminum hydroxide (licensed as AS04) was approved in the
GSK human papillomavirus vaccine.

A variety of delivery systems have been used for peptide
vaccine development. Such systems should be able to protect
protease-sensitive epitope from degradation, and also co-deliver
some other vaccine components such as an adjuvant. Such co-
delivery can be very important, as the APCs which are taking up
peptide antigen, but not adjuvant at the same time, may induce
tolerance to the antigen. Moreover, the uptake of peptide
antigen and T-helper epitope by the same dendritic cell is also
required.*® A delivery system can form a depot at the site of
injection for prolonged antigen release, or alternatively, can
help the vaccine travel through the lymphatic system to reach
lymphatic nodes. It may target vaccine to APCs, for example, by
aiming mannose receptors presented on them or using
dendritic cell-targeting peptides®® to boost immune responses.
In such cases, the delivery system acts as an adjuvant or can be
defined as a self-adjuvanting delivery system.

The use of a delivery system is especially important for
vaccine administered by routes other than parenteral. The oral
delivery route is most favoured for drugs and vaccines. Such an
administration route is convenient, needle-free, economical,
and can be performed without the help of trained personnel.
However, it is also the most challenging pathway for peptide
vaccine delivery. In the gastrointestinal track (GT), the delivery
system needs to protect the vaccine against low pH in the
stomach, proteolytic enzymes, and bile salts. It should boost the
uptake of antigen by the residual immune cells, or at least help
the antigen to cross the epithelial membrane, before the vaccine
is digested or discharged from the body. Tolerance is other
major obstacle associated with oral administration which needs
to be overcome. The GT is intended to process nutrients rather
than to induce immune responses against it. Liposomes,
emulsion, virus-like particles and nanoparticles were widely
tested for oral vaccine delivery.*” Mucoadhesive polymers such
as chitosan are one of the most promising novel platforms for
oral delivery.

Delivery systems are usually physically entrapping the
vaccine components in/on the carrier. However, chemical
conjugation can be also applied to build more stable delivery
platform. For example, lipid core peptides (LCPs) were reported
to conjugate several different elements, including lipidic self-
adjuvanting moiety (TLR2 ligand), branching moiety for
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attachments of epitopes and targeting moieties (e.g. mannose)
and were shown to be able to induce strong cellular and
humoral immunity on their own, without the help of adjuvant
and other additives (Fig. 4a).*® Another system reported by Cai
and co-workers combined glycopeptide antigen, T-helper
epitope and lipopeptide with the help of thioether ligation
(Fig. 4b). The fabricated conjugate was able to elicit a high level
of tumour-specific antibodies.* A further interesting conjuga-
tion has been reported by Kunz and co-workers (Fig. 4c). In their
approach for vaccine development B-cell epitope, T-helper cell
epitope and lipid were combined together via polymerisation
reaction.” The most significant advantageous of all these
approaches was construction of vaccine candidates based on
single chemical entity. Such strategy should allow better control
on vaccine composition and stability, simpler physicochemical
characterization, and more easy regulatory approval.

Multi-epitope-based strategies

In nature, pathogens do not display just a single antigen to the
immune system; they are presenting multiple, different anti-
gens and each of them in multiple copies. Unsurprisingly, this
natural phenomenon was also adopted in peptide vaccine
development. Tam and co-workers demonstrated that multiple
antigenic peptide (MAP), a conjugate bearing multiple copies of
the same antigen, was able to induce significantly stronger
humoral immune responses than un-conjugated peptide
epitopes.** In the approach, branched lysines were used as the
template to which peptides were attached. Presentation of
multiple copies of peptide on such dendritic carriers was ex-
pected to protect the peptide from premature degradation and
enhanced its recognition by immune cells. The actual mecha-
nism explaining the increased potency of B-cell activation by
multimeric antigens over monomeric antigens has only recently
been revealed.”” Since Tam's early work, vast numbers of
vaccine candidates were designed using this approach. An
interesting example was reported by Kowalczyk et al.** In their
approach which used copper-catalysed azide-alkyne cycloaddi-
tion (CuAAC) reaction and lysine branching strategy, asym-
metrical dendrimer was produced creating multiple copies of
both peptide epitope and carbohydrate targeting APCs (Fig. 4d).

