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Abstract

Twenty years of global polio eradication efforts may soon eliminate wild-type poliovirus
transmission. However, new information about poliovirus learned during this campaign, as well as
the political realities of a modern world demand that universal immunity against poliomyelitis be
maintained even after wild poliovirus is eradicated. Although two excellent vaccines have proven
highly effective in the past, neither the live nor current inactivated products are optimal for use in
the post-eradication setting. Therefore, concerted efforts are urgently needed to develop a new
generation of vaccine that is risk-free and affordable and can be produced on a global scale. Here we
discuss the desired properties and ways to create a new polio vaccine.

Early success of poliovirus vaccines

The discovery of vaccines against poliomyelitis in the 1950s was among the most dramatic
achievements of preventive medicine [1]. Unlike most other diseases, polio afflicted children
in countries with the best public health systems and hygiene, and the public was terrified by
its rapid spread. As a result, significant funds were raised in a popular campaign led by the
March of Dimes to support research that eventually led to preventive vaccines.

Vaccine development started in two different directions. The first was aimed at preparation of
an immunogenic, inactivated vaccine, while the second sought to create attenuated strains.
Formalin-inactivated poliovirus vaccine (IPV) developed by Jonas Salk [2] was first to be
licensed in 1955. Mass use of this highly efficacious vaccine in the United States led to an
immediate and rapid decline in polio morbidity. Many other countries followed suit, and a long
process of worldwide polio decline began.

This early success of IPV might have doomed the prospects for an attenuated polio vaccine
[3]. However, improper manufacturing practices at Cutter Laboratories resulted in release of
insufficiently inactivated vaccine that paralyzed almost 200 recipients and contacts [4]. The
incident resulted in a temporary halt of IPV use and strengthened arguments in favor of Oral
Poliovirus Vaccine (OPV). Several attenuated strains were evaluated in large-scale clinical
trials [5-7], and in 1963, a trivalent OPV made from Albert Sabin's strains [8] was licensed in
the United States.
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The attenuated vaccine had several important advantages over inactivated vaccine: lower cost,
ease of administration, spread to contacts resulting in a herd effect, mucosal as well as humoral
immunity [1]. All but three countries (Finland, Netherlands, Sweden) switched from IPV to
exclusive use of OPV. By the mid-1960s, many countries that had implemented routine
vaccination with OPV were free of epidemic poliomyelitis, as were countries that had continued
using IPV.

Obstacles to eradication

By the mid-1980s poliomyelitis was declining in many regions of the world due to mass OPV
immunization activities. Encouraged by the success of the smallpox eradication program, the
World Health Assembly declared in 1988 that polio should be eradicated worldwide by year
2000. A global campaign was initiated and successfully stopped disease in most countries of
the world. However, failure to eliminate wild virus circulation in several isolated geographic
pockets forced repeated postponements of the eradication deadline. At present, there are four
countries where wild poliovirus is still endemic. Political instability in regions near the
Pakistan/Afghanistan border and resistance of the population to polio immunization in northern
Nigeria both resulted in insufficient vaccine coverage. In northern India, exhaustive efforts to
increase and maintain high vaccine coverage have been thwarted by extremely low OPV
efficacy [9]. The reasons for the low efficacy are not understood; seroconversion and disease
reduction rates have improved in the last two years by introducing supplementary vaccination
with monovalent OPV against the predominant serotype of circulating virus [10]. These
countries remain a source of continuing re-introduction of wild virus into countries where
transmission had previously stopped.

Although IPV was being used primarily in just three countries, supply of this product became
limited due to the demand for imported monkeys used for its manufacture in primary monkey
kidney cells. In the late-1970s, a group of researchers at the National Institute for Public Health
in the Netherlands created a new product, called enhanced potency IPV (elPV) [11]. The
vaccine was made from purified virus grown in large bioreactors. Further improvement was
made at Pasteur-Merieux by replacing primary monkey kidney cells with Vero cells [12]. The
vaccine contained more protective D-antigen and could be combined with other vaccines such
as DTP, further improving its cost-efficiency and re-igniting an interest in IPV.

