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Advances in Vaccine Development

Vaccination is the cornerstone for controlling many pathogen
infections [1-8], and is also under scrutiny for cancer
Immunoprophylaxis/immunotherapy [9,10]. Induction of both
antibody and cell-mediated immune (CMI) defences is preferable for
ensuring robust immune defence against most pathogen infections,
although defence against certain pathogens may require a more
dominant CMI response as exemplified by hepatitis C virus [11]. A
major drawback of most current vaccines is their non-replicative
nature [3,8], being inactivated or recombinant protein-based vaccines,
limiting the amount of antigen available to the immune system.
Replicating vaccines offer several rounds of antigen production to
increase the efficacy of immune defence induction [3,8]. This
replicative nature can mimic the situation with replicating pathogens,
whereby antigen can be directed into both MHC Class I and MHC
Class II presentation pathways, thus promoting humoral and CMI
defences. These characteristics are also important for cancer vaccines,
particularly when the immunogen in question is weak.

Live, attenuated vaccines offer the properties of a replicating
vaccine, but may suffer from drawbacks such as potential reversion or
recombination to virulence, production problems, and potentially high
biosafety precautions for their generation. Moreover, it may not be
possible to vaccinate all recipients at risk, for example young children.
In addition, live, attenuated vaccines for cancer immunotherapy may
not prove applicable, even when employed as vector vaccines carrying
the cancer antigen. Vector vaccines can suffer from similar production
problems as live, attenuated vaccines, and both forms of vaccine may
prove inefficient in the face of an existing immunity against the vector.

Nucleic acid-based vaccines can circumvent many of the problems
associated with both inactivated and live, attenuated or vector vaccines
[3,8,12-16]. DNA-based vaccines have a proven success, but often in
murine models [8]. A major obstruction lies with DNA vaccines
having to overcome the resistance of the nuclear membrane -
particularly problematic with the major antigen-presenting cell type of
the body, the dendritic cell (DC), unless a nuclear targeting entity is
employed. Moreover, DNA retains certain notoriety for persistence
within cells, and potential biosafety risks of recombination with host
cell chromosomes. Such difficulties do not arise with RNA vaccines,
but these suffer from high lability, especially in RNase-containing
extracellular and intracellular environments. Delivery of DNA
vaccines has provided the means of facilitating RNA vaccine
applicability, namely through the employment of biodegradable,
nanoparticulate delivery vehicles [2,8,17-21]. The delivery vehicle can

protect the RNA as well as enhancing its delivery to cells, for which
interaction with DCs would prove a major contribution to
development of immune defences. Figure 1 summarises main elements
contained in the present review below, including the advantages
offered when applying biodegradable, nanoparticulate vehicles for
delivery of self-amplifying replicon RNA to DCs.

Delivery to Dendritic Cells

Vaccine delivery to DCs is an important consideration due to their
essential roles in immune defence development [8,17,19,21-24] - DCs
are referred to as the “professional antigen-presenting cells”. A major
advance in this area came from the application of mRNA vaccines. An
interesting mode of delivery was the in vitro pulsing of isolated DCs
with RNA vaccine prior to re-injection in vivo [18,20,25,26]. This
proved applicable with mRNA molecules encoding the antigen of
choice, or mRNA from the tumour cell against which vaccination was
desired. Moreover, RNA pulsing offered the means of controlling the
environment during delivery to the DCs, important considering the
high lability of RNA to RNase degradation.

While the RNA pulsing approach has value for cancer
immunotherapy, it is not the first choice for vaccination against
infectious diseases. On the contrary, RNA pulsing of DCs in vitro can
provide important details on the relative efficacy of the delivery under
investigation [8,20]. In this context, application of biodegradable
nanoparticle delivery systems — have been widely studied and applied
with protein-based vaccines — has demonstrated their high potential
for nucleic acid delivery to DCs [8,20]. Importantly, nanoparticulate
formulation can both protect an RNA vaccine and promote delivery to
the DCs [8,19-21]. Nevertheless, mRNA vaccines can be generated
with applicability as “naked” RNA (no delivery vehicle). Such
approaches require that the mRNA be protected from RNase
degradation, for example by 5’ capping and/or addition of a poly-A tail
at the 3’ end, or addition of protamine [20,27-30]. An alternative to the
capping strategy has employed large quantitates of the mRNA vaccines
[20,31]. As such, these are more likely to prove inefficient when
encoding weakly immunogenic antigens, which can be the case with
tumour antigens. Moreover, the efficiency of mRNA interaction with
DCs remains a point of discussion, due to the reported poor uptake of
“naked” mRNA by DCs [32].