Incorporation of multiple epitopes into vaccine is even more
desirable than producing multiple copies of the single epitope.
The use of heterovalent vaccine should allow better coverage of
natural pathogen antigen diversity, better match the genetic
variability of the human immune system, reduce the risk of
pathogen escape due to immune pressure (mutational adoption
of pathogen similar to that against antibiotics) and may even
target several life stages of single or different pathogens. Thus,
a simple physical mixture of peptide antigens has been often
used for vaccine development. Such mixture-based therapeutic
vaccine against HPV has reached advanced clinical trials.**
However, the mixture does not assure delivery of the targeted
peptide epitopes, T-helper epitopes and adjuvants to the same
APCs, and therefore may impair immune responses. To evaluate
the importance of conjugation, Boersma and co-workers
immunized mice with B cell and T-helper epitopes either
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conjugated or as a physical mixture.*” Covalent linkage between
T-helper and B-cell epitopes was required to induce production
of epitope-specific antibodies able to recognize the parent
protein. Similarly, although generally not required, combina-
tion of the epitopes and adjuvant by chemical conjugation was
widely reported to increase strength of immune responses.***’
Delivery systems such as liposomes can be used for those
purpose*®* but chemical approaches using multiple conjuga-
tions are considered even more accurate to ensure the co-
delivery of the vaccine components. To produce such
constructs, several conjugation techniques can be applied,
including native chemical ligation,* maleimide-thiol group
reaction,®® thioether ligation,*> CuAAC reaction,*® oxime liga-
tion,” and hydrazone ligation between the aldehyde group and
hydrazine (NH,NH-) group.”* A variety of epitopes were
combined in one construct using polymerisation of multiple
epitopes derivatised with acryloyl chloride (Fig. 4e).>* Multiple
B-cell epitopes were also conjugated together via stepwise SPPS
using lysine-based branching with distinct protective groups on
o and ¢ amine moieties (Fig. 4f).** While many chemical
methods can be used for such conjugations, the formation of
complex molecules such as glycopeptide epitopes might be
synthetically very challenging. These obstacles can be overcome
by a combination of chemical methods, with recombinant
techniques or enzymatic reactions. Work by Moyle et al. resul-
ted in polyvalent vaccine candidate being produced by conju-
gation of recombinant polypeptide bearing multiple B-cell
epitopes to lipidic adjuvanting moiety with the help of native
chemical ligation, maleimide, or intein assisted approaches
(Fig. 4g).>”*® In another study, peptide epitopes bearing fully-
defined high-mannose N-glycan were synthesised in a mixed
chemical/enzymatic approach (Fig. 4h).*® This method enabled
the production of glycopeptides bearing complex N-glycan
antigens through a relatively simple short pathway in good
yield.

Nano and micro-technology in
vaccines

In general, peptide vaccines need an adjuvant for their efficacy.
Adjuvants usually target APCs through TLRs recognition.
However, delivery systems targeting APCs designed to mimic
pathogen without the involvement of specific receptor recog-
nition are also possible. Antigen uptake by APCs depends on the
size, shape, surface, morphological and physicochemical
properties. The mechanism of uptake/endocytosis varies
depending on the size, and different sizes are preferentially
uptaken by different subsets of APCs.*® These observations
resulted in rapidly increased popularity of nano- and micro-
particles usage for vaccine delivery in recent years.**

It has been demonstrated that nanoparticles can be uptaken
preferentially by APCs, especially when they are positively
charged. Small nanoparticles (<100 nm) can easily travel to
lymph nodes and therefore induce stronger and faster immune
responses. Most of the reported studies suggested that 10-50
nm nanoparticles are optimal for induction of humoral and/or
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(produced by SPPS, occasionally with help of CUAAC); (b) vaccine produced with help of thioether ligation; (c) multicomponent vaccine obtained
by polymerization/conjugation approach; (d) asymmetrical dendrimer produced with the help of copper-catalysed azide—alkyne cycloaddition;
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cellular immunity;*** however, the optimal size was different
depending on material used for antigen delivery. It also needs to
be taken into account that reported sizes of nanoparticles
depend on the techniques used to determine their sizes. For
example, the size of particles visualised by transmission elec-
tron microscopy (dried particles) may significantly differ from
the perceived hydrodynamic size in solution as measured by
dynamic light scattering.

In contrast to small nanoparticles which are easily trafficking
in lymphatic system, large nanoparticles and microparticles can
induce a strong immune response due to depot effect (retention
of the formulation and slow antigen release at the injection
site). Perrie and co-workers demonstrated that liposomes with
longer retention at injection site induced stronger Th1 immune
response.®® In addition, a particle-based delivery system may
allow antigen cross-presentation toward inducing cellular
immunity (for example, against cancer).®” Particles, similar to
other delivery systems, can also trigger stronger immune
responses due to the presence of multiple copies of epitope on
their surface and protection of peptide against enzymatic
degradation. Interestingly, shape (spherical over cylindrical)
and enhanced hydrophobicity of the particles was also reported
as factors influencing immune system activation.***

Several delivery platforms have been used for particle-based
vaccine development including polymers, lipids (including
liposomes), inorganic particles and even carbon nanotubes.”
Some adjuvants are also reported to act as particles for vaccine
delivery (e.g. saponin-based ISCOM which forms 40 nm nano-
particles).” In particular, polymers have been widely studied for
peptide delivery. Among these, the most widely investigated
were biodegradable polymers, including poly(p,t-lactic-co-gly-
colide),” chitosan,” and poly glutamic acid;”* however non-
biodegradable polymers such as polystyrene were also consid-
ered.”” The most popular production pathway of particles
includes pre-assembly of the polymer to form beads followed by
antigen entrapment; however, conjugation of polymer to
peptide following the self-assembly process is also possible.**”®
Biodegradable polymers provide, in general, a better safety
profile, while non-biodegradables are expected to form more
stable particles. In both cases, one of the major drawbacks is the
polydispersity of polymeric material. It might be difficult to
obtain pharmaceutical-grade reproducibility of the nano-
material (nano-vaccine) when one of the main components
(polymer) has its own polydispersity range. This property is
clearly disadvantage of polymers but do not halt their use for
pharmaceutical purposes.

Polyethylene glycol (PEG) is one of the most commonly used
polymers in the medical sciences and several pharmaceutical
products incorporating this polymer have been approved by the
FDA. PEG is biocompatible, inert polymer and can protect
a drug from degradation and elimination in vivo. PEG was also
used for vaccine delivery; however, while it can allow prolonged
blood circulation time of the antigen, it greatly reduced the
ability of the immune system to recognise such material. Cui
and co-workers use this phenomenon for targeted delivery of
PLGA nanoparticles to specific subsets of macrophages.”” They
produced mannosylated particles covered by PEG which was
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selectively hydrolysed off (unhidden) at the tumour site.
Therefore the particles were taken up preferentially by tumour-
associated macrophages rather than normal macrophages.

