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ABSTRACT
RNA viruses replicate as a heterogenous population of mutants dubbed
‘quasispecies.’ Some of the most life-threatening diseases today are caused by RNA
viruses including, Ebola, hepatitis c virus, dengue, west nile and influenza. While some
progress has been made over the years, at this time no effective vaccines exist for these
pathogens, and demand is high. The RNA dependent RNA polymerase (RdRp) is
responsible for viral genetic diversity. Although a high mutation rate can lead to
deleterious changes in the genome, this offers an advantage to the virus: the ability to
quickly adapt to a complex host environment, and evade barriers to establishing
disease. This adaptability poses a unique challenge, for example, when it comes to
developing antiviral drugs and vaccines.
In this dissertation, studies on altering the fidelity of the poliovirus (PV)
polymerase, 3Dpol, are described using biological evaluation of four 3Dpol derivatives:
Ser-64 (G64S), Arg-273 (H273R), Arg-359 (K359R) and Arg-273,Arg-359 (H273RK359R). Previous biochemical and biological studies performed on PV RdRp have
shown that G64S is a high fidelity polymerase and that functions at WT levels and
creates less genomic diversity relative to the WT polymerase. In the PV transgenic
animal model (cPVR) G64S was attenuated. From this discovery, it was hypothesized,
that lack of diversity in the viral population leads to attenuation. However, in our hands
the G64S is virulent. At the same time we performed studies with the low fidelity
polymerase, H273R. H273R has a 2-3 fold increase in ribonucleotide misincorportation
frequency relative to WT, which translates into a 2-3 fold mutation frequency in cell
culture. Quantitative increase in mutation frequency, measured by CirSeq, confirmed the
mutator phenotype and also suggested RdRp-independent factors may contribute to the
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generation of the viral quasispecies. H273R was attenuated in the cPVR model and
induced neutralizing antibodies. This result suggested that the WT PV RdRp is at the
optimal fidelity for virulence.
Lys-359 is a conserved residue in the active site that serves as a general acid
catalyst. With the K359R mutant we observe an increase in polymerase fidelity and
decrease in replication kinetics relative to WT PV. This resulted in attenuation in mice
and generated a protective immune response. Given that this residue is conserved in
many RdRps, this study suggests that a universal mechanism-based strategy for
vaccine development is possible for RNA viruses.
We reasoned that if fidelity is the primary cause of the attenuated phenotype,
then a double fidelity mutant combining both a high and low fidelity mutant will have
restored virulence. Double polymerase mutants G64S-K359R, G64S-H273R and
H273R-K359R were created using existing fidelity mutants. G64S-K359R did not
produce any virus by infectious center assay (ICA) and G64S-H273R was unstable after
transfection into HeLa cells. The serine-64 reverted back to glycine leaving a H273R PV.
H273R-K359R was stable over 4 passages at a low MOI. This double mutant has faster
replication kinetics compared to K359R alone, although it still has decreased replication
kinetics relative to WT and H273R. We see a restoration of WT fidelity in vitro but not in
vivo. H273R-K359R is attenuated in the cPVR transgenic mouse model despite having
similar WT fidelity. Attenuation of H273R-K359R in vivo suggests viral replication
kinetics plays an integral role in viral virulence.
Together, these studies confirm that fidelity, as well as replication speed, are
integral to viral virulence and provide insight on rational strategies for vaccine
development.
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Chapter 1

Background and introduction

Emergence and re-emergence of RNA viruses remain an ongoing threat to public
health and a risk to national security. Some of the most life-threatening diseases today
are RNA viruses including, hepatitis c virus, dengue, west nile and influenza. At this time
no effective vaccines exist for these pathogens despite the decades of research that has
invested in them.
RNA viruses are defined by high mutation rates, high yields, and short replication
times (1). Due to a lack of proofreading mechanisms, RNA viruses have an average
mutation rate of 10-3 to 10-5 mutations per genome replication event (2). As a result,
these viruses do not replicate as a single sequence but as a ‘cloud’ of mutant genomes,
which have been dubbed quasispecies (Figure 1-1) (1,3-5). Although a high mutation
rate can lead to deleterious changes in the genome, this offers an advantage to the
virus: the ability to quickly adapt to a complex host environment, and evade barriers to
establishing disease. This adaptability poses a unique challenge, for example, when it
comes to developing antiviral drugs and vaccines.
Vaccines remain the most effective way of preventing infection and spread of
infectious diseases. Vaccines have been used for centuries but still to this day only four
different strategies exist (6); live attenuated virus (LAV) vaccines, killed or inactivated
virus vaccines, subunit vaccines and viral vector vaccines (Table 1-1). While inactivated
viruses, subunit and vector vaccines can are effective prophylactics, the most efficacious
vaccines remain LAVs. LAVs replicate in relevant tissues, elicit strong cellular and
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humoral responses, and often confer lifelong immunity. While this vaccine strategy has
produced the majority of successful vaccines in use today (6), they also provide
important safety concerns. In the past the development of LAVs has been empirical.
Blind passage of viruses in different cell types results in the accumulation of multiple
attenuating mutations leaving the molecular mechanisms of attenuation unknown. Also,
due to the high error rate of RNA viruses and selective pressures of the host
environment, these LAVs can potentially revert back to wild-type virulence. This not only
puts the vaccinee at risk, but if shed can put those that are unvaccinated at risk as well.
LAV vaccines have been created against a number of RNA viruses, such as
poliomyelitis, measles, mumps, rabies, rubella, yellow fever and influenza (7). While
these vaccines have been successful there still remains a need for a rational design
strategy in which to create additional LAVs.
It has been shown that by altering fidelity, the rate and speed at which the
polymerase incorporates mutations, leads to viral attenuation (2,8-12). This strategy can
be manipulated to control the replication and pathogenesis of future LAV vaccine
candidates.