RNA vaccine development has found a clear level of success, with
most vaccines based on the mRNA principle [8,20,27,33]. A substitute
to the employment of “naked” mRNA or high concentrations, and
thus circumventing their inherent restrictions, comes from the field of
biodegradable delivery vehicle application. Nanoparticulate vehicles,
which have involved primarily lipid-based and carbohydrate-based
systems [8,20], can enhance the protection of the RNA, or even render
the capping procedure unnecessary.
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Figure 1: Summary of the critical components to consider when creating self-amplifying replicon RNA vaccines for delivery to DCs by
biodegradable nanoparticulate vehicles. For each of these components, the advantages offered are shown in the corresponding boxes.

Moreover, many of these delivery vehicles have a proven capacity
for interacting with DCs for delivery of their cargoes; in the case of
RNA delivery, this has also led to the end goal of the delivery -
translation of the encoded vaccine antigen [3,8,19-21].

Self-Amplifying RNA vaccines

Vaccines based on classical mRNA molecules, similar in structure
to the mRNA molecules found within cells, can have a clear efficacy.
Nevertheless, they encode for a single protein, and are non-replicating
entities. As such, the mRNA-derived antigen available to the immune
system remains limited to that translated during the lifetime of the
mRNA in the cell. Elaboration of the RNA vaccine approach has led to
the development of vaccines based on larger RNA molecules encoding
for several proteins in addition to the vaccine antigen, and therefore
more complex in structure and nature than the mRNA molecules.
These are the RNA molecules derived from replicon technology
[34-37], possessing a replicative or self-amplifying capacity, which
relates to their derivation from defective virus genomes. Not only do
they encode for the vaccine antigen of choice, but also the endogenous
viral proteins necessary for the replication and therefore amplification
of the RNA within the cells. Consequently, the replicon RNA inherits
the parent genome capacity for efficient replication and translation,
but will not produce progeny virus due to the absence of genes
required for construction and maturation of the virus infectious
particle -so-called structural genes. For these reasons, replicon RNA
vaccines are biosafe, and readily engineered to carry genes encoding
the desired vaccine antigens [34-37].

Self-amplifying replicon RNA are derived from what are termed
“positive strand viruses” and “negative strand viruses” [3,8,38,39]. The
former class of virus carries a genome with a ribosomal entry site at its
5 end, which can thus function as a mRNA to initiate translation,

including its own replication machinery (polymerase complex
proteins, which are non-structural). Negative strand viruses, and
therefore their replicons, require delivery together with their
polymerase (consequently, a structural protein) to initiate replication
for synthesis of the positive strand mRNA molecules required for
translation. Both positive strand and negative strand replicon RNA
vaccines have been employed, based on virus replicon particles (VRP).
These VRPs are produced in cell lines providing the deleted structural
gene in trans for the generation of virus particles carrying replicons;
VRP vaccines have proven efficacy [3,8,34-39].