Inorganic particles may serve as a relatively inert delivery
system; however, the lack of biodegradability might pose safety
considerations similar to those of non-biodegradable polymers.
Materials such as aluminum oxide,” gold® and calcium phos-
phate”™ have been used for peptide-based vaccine delivery. In
contrast, lipid-based particles are usually biocompatible and
biodegradable. They not only are able to assemble into micelles
or liposomes, they also might be recognised by TLRs (especially
TLR2 and 4 which naturally recognize lipidic ligands).** For
nanoparticle peptide-based vaccine delivery, lipids are usually
used as adjuvanting moieties (e.g. LCP,** Pam2Cys®**) and/or
hydrophobic cores which allow the self-assembly of peptide
epitopes conjugated to them. Self-assembled lipid-peptide
conjugates have shown the ability to induce both humoral and
cellular immune responses.**** Finally, self-assembling
constructs exclusively composed of peptides are also possible.
Such example was reported by Collier and co-workers.** In their
delivery system, peptide adopting B-sheet conformation was
conjugated to the peptide epitope allowing the product to self-
assemble into nanofibers. This construct, built only of peptides,
was able to induce immune responses against incorporated
epitope without the help of any adjuvant.

While the major advantage of a nanoparticle-based delivery
system is its ability to induce immune responses without the
help of adjuvant, co-formulation of nanoparticles with immu-
nostimulant might induce even stronger immune responses.
This combination treatment may also result in a substantial
reduction of the adjuvant quantity required to boost immunity
and therefore reduce any undesired side effects associated with
the adjuvant. This dose reduction can be as high as 100-fold
compared to the originally required quantity.*®

Current stand and future perspective

No peptide-based vaccines are currently available on the
market. However, a large number of peptide vaccines have
recently reached clinical trials.*” The development of peptide-
based vaccines is a relatively new area in the vaccination world,
thus the surge of interest in this strategy should not be unex-
pected. Despite its novelty and promise, this strategy is
vulnerable to our limited knowledge. The current under-
standing of the immune system and pathogenesis has improved
tremendously in comparison to that of the early years of vacci-
nation, but the picture is still not complete. While whole
pathogen-based vaccine might be designed, produced and
successfully applied without an in-depth understanding of
human immunity, the use of minimal antigenic component (i.e.
peptide) for vaccine development needs extensive knowledge of
the immune system. In addition, as proper selection of peptide
antigen is crucial for the vaccine efficacy, the knowledge about
the pathogen's life cycle, including host/cell entry and survival
mechanism, is critical. Consequently, the vaccine could be
designed to induce immune responses that target key points in
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pathogen invasion, for example a protein that is responsible for
bacterial adhesion to the surface of the host cell.

Vaccine composed of whole pathogen most likely carries the
“danger signal” and therefore the use of adjuvant is often not
required. In the case of peptide-based vaccine, adjuvant (or self-
adjuvanting delivery system) is crucial. However, once again,
general knowledge about adjuvants is limited. The mechanism
of action of the only generally approved adjuvant, alum, is still
not fully understood and multiple mechanisms are being re-
ported.” Fortunately the immunology is one of the most quickly
advancing fields of research, including both the enhancement
of general knowledge of the immune system as well as the
understanding of the relationship of the pathogen with the
immune system. For example, new conserved neutralising
epitopes have been identified in HIV-1 and influenza, thereby
opening the door for design of universal vaccine against AIDS
and flu.*°

As mentioned several time in this review, one of the major
issues in vaccine development is the identification of the potent
and safe immune stimulators. Nanotechnology can come to the
rescue, offering not only a self-adjuvanting delivery system, but
also a role in the reduction of toxicity of currently studied
experimental adjuvant. Reactogenicity of an adjuvant can be
minimised by its targeting delivery to APCs and the dose
reduction. For example, nanoparticles-bearing CpG and peptide
epitope were more effective in induction cellular immunity than
a few-fold higher dose of peptide and adjuvant delivered
without nanoparticles.”* A similar ability to reduce the amount
of toxic adjuvant was reported for liposomal formulation of
poly(I:C) adjuvant.® Interestingly, while the size is a well-proven
factor influencing immune responses; it is rather difficult to
identify a single optimal size for all vaccine formulations. It is
an intriguing idea to use a well-defined mixture of particles with
different sizes to stimulate optimal immune responses. For
example, a depot effect can be created by microparticles, while
at the same time; the identical antigen in nanoparticle form can
be delivered directly to lymph nodes.

There are also some dangers associated with the use of
nanotechnology. Besides the obvious ones related to the
potential toxicity of nanoparticles, especially those positively
charged,*** the use of biodegradable polymers may result in
unexpected complications. Whereas, from the toxicological
point of view, biodegradable materials are favoured, the pres-
ence of such components in the nanoparticles may change the
vaccine's properties during administration. Resultant size
deviations (due to degradation) of nanoparticles may change
their excretion speed and immunological properties. Moreover,
such changes may differ significantly between the animal and
human models. Consequently, in the early development process
of peptide-based vaccines, not only general efficacy should be
taken into account, but also the properties typically associated
with drugs rather than vaccines (i.e. there is a need to exten-
sively understanding of pharmacokinetics).