Despite great progress with polio eradication, news on the OPV front was not all good. Cases
of vaccine-associated paralytic poliomyelitis (VAPP) in vaccine recipients and their contacts
were reported [13]. It was a rare phenomenon, occurring at a rate of one in several hundred
thousands of first-dose vaccine recipients. The genetic instability of the Sabin strains and their
propensity to produce virulent derivatives after passage was well established, and VAPP was
its clinical manifestation. It appeared to be an unfortunate side effect that represented an
acceptable risk when assessed against the enormous benefits of OPV use. However, this risk-
benefit equation changed after eradication of wild-type poliomyelitis in industrialized
countries, making OPV the only source of paralytic polio. With the availability of enhanced
potency IPV, the recommended vaccination schedule in these countries was changed from all-
OPV to either a combination of two doses of elPV followed by two doses of OPV [14], or IPV
alone. At the beginning of the 215t century, most industrialized countries have switched to
exclusive use of IPV (Figure 1).

Reverted vaccine virus with increased virulence had been previously considered unable to
spread beyond immediate contacts. The first discovery of circulating vaccine-derived
polioviruses (cVDPV) occurred in 2000 during investigation of a polio outbreak in the
Dominican Republic and Haiti that was caused by a recombinant between a derivative of Sabin
1 strain and an unidentified enterovirus [15]. Similar outbreaks caused by cVDPV were shown
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to have occurred previously, although they had not been recognized, and they continue to occur
[16,17]. Cases of VAPP are restricted to single vaccine recipients and their immediate contacts,
whereas cVDPV can circulate even in well-immunized communities [18] and cause multiple
outbreaks of polio in areas of low population immunity. In addition, several immunodeficient
individuals were identified who were persistently infected with vaccine poliovirus and excreted
VDPV strains for years [19-21]. These two discoveries led to the realization that complete
eradication of poliomyelitis must include eventual eradication of the live vaccine itself [22].

Cessation of OPV use was always a part of the polio eradication campaign scenario, based on
cost-saving expectations as well as prevention of VAPP. The existence of VDPVs, their ability
to produce outbreaks, and the demonstration that they exhibit pathogenicity similar to wild-
type strains significantly changed the risk-benefit analysis associated with the endgame of the
polio eradication campaign [23]. This coincided with a global shift in public perception of
international security risks that was provoked by the events of September, 2001. It became
obvious that the emergence of large populations of unvaccinated individuals following OPV
cessation could risk re-starting a global polio pandemic caused by either VDPV, wild-type
polioviruses, or chemically synthesized virus [24] re-introduced into circulation either
accidentally or intentionally [25,26]. The actual risk of re-starting polio circulation is not
known, but limited experimental data suggest it could be quite serious [27]. Although
mathematical modeling predicted a more optimistic scenario [28], all analyses indicate that an
immunological vacuum brings a high risk of polio outbreaks. Their magnitude and our ability
to contain them remain uncertain.

Population immunity must be maintained

In order to pursue a safe long-term strategy, we must maintain a high level of immunity against
poliovirus. Deliberate creation of an immunologically naive population is neither medically
nor ethically acceptable. Since OPV's greatest shortcoming is its propensity to revert to
virulence, several attempts were made to genetically manipulate the vaccine strains to prevent
emergence of undesirable mutations. Results obtained in vitro suggest that this may indeed be
feasible [29,30]; however, the low incidence of VAPP and VDPV would require that clinical
trials be conducted in millions of people to prove that increased stability in vitro would confer
increased safety in humans. Clearly, this is impractical. Therefore the only realistic way to
maintain worldwide immunity against poliomyelitis is to replace OPV with IPV, administered
as part of a universal routine immunization program [31].

Arguments in favor of worldwide use of IPV were made in several recent publications [32,
33]. However, there are substantial financial and logistical challenges to its implementation,
as well as certain scientific issues that must be addressed.

Approaches to a new IPV

IPV has demonstrated an excellent safety and efficacy record. Its relatively minor shortcomings
such as poor induction of intestinal immunity and the need to administer by injection do not
justify development of a new product. However, even though the current IPV could continue
to be successfully used, other considerations support a proposal to develop a new generation
IPV product. A stable supply of inexpensive IPV for use in low and middle-income countries
will likely require substantial increases in worldwide production capacity. Scaling up the
existing manufacturing base may reduce the vaccine price, but maximum cost reduction would
be achieved by building production facilities in developing countries. However, ensuring
containment of wild-type polioviruses [34], from which the current IPV is made, in new
production facilities that lack experience and that are situated in regions with inadequate
population immunity raises major concerns. Thus, development of IPV from non-pathogenic

Clin Infect Dis. Author manuscript; available in PMC 2008 December 15.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Chumakov and Ehrenfeld Page 4

strains becomes a top priority. Below we review recent advances that make the goal of creating
a new IPV feasible; it would cost less, increase efficacy, and alleviate biosecurity concerns.