With replicons derived from negative strand viruses, VRP-based
delivery remains the method of choice. This is due to the availability in
the VRP structure of the polymerase essential for the negative strand
replicon to produce mRNA templates for translation of the encoded
proteins. In contrast, the positive strand replicon RNA itself acts as a
mRNA, promoting translation of the encoded antigens and its
replication machinery to increase the number of mRNA templates. As
such, positive strand replicons are more readily adaptable to delivery
by biodegradable, delivery vehicles [8]. Indeed, replicons derived from
positive strand viruses have been referred to as “self-amplifying
mRNA”. This is somewhat misleading, because they should not be
confused with mRNA molecules found in the cell, or with the mRNA
vaccines that are non-replicating. Firstly, replicon RNA is a much
larger molecule than classical mRNA molecules, and therefore requires
different considerations in terms of its stability and structure,
particularly with respect to delivery into cells. Secondly, replicon RNA
encodes for a number of proteins, whereas classical mRNA molecules
encode a single protein. The replicon RNA will produce the antigen of
interest from a vaccine point of view, as well as the proteins required
for replicon replication and therefore amplification of the number of
RNA molecules to function as mRNAs.
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With their mimicking of the parent virus genome, the replicon
RNA replication together with expanded intracellular translation of
the antigens favour antigen processing via both MHC Class I and
MHC Class II [8]. This, in turn, can induce both humoral and cellular
immune responses, as well as providing a longer-lasting antigen
expression compared to non-replicating mRNA. Together, these
outcomes provide the stage for a more robust immune defence
development.

With the RNA-based vaccine now possessing a replicating
characteristic, it has been referred to as self-amplifying, self-
replicating, or just simply replicon RNA vaccine [3,8]. There is the
notion that these can be termed self-amplifying or self-replicating
mRNA vaccines, but this is only applicable when derived from a
positive strand virus, with which the genome can function as an
mRNA. However, the self-replicating RNA should not be confused
with the mRNA molecule encoding for one antigen. Self-replicating
RNA is a more complex structure encoding for a number of genes -
the vaccine antigen together with all the proteins associated with the
replicative machinery of the viral genome from which the replicon was
derived. Therefore, the term mRNA for such self-replicating RNA
entities is somewhat erroneous, especially considering that the more
appropriate descriptive term of replicon RNA has been employed for
two decades [34-37].

Important Considerations for Replicon RNA Vaccine
Delivery

One of the most important considerations for applying
nanoparticulate vehicle delivery to dendritic cells is the type of
replicon RNA mentioned above, in terms of being derived from a
positive strand versus negative strand virus [38]. Clearly, the highest
potential for application of biodegradable delivery vehicles is with
positive strand replicon RNA, due to their capacity for functioning as a
mRNA [8].

A second important consideration is delivery to the all-important
DCs. Much of the work on positive strand replicon vaccines has
applied RNA derived from Alphaviruses [34,35,37], primarily using
the aforementioned approach of VRP-based delivery. However, VRPs
behave like the parent virus in terms of targeting, and cannot be
manipulated for focussed delivery to DCs [8]. Moreover, VRPs can be
species-restricted, and encumbered by pre-existing immunity against
the virus (and therefore the VRP). Biodegradable particle delivery
overcomes both of these hurdles, facilitating controlled delivery to
DCs of many species including humans.

The third important consideration, which the delivery vehicle
cannot modify, is the biological nature of the replicon. Alphavirus
replicons, like their parent viruses, are known to be cytopathic.
Destruction of the targeted cell would be problematic for DCs, which
display characteristics of slow processing and retention of antigen for
prolonged interaction with the adaptive immune system. Accordingly,
DCs would benefit from vaccine delivery utilising non-cytopathogenic
replicon RNA, such as that derived from the Flavivirus Kunjin virus
and the Pestivirus classical swine fever virus [8,36,40].

A third important consideration is that Alphavirus genomes must
be 5’-capped to ensure ribosomal entry for translation [41], which also
protects the RNA. By inference to the role of capping with mRNA
vaccines, the capping of Alphavirus replicons should enhance their
applicability without the need for a delivery vehicle. Flaviviruses also
require 5’-capping to promote both polyprotein translation and

protection of the RNA [42], although an uncapped flavivirus vaccine
has been developed [43]. In contrast, application of Pestivirus replicon
RNA circumvents the necessity to provide a capping step in the
construction and production of the vaccine [40, 44], due to the
existence of the ribosomal entry site in the 5-UTR (Figure 2).
Construction of replicon RNA vaccines without recourse to capping
procedures would have clear advantages for cell-free production of the
vaccines on a commercial scale.