The other danger derives from epitope recognition and
pathogen escape sides. While the use of highly conserved single
epitope might not be enough to guarantee a high efficacy of the
vaccine in the widespread human population, the use of the
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multi-epitope approach might be tricky. The application of
modern organic chemistry may permit the conjugation of
several different epitopes, adjuvanting and targeting moieties
into one construct (Fig. 4). However, similar to approaches
using total synthesis of natural products for drug purposes, the
final product might be too laborious to produce, difficult to
scale up, or simply too expensive. Thus, a physical mixture of
peptides can be used with appropriate formulation to assure co-
delivery of vaccine components. Chemical conjugation
approaches based on polymer chemistry (polymerization of
multiple different components) also seem to be promising;
however, polydispersity and lack of full definition of such
products need to be taken into account. Another option
includes the formation of a simple particle-based unit incor-
porating all the necessary elements (e.g. single B-cell epitope, T-
helper epitope, an adjuvant) and then mixing the different units
to achieve the desired vaccine formulation.

On the bright side, we can expect a peptide-based vaccine
available on the market soon. This assumption is not only based
on hundreds of clinical trials which have been performed to this
point in time,*” but also one unique future of peptide-based
vaccines. This is the fact that such vaccines are the perfect
material for the induction of cellular immunity. In general, the
cellular immune system does not recognise the pathogen itself
or its surface as humoral immunity does. Cellular immune
system recognizes specific peptide epitopes displayed by the
MHC I protein on the surface of human cells. Indeed, one of the
most studied targets for peptide-based vaccines is cancer, where
the whole cell-based approach is obviously pointless, and
protein-based approaches that predominantly target humoral
immunity demonstrate limited ability to eradicate any tumour.
Therefore, as expected, a large number of clinical trials on
cancer immunotherapy are now exploring the efficacy of
peptides to serve as antigens in therapeutic anticancer
vaccines.” Of course, promising properties of peptide-based
immunotherapies in targeting cellular immunity do not
disqualify them to be developed as standard prophylactic
vaccines targeting humoral immune responses.

Conclusion

Classical vaccination using whole organisms is usually cheap
and despite the drawbacks associated with production diffi-
culties or safety, whole pathogen-based vaccines will not
disappear from the market any time soon. However, during the
same time, it can be expected that highly defined vaccines based
on small antigens will start to slowly replace the whole pathogen
approach. Vaccines entirely produced via chemical synthesis
might be especially attractive as they evade the use of any cell-
derived material or biological processes for their production.
Therefore, their purity can be highly controlled, in exactly the
same manner as has been established for classical drugs.
Further advances in organic and polymer chemistry should
reduce the cost of synthetic vaccine production. A better
understanding of the immune system should allow for a more
“intelligent design” of peptide-based antigens, delivery system,
and adjuvants required for the vaccine efficacy in the induction
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of immune responses. Taking into account the reduced side-
effects and improved stability of peptide-based vaccines as well
as compatibility with the therapeutic approach, we can expect
a major breakthrough in the field, sooner rather than later.

Acknowledgements

This work was supported by the National Health and Medical
Research Council [NHMRC Program Grant 496600].

Notes and references

1 P. Andersen and T. M. Doherty, Nat. Rev. Microbiol., 2005, 3,
656-662.

2 J. C. Wallach, M. C. Ferrero, M. V. Delpino, C. A. Fossati and
P. C. Baldi, Clin. Microbiol. Infect., 2008, 14, 805-807.

3 A. C. Steer, M. R. Batzloff, K. Mulholland and J. R. Carapetis,
Curr. Opin. Infect. Dis., 2009, 22, 544-552.

4 J. Neefjes, M. L. M. Jongsma, P. Paul and O. Bakke, Nat. Rev.
Immunol., 2011, 11, 823-836.

5 P. A. Roche and K. Furuta, Nat. Rev. Immunol., 2015, 15, 203—
216.

6 J.-P. Girard, C. Moussion and R. Foerster, Nat. Rev. Immunol.,
2012, 12, 762-773.

7 B. Spellberg and J. E. Edwards, Clin. Infect. Dis., 2001, 32, 76—
102.

8 A. Berger, BMJ, 2000, 321, 424.

9 A. W. Purcell, J. McCluskey and J. Rossjohn, Nat. Rev. Drug
Discovery, 2007, 6, 404-414.

10 T.Y. Liu, W. M. Hussein, I. Toth and M. Skwarczynski, Curr.
Top. Med. Chem., 2012, 12, 1581-1592.

11 G. Parmiani, V. Russo, C. Maccalli, D. Parolini, N. Rizzo
and M. Maio, Hum. Vaccines Immunother., 2014, 10, 3175-
3178.

12 P. M. Moyle and I. Toth, ChemMedChem, 2013, 8, 360-376.

13 M. S. Pearson, D. A. Pickering, L. Tribolet, L. Cooper,
J. Mulvenna, L. M. Oliveira, J. M. Bethony, P. J. Hotez and
A. Loukas, J. Infect. Dis., 2010, 201, 1561-1569.

14 D. ]. Diemert, A. G. Pinto, ]J. Freire, A. Jariwala, H. Santiago,
R. G. Hamilton, M. V. Periago, A. Loukas, L. Tribolet,
J. Mulvenna, R. Correa-Oliveira, P. J. Hotez and
J. M. Bethony, J. Allergy Clin. Immunol., 2012, 130, 169-176.