Sabin IPV

Several groups have attempted to prepare IPV from the attenuated Sabin strains (sIPV) [35].
However, the antigenic properties and immunogenicity of sIPV appear different from
conventional IPV [35-37] because the protective antigens of Sabin viruses are significantly
less stable upon treatment with formaldehyde [38,39]. For serotypes 2 and 3, much higher
quantities of inactivated Sabin virus were needed to induce comparable levels of immunity
[40], and protection against challenge in transgenic mice was significantly lower and not as
broad as the one induced by conventional IPV [37]. There are four possible solutions to the
problem of lower immunogenicity of Sabin IPV. First would be to increase antigen content to
the level that would ensure adequate seroconversion. However, this would require growing
greater quantities of virus, which would work against cost reduction, especially since yields of
Sabin strains are lower than wild-type viruses. A second approach might be to stimulate
immunogenicity with adjuvants. A third solution could be to explore use of alternative
inactivating agents [41,42] that do not damage antigens as much as formaldehyde. For example,
beta-propiolactone, used in making rabies vaccine [43], can rapidly inactivate poliovirus
without damaging its protective antigens [44], but more extensive studies of the effect of this
and other inactivating agents are needed. Finally, the fourth solution would be to make IPV
from strains that have an antigenic structure identical to the currently used wild-type strains,
but that were rendered non-pathogenic by genetic manipulations.

Modification of the 5" non-coding region of the viral genome

Work in this direction started some years ago for a different purpose, to make OPV more stable.
One of the important determinants of neurovirulence of poliovirus is a specific RNA structural
element located in the internal ribosome entry site (IRES) within the 5’-non-coding region of
polio RNA. Partial disruption of this structure is associated with decreased neurovirulence.
Reversion of the Sabin 3 strain to virulence is partly due to a single mutation that restores the
original base pairing in the IRES. Substitution of additional weaker base pairs also reduces
IRES structural stability that is not easily restored because it requires multiple mutations instead
of one [30]. Since these changes do not involve the coding region of the genome, the antigenic
properties of the mutant virus are identical to wild-type. This principle could be used to create
more stable, attenuated polio vaccines to serve as a source for manufacture of IPV.

Other ways to manipulate the IRES element have been shown to attenuate the virus. For
example, the neurocytopathic phenotype of poliovirus type 1 was eliminated by replacing the
entire IRES with that from human rhinovirus type 2, creating a non-pathogenic recombinant
with unaltered polio antigenic structure [29]. Deletions or insertions within the 5’-untranslated
region also lead to viral attenuation [45,46]. In the latter example, movement of a critically
important cis-acting replication element (cre) from an internal site in the polio genome to a
location upstream of the IRES ensured that the inserted sequence is not eliminated by
recombination.

Polymerase fidelity

RNA viruses manifest very high mutation rates due to the extremely low fidelity of their RNA-
dependent RNA polymerase. As a result, virus populations consist of a spectrum of mutants,
described as quasi-species [47]. Alteration of this population diversity results in strains with

modified pathogenicity. For example, a point mutation in the polio 3D gene sequence coding
for the RNA polymerase results in increased replication fidelity [48], and therefore a narrower
spectrum of diversity in the viral quasi-species [49]. Such viruses manifest reduced virulence
and do not invade the CNS [50]. Similarly, changes in the 3D gene that reduce replication
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fidelity and increase mutation rates cause “error catastrophe” and loss of virus viability.
Therefore, the fidelity of viral genome replication is fine-tuned in a narrow range, and its
manipulation could be used to make strains with reduced pathogenicity, but which retain the
antigenic structure of their virulent progenitors.

Codon usage

Another way to genetically modify the pathogenicity of a virus without changing its protein
sequences is to alter the nucleotide sequence to display a different codon set. Redundancy in
the genetic code means that many amino acids are coded by more than one codon, and there
is a different bias in codon usage in different organisms or even in different tissues in the same
organism [51]. Therefore, viral proteins are codon-optimized for expression in a specific host.
Conversely, codon de-optimization may lead to reduced expression of a protein or the entire
virus. Reduction of poliovirus fitness was demonstrated by introducing rare codons into the
genes coding for capsid proteins [52,53]. There was a perfect correlation between the number
of non-optimal codons and viral fitness, and by extension, virus virulence.