Pathogenesis

Pathogenesis is defined as the origin and development of disease. It is a
complex interplay of invading microbes with the host immune system (13). Uncontrolled
viral replication can lead to the disruption of the host immune response, which is central
to the pathogenesis of many invading RNA viruses. Studying pathogenesis in vivo is
tricky due to many variables that are at play: inoculum dose and route, the health of the
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host including the resident microbiota (14), evolution of the pathogen in the host and the
virulence of the specific infecting organism. However, we can conceptualize
pathogenesis as a series of steps with an expected outcome (Figure 1-2)(13): 1)
invasion of a pathogen; 2) replication in the primary tissue and initiation of the innate
response; 3) dissemination of the pathogen through the blood and lymph; 4) replication
in secondary tissues and initiation of the adaptive response. These multiple selective
pressures determine tissue tropism and the pathogenic outcome of an infection. From
here one of two things is possible: recovery of the host from the initial infection or death
(13).
Genetic diversity in RNA virus populations appears to be critical for fitness and
survival and likely contributes to pathogenesis. In a heterogeneous pathogen population,
some variants are able to infect primary tissues and bypass host-imposed bottlenecks.
From here the remaining variants can replicate into another heterogeneous population
where some are able to bypass the bottlenecks and perform secondary infection in other
tissues (Figure 1-3)(13) thus demonstrating that a heterogeneous population, or
quasispecies, can be beneficial to the pathogen.

Quasispecies theory

Quasispecies theory was first described by Manfred Eigen when he first posed
the question “why are organisms so well fitted to their environments” (3,4). Quasispecies
theory is the study of a chemical system that examines the frequency at which a system
both allows and limits efficient adaption. Eigen has constructed a model based on
Darwin’s theory of evolution that is focused at the level of macromolecules, chemical
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reactions and physical processes for a more precise explanation of adaptation. A
chemical theory based on Darwin’s principle can be understood by the following:
1. The major constituents of the system must be self-replicative.
2. Replication is not precise but prone to error.
3. The system can never reach equilibrium.
According to Eigen’s theory, the master copy of the self-replicative entity
produces mutant progeny with a certain probability of distribution. The frequency is
dependent on the fraction of master sequence to the fraction of error copies. Eigen used
the term “comet tail” to describe the error copies (15).
Quasispecies theory uses the laws of physical chemistry to describe the process
of evolution within self-replicating entities. Today, virologists have adopted this theory to
explain population diversity of RNA viruses. RNA virus populations are heterogeneous
due to error-prone replication of the RNA-dependent RNA polymerase (RdRp) thus
influencing quasispecies evolution. This adaptability benefits the pathogen sometimes at
the cost of the host.
The physical chemistry of this theory gives an explicit definition to the phrase
survival of the fittest. Survival is measured in terms of population numbers, and fitness
measures the replicative capacity, or fecundity, of the population. Survival of the fittest
would then imply that an entity without the highest selective value would go extinct
(Figure 1-4)(16). However, if mutations occur more frequently then there is not a fittest
type but an optimal, viable population of mutations that surround a master sequence.
The distribution of mutations around a master sequence defines the term quasispecies.
Quasispecies theory brought about a change in view of RNA viruses as
populations. Adaptability of viruses can have consequences for pathogenesis and
disease control. The first experimental evidence of quasispecies theory was found in
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experiments with the RNA bacteriophage Qβ (16,17). Qβ turned out to be an ideal
system in order to study RNA genome replication, regulation of gene expression and
formation of viral particles (18). Questions of the genetics of this virus came up due to
phenotypic differences in plaque size and temperature sensitivity (19). It was discovered
that the mutation rate for Qβ was 10-4, 10,000-fold higher than what had been estimated
for some DNA bacteriophage populations and 1,000,000-100,000,000 fold higher than
bacteria and fungi (20,21).
Currently, error-prone replication is known to happen in all RNA viruses that
infect both plants and animals. It is also known that this error is due to rapid generation
of variants and fidelity of the RdRp (22-24). Quasispecies theory has now been
expanded to include recombination, gene duplication, genome segment reassortment
and gene transfers (25-27).

Population genetics theory

Error-prone

replication

cannot

happen

indefinitely.