15 J. A. Cooper, W. Hayman, C. Reed, H. Kagawa, M. F. Good
and A. Saul, Mol. Immunol., 1997, 34, 433-440.

16 G. H. Bird, A. Irimia, G. Ofek, P. D. Kwong, 1. A. Wilson and
L. D. Walensky, Nat. Struct. Mol. Biol., 2014, 21, 1058-1067.

17 J. M. Pentier, A. K. Sewell and J. J. Miles, Front. Immunol.,
2013, 4, 4.

18 E. L. Roggen, Drug Discovery Today: Technol., 2008, 5, €49-55.
19 W. J. Hartsock, C. Hackbarth and R. S. Hodges, Antiadhesin
peptide-based vaccines for Pseudomonas aeruginosa, 2013.

20 T.-Y.Liu, W. M. Hussein, Z. Jia, Z. M. Ziora, N. A. J. McMillan,
M. J. Monteiro, I. Toth and M. Skwarczynski,
Biomacromolecules, 2013, 14, 2798-2806.

21 J. Alexander, J. Sidney, S. Southwood, J. Ruppert, C. Oseroff,
A. Maewal, K. Snoke, H. M. Serra, R. T. Kubo, A. Sette and
H. M. Grey, Immunity, 1994, 1, 751-761.

852 | Chem. Sci,, 2016, 7, 842-854

View Article Online

Minireview

22 M. D. Lairmore, A. M. Digeorge, S. F. Conrad, A. V. Trevino,
R. B. Lal and P. T. P. Kaumaya, J. Virol., 1995, 69, 6077-6089.

23 J. Overholser, K. H. Ambegaokar, S. M. Eze, E. Sanabria-
Figueroa, R. Nahta, T. Bekaii-Saab and P. T. P. Kaumaya,
Vaccines, 2015, 3, 519-543.

24 G. B. McGaughey, M. Citron, R. C. Danzeisen,
R. M. Freidinger, V. M. Garsky, W. M. Hurni, ]J. G. Joyce,
X. Liang, M. Miller, ]J. Shiver and M. ]. Bogusky,
Biochemistry, 2003, 42, 3214-3223.

25 C. Hackbarth and R. S. Hodges, Chem. Biol. Drug Des., 2010,
76, 293-304.

26 J. Neefjes and H. Ovaa, Nat. Chem. Biol., 2013, 9, 769-775.

27 R. A. Rosalia, E. D. Quakkelaar, A. Redeker, S. Khan,
M. Camps, J. W. Drijthout, A. L. Silva, W. Jiskoot, T. van
Hall, P. A. van Veelen, G. Janssen, K. Franken, L. J. Cruz,
A. Tromp, J. Oostendorp, S. H. van derBurg,
F. Ossendorp and C. J. M. Melief, Eur. J. Immunol., 2013,
43, 2554-2565.

28 F. Azmi, A. A. Ahmad Fuaad, M. Skwarczynski and I. Toth,
Hum. Vaccines Immunother., 2014, 10, 778-796.

29 S. G. Reed, M. T. Orr and C. B. Fox, Nat. Med., 2013, 19, 1597~
1608.

30 N. Petrovsky and J. C. Aguilar, Immunol. Cell Biol., 2004, 82,
488-496.

31 M. R. Batzloff, W. A. Hayman, M. R. Davies, M. Zeng,
S. Pruksakorn, E. R. Brandt and M. F. Good, J. Infect. Dis.,
2003, 187, 1598-1608.

32 D.]J. Kao, M. E. A. Churchill, R. T. Irvin and R. S. Hodges, J.
Mol. Biol., 2007, 374, 426-442.

33 M. Partinen, O. Saarenpaa-Heikkila, I. Ilveskoski, C. Hublin,
M. Linna, P. Olsen, P. Nokelainen, R. Alen, T. Wallden,
M. Espo, H. Rusanen, ]J. Olme, H. Satila, H. Arikka,
P. Kaipainen, I. Julkunen and T. Kirjavainen, PLoS One,
2012, 7, e33723.

34 W. M. Hussein, T.-Y. Liu, M. Skwarczynski and I. Toth, Expert
Opin. Ther. Pat., 2014, 24, 453-470.

35 G. Behrens, M. Li, C. M. Smith, G. T. Belz, J. Mintern,
F. R. Carbone and W. R. Heath, Immunol. Cell Biol., 2004,
82, 84-90.

36 M. Sioud, G. Skorstad, A. Mobergslien and S. Sboe-Larssen,
FASEB J., 2013, 27, 3272-3283.

37 N. Marasini, M. Skwarczynski and I. Toth, Expert Rev.
Vaccines, 2014, 13, 1361-1376.

38 M. Skwarczynski, M. Zaman and I. Toth, in Handbook of the
Biologically Active Peptides, ed. A. Kastin, Elsevier Inc,
Burlington, 2nd edn, 2013, pp. 571-579.

39 H. Cai, Z. Y. Sun, Z. H. Huang, L. Shi, Y. F. Zhao, H. Kunz and
Y. M. Li, Chem.—~Eur. J., 2013, 19, 1962-1970.

40 L. Nuhn, S. Hartmann, B. Palitzsch, B. Gerlitzki, E. Schmitt,
R. Zentel and H. Kunz, Angew. Chem., Int. Ed. Engl., 2013, 52,
10652-10656.