The final important consideration is the insertion into the RNA
sequence of the “gene of interest” encoding the desired vaccine antigen
(Figure 2, GOI). This figure shows the non-cytopathic Pestivirus
genome, and two forms of replicon that have been generated [2,45,46].
These are replicons lacking a single structural glycoprotein, and
replicons lacking all structural glycoproteins. Both are perfectly viable
as vaccine vectors, but the latter is the more reliant on biodegradable
nanoparticulate delivery. This is due to the requirements of VRP
formation, in which the deleted gene has to be supplied in trans in a
complementing cell line, more readily achievable when one gene is
lacking rather than several. In the example shown, NotI endonuclease
restriction sites are inserted at the 3’ end of the Npro leader
autoprotease of the replicon RNA, which facilitates introduction of the
gene of interest (GOI). This GOI can encode for a pathogen antigen or
a tumour antigen. The advantage therein is that the translated antigen
would be in its natural conformation, which is important when
conformational epitopes are required for eliciting the desired immune
responses. This is more critical for inducing humoral immunity than
cellular immunity. Indeed many epitopes important for cellular
immune defences — both helper and cytotoxic T-lymphocytes — are
sequential rather than conformational. Accordingly, one may also
introduce nucleotide sequences encoding epitopes rather than
complete antigens. This still offers the advantages of the self-
amplifying replicon RNA vaccines, as summarised in Figure 1.
Moreover, the use of replicon RNA to encode peptide antigens will
prove far superior to attempts with the peptide antigens themselves,
particularly when the latter lack in potency. The replicon-encoded
peptide antigens can also prove of high value when an antigen is
difficult to purify, or is actually toxic when delivered to cells. By
avoiding the generation of such antigens, through encoding for the
peptide epitope, the replicon RNA vaccine has further added potential.

Nanoparticulate Vehicle Delivery of Self-Amplifying
RNA to Dendritic Cells

Delivery of self-amplifying replicon RNA vaccines by biodegradable
particles was first proposed in 2008 [40]. Nanoparticulate delivery
vehicles offer clear advantages for delivery to DCs, whether that be
protein-based antigens, DNA or RNA [8,20,47,48]. Indeed, application
of polysaccharide, lipid and lipoplex technologies is showing high
potential for replicon RNA delivery [2,40,45,49,50]; cylindrical BSA-
based particle delivery have also been reported [51]. The success of
synthetic, biodegradable chitosan-based nanogels for protein and
DNA delivery to DCs [52,53] was elaborated to display an efficient
capacity for transporting replicon RNA into DCs, leading to RNA
translation in vitro and immune responses induction in vivo [2].
Lipoplex formulations are also proving efficient for replicon RNA
delivery to DCs, facilitating both translation and immune response
induction in vivo [45]. Importantly, the replicon RNA was shown to
associate physically with these delivery vehicles, confirming the role of
the nanoparticulate systems in the actual delivery of the RNA to the
DCs. This was important, because the replicon RNA - derived from
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the non-cytopathogenic Pestivirus classical swine fever virus — was
non-infectious, incapable of entering the DCs or inducing an immune
response in vivo without the assistance of the delivery vehicle [2,45].
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Figure 2: Schematic representation of the non-cytopathic pestivirus,
classical swine fever virus (CSFV), genome. Two examples are
shown for the types of replicon RNA which can be generated -
AErns replicon lacking a single (Erns) gene, and C-Igkss-p7
replicon lacking all three structural glycoproteins. The Notl
endonuclease restriction site introduced to facilitate insertion of
genes encoding the vaccine antigen, are shown at the 3’ end of the
Npro leader autoprotease as N*. The site of the gene of interest
(GOI) encoding the vaccine antigen or epitope is represented by the
hashed box; it is followed by an additional insertion — an EMCV
IRES - to restart the translation. This IRES is required, because
translation terminates after the GOI. Normally, the Pestivirus
genome is translated as single polyprotein, cleaved into individual
proteins by autoprotease activities; with the insertion of the vaccine
GOI, translation is terminated after the vaccine antigen is
translated, and must be restarted to translate the proteins for the
replicon translation.