Codon pair bias

A similar approach was used in another study that took advantage of codon pair bias de-
optimization. It is based on the observation that there are preferred combinations of neighboring
codons. Therefore swapping different but synonymous codons within the same sequence
results in altered pairs of codons, while leaving the overall codon usage and amino acid
sequence unchanged. This manipulation resulted in a marked decrease in polioviral fitness and
therefore attenuation of virulence [54]. Interestingly, the yield of infectious virus was
significantly reduced while the number of virus particles remained the same. This suggests that
de-optimization may create a virus that produces little infectious virus while generating
sufficient amounts of antigen that could be used for making IPV. Since reversion of codon-
deoptimized viruses would require many mutations, their attenuated phenotype is much more
stable.

Micro RNA sequence insertion

Yet another way to create attenuated viruses with wild-type immunogenicity takes advantage
of the recently discovered activity of micro RNA (miRNA). Eukaryotic cells produce short
RNAs that downregulate expression of specific genes by binding and targeting their messenger
RNAs for degradation or preventing their translation. By engineering short stretches of RNA
into a viral genome that are complementary to miRNA prevalent in tissues that are targets of
the virus (e.g. neuronal cells), virus growth and pathogenicity can be abrogated. At the same
time, these viruses could be easily grown in cultured cells that do not express this particular
miRNA [55].

All these novel approaches have been tested in preliminary experiments and showed promising
results for developing non-pathogenic polioviruses with wild-type antigenicity. However,
research is still needed to demonstrate that IPV made from such strains is feasible to produce
and efficacious. It may be prudent to create strains that combine some of these approaches.

Regulatory issues should be considered early in the development of a new product. Licensing
of a new vaccine to replace the existing one requires assurance of comparable efficacy. Since
clinical trials in which protection serves as the efficacy endpoint are impossible, licensure
decisions must be based on surrogate markers such as the ability to induce neutralizing
antibodies [56]. Differences in the immunochemical structures of formalin-treated Sabin
viruses and conventional IPV [37] suggest that formulating dosages and predicting protection
efficacy against the spectrum of different strains of the same serotype could be problematic.
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Therefore, regulatory evaluation of a new vaccine that is not immunochemically different from
the Salk IPV would be simplified.

Adjuvant use

Adjuvants can also be used to boost immunogenicity. Combination of IPV with other vaccines
that contain alum demonstrated that lower doses of antigen could be protective compared to
IPV alone. Adjuvants can also modulate the immune response to peripherally administered
antigens to boost production of mucosal antibodies. Preliminary results with IPV showed that
this could be a promising direction for future studies [57].

From the information reviewed above it is clear that there are several novel approaches to create
a new generation of IPV. The final product should be inexpensive, efficacious, and safe to
produce and to receive. Cooperative efforts by international public health authorities, academia
and industry could serve as a paradigm for creation of other vaccines based on the same
principles. Additionally, the logistics of vaccine delivery, especially in low-income countries,
need to be optimized for local personnel and infrastructure. Many such studies are currently
being sponsored by the World Health Organization, including a demonstration project in
Yogyakarta, Indonesia, aimed at addressing operational issues of switching from OPV to IPV
and determining whether IPV can prevent emergence of VDPV in tropical countries.

Future considerations

Much work is in progress to develop a medically and logistically sound scheme for worldwide
use of IPV. The major challenges reside in the realm of vaccine development and evaluation,
as well as in aligning resources to support this massive public health undertaking. The latter is
clearly outside the scope of this review or the expertise of its authors. Nevertheless, it appears
obvious that delivery of a variety of childhood vaccines can best be accomplished by combining
them into a universal vaccination scheme. Therefore, the future of polio vaccination may reside
within the WHO's Expanded Programme on Immunization, broadened to include IPV delivery.
Ensuring that progress will occur in time to meet the global public health need will require an
urgent and concerted effort by academia, industry, and public health organizations to create a
new generation of IPV.
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Figure 1. Past and projected global poliovirus vaccine usage

Vertical arrows indicate the years of major changes in vaccine product utilization. Dotted
vertical arrows denote estimates of future years of possible changes to come. Horizontal arrows
indicate the use of the different IPV and OPV products. The thickness of the horizontal arrows
(not to scale) suggests the amount of vaccine utilized during the indicated time period.
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