41 J. P. Tam, Proc. Natl. Acad. Sci. U. S. A., 1988, 85, 5409-5413.

42 S. Mukherjee, J. Zhu, ]J. Zikherman, R. Parameswaran,
T. A. Kadlecek, Q. Wang, B. Au-Yeung, H. Ploegh,
J. Kuriyan, J. Das and A. Weiss, Sci. Signaling, 2013, 6, 12.

43 W. Kowalczyk, A. Mascaraque, M. Sanchez-Navarro, J. Rojo
and D. Andreu, Eur. J. Org. Chem., 2012, 4565-4573.

This journal is © The Royal Society of Chemistry 2016


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c5sc03892h

Open Access Article. Published on 17 december 2015. Downloaded on 14. 03. 2026 20:33:10.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Minireview

44 L. L. Villa, G. Perez, S. K. Kjaer, J. Paavonen, M. Lehtinen,
N. Munoz, K. Sigurdsson, M. Hernandez-Avila,
F. E. Skjeldestad, S. Thoresen, P. Garcia, S. Majewski,
J. Dillner, S. E. Olsson, E. H. Tay, F. X. Bosch, K. A. Ault,
D. R. Brown, D. G. Ferris, L. A. Koutsky, R. J. Kurman,
E. R. Myers, E. Barr, J. Boslego, J. Bryan, M. T. Esser,
C. K. Gause, T. M. Hesley, L. C. Lupinacci, H. L. Sings,
F. J. Taddeo, A. R. Thornton, M. Boulos, ]J. T. Cox,
F. Langmark, J. Modlin, A. Munoz, V. Odlind,
E. Wilkinson, A. Ferenczy, R. Kurman, B. Ronett, M. Stoler,
G. Andreoni, L. Bahamondes, A. Camargos, R. Costa, R. de
Andrade, E. Fedrizzi, R. Ferriani, M. Goncalves, F. Laginha,
J. Mendonca, E. Moreira, B. Nonnenmacher, W. Taborda,
D. Zanetta, J. Ardila, N. Balcazar, I. Maldonado, F. Revollo,
A. Ruiz, E. S. Andersen, H. Djursing, T. Hansen,
J. J. Jorgensen, L. Nilas, B. Ottesen, L. K. Petersen,
S. G. Thomsen, K. Toftager-Larsen, D. Apter, M. Kekki,
M. Kuortti, L. Lahti, Y. Lindroos, T. Lunnas, J. Palmroth,
E. Lazcano, J. Zertuche, K. Dalaker, B. Eriksen, L. E. Erno,
B. Fiane, K. Hesla, M. M. Isachsen, O. E. Iversen, K. Kasin,
M. Kristoffersen, T. Lunde, P. T. Nordmark, T. Nygaard,
M. Onsrud, G. Riis-Johannessen, H. Schiotz,
H. Sundhagen, O. Sviggum, K. A. Trosterud, M. Penny,
A. Vivar, A. Basta, K. Czajkowski, P. Knapp, M. Spaczynski,

R. Barnes, K. Elfgren, E. Hardmeier, C. Hellsten, C. Hofte,

P. Jensen, G. Johannisson, G. B. Lowhagen, M. Steinwall,

L. Tamsen, T. Varnauskas, A. Wikstrom, G. Crawford,

B. Allen, K. Ault, D. Brown, R. Edwards, ]J. Comerci,

A. Giuliano, S. Greer, K. Hatch, J. Kriesel, J. Lalezari,

E. Partridge, R. Sperling, S. Spruance, ]J. Stapleton,

P. Wright, P. Zedler, K. McCarroll, L. Zhang, H. Zhou and
F. 1. S. Grp, N. Engl. J. Med., 2007, 356, 1915-1927.

45 N.D. Zegers, C. Vanholten, E. Claassen and W. J. A. Boersma,
Eur. J. Immunol., 1993, 23, 630-634.

46 M. Skwarczynski, M. Zaman, C. N. Urbani, I. C. Lin, Z. Jia,
M. R. Batzloff, M. F. Good, M. J. Monteiro and I. Toth,
Angew. Chem., Int. Ed. Engl., 2010, 49, 5742-5745.

47 A. de Titta, M. Ballester, Z. Julier, C. Nembrini, L. Jeanbart,
A. J. van der Vlies, M. A. Swartz and ]J. A. Hubbell, Proc.
Natl. Acad. Sci. U. S. A., 2013, 110, 19902-19907.

48 A. K. Giddam, M. Zaman, M. Skwarczynski and I. Toth,
Nanomedicine, 2012, 7, 1877-1893.

49 K. A. Ghaffar, A. K. Giddam, M. Zaman, M. Skwarczynski and
L. Toth, Curr. Top. Med. Chem., 2014, 14, 1194-1208.

50 P. M. Moyle, C. Olive, M. F. Ho, M. Burgess, L. Karpati,
M. F. Good and I. Toth, J. Org. Chem., 2006, 71, 6846-6850.

51 M. Monso, B. G. de la Torre, E. Blanco, N. Moreno and
D. Andreu, Bioconjugate Chem., 2013, 24, 578-585.

52 M. Monso, W. Kowalczyk, D. Andreu and B. G. de la Torre,
Org. Biomol. Chem., 2012, 10, 3116-3121.

53 S. Ulrich, D. Boturyn, A. Marra, O. Renaudet and P. Dumy,
Chem.-Eur. J., 2014, 20, 34-41.

54 L. Bourel-Bonnet, D. Bonnet, F. Malingue, H. Gras-Masse
and O. Melnyk, Bioconjugate Chem., 2003, 14, 494-499.

55 E. R. Brandt, K. S. Sriprakash, R. I. Hobb, W. A. Hayman,
W. G. Zeng, M. R. Batzloff, D. C. Jackson and M. F. Good,
Nat. Med., 2000, 6, 455-459.