Although Alphavirus replicon RNA application was reported with
lipid-based formulations [50], no interaction with DCs was
demonstrated. Moreover, these are both cytopathogenic replicons and
capable of inducing immune responses as “naked” RNA in the absence
of a delivery vehicle. Importantly, no physical association of the
replicon RNA with the lipid-based formulations was shown, just an
interference of the lipids in the assay to detect RNA. Considering that
the unformulated Alphavirus RNA was already a functional vaccine,
albeit relatively inefficient, the employed lipid formulations may not
be delivering the RNA, but acting more as an adjuvant. Indeed, this
replicon RNA was co-formulated with pre-formed squalene-based
nanoemulsions [54], employing the squalene-based MF59 adjuvant
[55]. Nonetheless, cell delivery of replicon RNA by nanoparticulate
delivery vehicles [40] has clearly been demonstrated [2,45,51], leading
to translation and replication in DCs and the induction of immune
responses in vivo.

Although nanoparticulate vehicle delivery of replicon RNA as self-
amplifying mRNA was first proposed in 2008 [40], progress has
involved few groups, with evidence of in vivo applicability appearing

only during the past 3 years [2,45,50]. While this pre-clinical
evaluation shows high promise, clinical trial advancement is at an early
stage [39,56] and there are as yet no products on the market, although
the UniVax consortium (www.univax-fp7.eu) is pursuing a clinical
trial effort within its project tasks [57]. In this context, reference can be
taken from the reports on clinical trials with non-replicating mRNA
vaccines. These are often delivered as “dendritic cell vaccines” whereby
the DCs have been transfected with the mRNA [8,58-64], but mRNA
vaccines have been employed for direct vaccination [62,64,65] and
nanoparticulate delivery [59]. Such approaches were also applied in
fields other than cancer vaccination [8,59], for example against HIV
[58] and influenza [27]. Importantly, self-amplifying replicon RNA
vaccines have been trialled as VRPs [56,66-69], which demonstrates
the high potential for these RNA vaccines when delivered by
nanoparticulate vehicles to DCs.

Concluding Remarks on Self-Amplifying RNA Delivery
to Dendritic Cells

New generation RNA vaccines can be derived from defective viral
genomes — the self-amplifying or self-replicating replicon RNA. These
lend themselves readily to encoding for vaccine antigens of choice, and
offer high potential for weakly immunogenic antigens, such as tumour
antigens. In this context, important characteristics are the multiple
rounds of translation and amplification from the RNA replication,
which the replicon offers. Current molecular biology techniques allow
for production of replicon RNA under cell-free conditions, which is
important considering the larger and more complex nature of replicon
RNA compared with mRNA.

Application of synthetic, biodegradable nanoparticulate delivery
vehicles provides for both protection of the RNA and its delivery to the
DCs, all-important for inducing efficient immune defence
development. Employing non-cytopathic replicon RNA ensures that
DCs are capable of maintaining antigen synthesis for a prolonged
period, increasing the chances of inducing a robust immune defence.
Moreover, with the replicon RNA translation in the DCs, the antigen
is produced within the cell capable of priming the development of
both humoral and cell-mediated immune defences. By such means, the
whole process provides a novel synthetic vaccine, which could reduce
vaccine production costs and time for manufacture, important in
emergency situations such as during influenza pandemics. The
characteristics also offer advantages when the encoded antigen is
weakly immunogenic, as in the case of tumour antigens, or requires an
immune response development more in favour of cell-mediated
defences.

One important characteristic of the chitosan-based and lipoplex-
based delivery vehicles, which will increase future developments of the
technology, is their cationic composition. On the one side, this
facilitates encapsulation of the replicon RNA. In turn, this cationic
nature may prove advantageous following accumulation in vesicular
bodies such as macropinosomes or caveolar endocytic vesicles. As the
early endosomes come into play, these vesicular bodies begin to
acidify. Thereby, it is essential that the intra-vesicular environment
favour vesicular membrane destabilisation leading to efficient cytosolic
translocation of the RNA [8]. Such a delivery step is critical following
delivery of self-amplifying replicon RNA to DCs - the RNA must be
transported to the site for replicon RNA translation, and avoid the
degradative nature of the maturing endosomal system. It is also
important that the formulation permits efficient decompaction of the
RNA from the delivery vehicle, to facilitate ribosomal entry and
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