This journal is © The Royal Society of Chemistry 2016

View Article Online

Chemical Science

56 C. Olive, M. F. Ho, J. Dyer, D. Lincoln, N. Barozzi, I. Toth and
M. F. Good, J. Infect. Dis., 2006, 193, 1666-1676.

57 P. M. Moyle, W. Dai, Y. Zhang, M. R. Batzloff, M. F. Good and
I. Toth, Bioconjugate Chem., 2014, 25, 965-978.

58 P. M. Moyle, J. Hartas, A. Henningham, M. R. Batzloff,
M. F. Good and I. Toth, Nanomedicine: Nanotechnology,
Biology and Medicine, 2013, 9, 935-944.

59 J. D. McIntosh, M. A. Brimble, A. E. S. Brooks, P. R. Dunbar,
R. Kowalczyk, Y. Tomabechi and A. J. Fairbanks, Chem. Sci.,
2015, 6, 4636-4642.

60 S. D. Xiang, A. Scholzen, G. Minigo, C. David,
V. Apostolopoulos, P. L. Mottram and M. Plebanski,
Methods, 2006, 40, 1-9.

61 M. Skwarczynski and I. Toth, Nanomedicine, 2014, 9, 2657-
2669.

62 P. L. Mottram, D. Leong, B. Crimeen-Irwin, S. Gloster,
S. D. Xiang, J. Meanger, R. Ghildyal, N. Vardaxis and
M. Plebanski, Mol. Pharm., 2007, 4, 73-84.

63 S. T. Reddy, A. J. van der Vlies, E. Simeoni, V. Angeli,
G. J. Randolph, C. P. O'Neill, L. K. Lee, M. A. Swartz and
J. A. Hubbell, Nat. Biotechnol., 2007, 25, 1159-1164.

64 A.Fuaad, Z. F. Jia, M. Zaman, J. Hartas, Z. M. Ziora, L. C. Lin,
P. M. Moyle, M. R. Batzloff, M. F. Good, M. ]J. Monteiro,
M. Skwarczynski and I. Toth, Nanomedicine, 2014, 9, 35-43.

65 Y.-S. Chen, Y.-C. Hung, W.-H. Lin and G. S. Huang,
Nanotechnology, 2010, 21, 195101.

66 M. Henriksen-Lacey, D. Christensen, V. W. Bramwell,
T. Lindenstrom, E. M. Agger, P. Andersen and Y. Perrie,
Mol. Pharm., 2011, 8, 153-161.

67 O. P. Joffre, E. Segura, A. Savina and S. Amigorena, Nat. Rev.
Immunol., 2012, 12, 557-569.

68 K. Niikura, T. Matsunaga, T. Suzuki, S. Kobayashi,
H. Yamaguchi, Y. Orba, A. Kawaguchi, H. Hasegawa,
K. Kajino, T. Ninomiya, K. Ijiro and H. Sawa, ACS Nano,
2013, 7, 3926-3938.

69 D. F. Moyano, M. Goldsmith, D. J. Solfiell, D. Landesman-
Milo, O. R. Miranda, D. Peer and V. M. Rotello, J. Am.
Chem. Soc., 2012, 134, 3965-3967.

70 M. Skwarczynski and 1. Toth, Curr. Drug Delivery, 2011, 8,
282-289.

71 M. T. Sanders, L. E. Brown, G. Deliyannis and M. J. Pearse,
Immunol. Cell Biol., 2005, 83, 119-128.

72 A. L. Silva, R. A. Rosalia, A. Sazak, M. G. Carstens,
F. Ossendorp, J. Oostendorp and W. Jiskoot, Eur. J. Pharm.
Biopharm., 2013, 83, 338-345.

73 X. Li, M. Min, N. Du, Y. Gu, T. Hode, M. Naylor, D. Chen,
R. E. Nordquist and W. R. Chen, Clin. Dev. Immunol., 2013,
2013, 387023.

74 T. Uto, X. Wang, K. Sato, M. Haraguchi, T. Akagi, M. Akashi
and M. Baba, J. Immunol., 2007, 178, 2979-2986.

75 D. L. V. Greenwood, K. Dynon, M. Kalkanidis, S. Xiang,
M. Plebanski and J. P. Y. Scheerlinck, Vaccine, 2008, 26,
2706-2713.

76 T.-Y. Liu, W. M. Hussein, A. K. Giddam, Z. Jia, J. M. Reiman,
M. Zaman, N. A. ]J. McMillan, M. F. Good, M. J. Monteiro,
I. Toth and M. Skwarczynski, J. Med. Chem., 2015, 58, 888-
896.

Chem. Sci,, 2016, 7, 842-854 | 853


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c5sc03892h

Open Access Article. Published on 17 december 2015. Downloaded on 14. 03. 2026 20:33:10.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Chemical Science

77 S. Zhu, M. Niu, H. O'Mary and Z. Cui, Mol. Pharm., 2013, 10,
3525-3530.

78 A. Frey, N. Mantis, P. A. Kozlowski, A. J. Quayle, A. Bajardi,
J. J. Perdomo, F. A. Robey and M. R. Neutra, Vaccine, 1999,
17, 3007-3019.

79 D. Chiu, W. Zhou, S. Kitayaporn, D. T. Schwartz, K. Murali-
Krishna, T. J. Kavanagh and F. Baneyx, Bioconjugate Chem.,
2012, 23, 610-617.

80 W.M. Hussein, T. Y. Liu, M. Skwarczynski and I. Toth, Expert
Opin. Ther. Pat., 2014, 24, 453-470.

81 A. A. Ahmad Fuaad, R. Roubille, M. S. Pearson,
D. A. Pickering, A. C. Loukas, M. Skwarczynski and 1. Toth,
Bioorg. Med. Chem., 2015, 23, 1307-1312.

82 W. G. Zeng, A. C. L. Tan, K. Horrocks and D. C. Jackson,
Vaccine, 2015, 33, 3526-3532.

83 A. Ghasparian, T. Riedel, J. Koomullil, K. Moehle, C. Gorba,
D. I. Svergun, A. W. Perriman, S. Mann, M. Tamborrini,
G. Pluschke and J. A. Robinson, ChemBioChem, 2011, 12,
100-109.

84 P. Simerska, T. Suksamran, Z. M. Ziora, F. D. L. Rivera,
C. Engwerda and I. Toth, Vaccine, 2014, 32, 4743-4750.

85]. J. Chen, R. R. Pompano, F. W. Santiago, L. Maillat,
R. Sciammas, T. Sun, H. F. Han, D. J. Topham, A. S. Chong
and J. H. Collier, Biomaterials, 2013, 34, 8776-8785.

86 M. Diwan, P. Elamanchili, M. Cao and J. Samuel, Curr. Drug
Delivery, 2004, 1, 405-412.

87 W. Li, M. D. Joshi, S. Singhania, K. H. Ramsey and
A. K. Murthy, Vaccine, 2014, 2, 515-536.

88 B. F. Haynes, Curr. Opin. Immunol., 2015, 35, 39-47.

89 J. Sui, W. C. Hwang, S. Perez, G. Wei, D. Aird, L. M. Chen,
E. Santelli, B. Stec, G. Cadwell, M. Ali, H. Wan,

854 | Chem. Sci., 2016, 7, 842-854

90

91

92

93

94

95

View Article Online

Minireview

A. Murakami, A. Yammanuru, T. Han, N. ]J. Cox,
L. A. Bankston, R. O. Donis, R. C. Liddington and
W. A. Marasco, Nat. Struct. Mol. Biol., 2009, 16, 265-273.

H. X. Liao, R. Lynch, T. Zhou, F. Gao, S. M. Alam, S. D. Boyd,
A. Z. Fire, K. M. Roskin, C. A. Schramm, Z. Zhang, J. Zhu,
L. Shapiro, N. C. S. Program, ]J. C. Mullikin,
S. Gnanakaran, P. Hraber, K. Wiehe, G. Kelsoe, G. Yang,
S. M. Xia, D. C. Montefiori, R. Parks, K. E. Lloyd,
R. M. Scearce, K. A. Soderberg, M. Cohen, G. Kamanga,
M. K. Louder, L. M. Tran, Y. Chen, F. Cai, S. Chen,
S. Moquin, X. Du, M. G. Joyce, S. Srivatsan, B. Zhang,
A. Zheng, G. M. Shaw, B. H. Hahn, T. B. Kepler,
B. T. Korber, P. D. Kwong, J. R. Mascola and B. F. Haynes,
Nature, 2013, 496, 469-476.

P. O. Ilyinskii, C. J. Roy, C. P. O'Neil, E. A. Browning,
L. A. Pittet, D. H. Altreuter, F. Alexis, E. Tonti, J. Shi,
P. A. Basto, M. Iannacone, A. F. Radovic-Moreno,
R. S. Langer, O. C. Farokhzad, U. H. von Andrian,
L. P. M. Johnston and T. K. Kishimoto, Vaccine, 2014, 32,
2882-2895.

P. Nordly, F. Rose, D. Christensen, H. M. Nielsen,
P. Andersen, E. M. Agger and C. Foged, J. Controlled
Release, 2011, 150, 307-317.

M. A. Gatoo, S. Naseem, M. Y. Arfat, A. M. Dar, K. Qasim and
S. Zubair, BioMed Res. Int., 2014, 2014, 498420.

Z.]. Deng, M. Liang, M. Monteiro, I. Toth and R. F. Minchin,
Nat. Nanotechnol., 2011, 6, 39-44.

I. Melero, G. Gaudemack, W. Gerritsen, C. Huber,
G. Parmiani, S. Scholl, N. Thatcher, ]. Wagstaff,
C. Zielinski, I. Faulkner and H. Mellstedt, Nat. Rev. Clin.
Oncol., 2014, 11, 509-524.

This journal is © The Royal Society of Chemistry 2016


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c5sc03892h

	Peptide-based synthetic vaccines
	Peptide-based synthetic vaccines
	Peptide-based synthetic vaccines
	Peptide-based synthetic vaccines
	Peptide-based synthetic vaccines
	Peptide-based synthetic vaccines
	Peptide-based synthetic vaccines
	Peptide-based synthetic vaccines
	Peptide-based synthetic vaccines
	Peptide-based synthetic vaccines
	Peptide-based synthetic vaccines