Quasispecies

theory

established a condition in which there is a limit to the number of mutations a population
could withstand while still maintaining its genetic information. This condition is known as
the error-threshold. The error-threshold equates to the mutation rate at which the
frequency of the master sequence decreases (28). A decrease in the frequency of the
master sequence will have a negative effect on the fitness of the population.
Population genetics theory explains what effect the mutation frequency has on
the fitness of the viral population (Figure 1-5). First, we assume that RNA viruses
replicate along an error-threshold. The size of a population determines the number of
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mutations that can be absorbed without consequence to the fecundity of the population.
Due to the linear-log relationship, small changes in mutation frequency can have
profound effects on the ability of a population to reproduce. Therefore, increasing the
mutation frequency decreases the replicative capacity of the population thus driving it to
extinction. The theory of lethal mutagenesis lies within this concept. Drugs, such as the
nucleoside analog ribavirin, are incorporated by the RNA-dependent RNA polymerase
(RdRp) into the genome during replication (29). In vitro studies demonstrated that the
poliovirus RdRp incorporates ribavirin triphosphate (RTP) as either a guanosine (GTP)
or adenine triphosphate (ATP) analog (30). This causes template mismatching and
increases the mutation frequency thus driving the population to extinction (31,32).
Subsequent studies demonstrated that ribavirin behaves as a mutagen in cell culture as
well (30,33). So in theory, mutations in the polymerase that alter mutation frequency
should also have an effect on fitness.

Poliovirus as a model

In order to study what effect polymerase mutants have on RNA virus
heterogeneity, we turn to our model RNA virus, poliovirus. Poliovirus (PV) belongs to the
family Picornaviridae. This family consists of non-enveloped, positive single strand
viruses many of which are important human and animal viruses. In addition to PV, there
is Hepatitis A, Foot and Mouth Disease Virus (FMDV) and Rhinoviruses (34).
Picornaviridae

currently

consists

of
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genera:

Aphthovirus,

Aquamavirus,

Aviheptovirus, Cardiovirus, Cosavirus, Dicipivirus, Enterovirus, Erbovirus, Hepatovirus,
Kobuvirus, Megrivirus, Parechovirus, Salivirus, Sapelovirus, Senecavirus, Teschovirus,
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and Tremovirus. PV is the type specific virus of the Enterovirus genus. The name
derived from their ability to replicate in the intestinal tract. Also belonging to this genera
is Coxsackievirus, Echovirus, Human Enterovirus and many nonhuman enteric viruses
(34).
Poliomyelitis is one of the oldest diseases recorded by man. The first evidence of
polio infection was during the 18th Egyptian dynasty (1550-1333 B.C.) (as reviewed in
(35)). In 1789, the first scientific description of poliomyelitis recorded by Michael
Underwood; he noted that a paralytic disease of the legs attacked children from 1-5
years of age. Jacob Heine, a German orthopedist, conducted the first medical studies on
the disease in which he published on in 1840 (35). He recorded many clinical
observations, which expanded upon Underwood’s observation of lower limb paralysis to
that of the arms and trunk as well. He concluded from these findings that the cause of
paralysis originated from the spinal cord.
In 1870, neuropathology and neuropathological techniques led to a breakthrough
in poliomyelitis research. Three key papers reported on autopsies performed, in which
lesions found in the anterior horns of the spinal cord were due to the loss of motor
neurons. This was believed to lead to paralysis of the corresponding muscle, however
the cause of the loss of motor neurons still remained unknown. In 1890 a Swedish
pediatrician, Karl Oskar Medin, reported details of an outbreak. He described symptoms
of fever, vomiting and diarrhea suggesting that a microbe caused this epidemic. In 1908
Karl Landsteiner and Erwin Popper discovered the etiologic agent of poliomyelitis. They
injected monkeys with spinal cord fluid from a young boy with poliomyelitis, which was
free of any bacteria, and within days these monkeys developed paralysis in both and
legs and autopsies showed lesions on their spinal cords.
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Research on polio moved quickly once the etiological agent was discovered to be
a virus, leading researchers to be able to identify the route of infection as fecal-oral.
Further studies with poliovirus led to the discovery of propagating virus in cells (36), cell
to cell passaging to attenuate the virus, the first plaque assay by Dulbecco and Vogt to
quantify virus, and creation of the oral polio vaccine (OPV); all leading up to the
establishment of the field of Molecular Virology.
The Molecular Virology field grew due to the advances made with poliovirus;
isolation of RNA that could later be used to infect cells (37,38), biochemical experiments
to determine replication kinetics (39,40), refinement of X-ray crystallography, which
developed the 3D structure of poliovirus (41). The discovery that poliovirus binds to
specific cell receptors (42), PV recombination and the discovery of the RdRp (43,44).
The first mouse studies involved passaging virus to create a mouse adapted strain (45)
and now there are transgenic mice in which to study pathogenesis. The decades of
research performed with polio makes it a great model to elucidate mechanisms of other
RNA viruses.
Even though poliovirus has been around for thousands of years, only now is it on
the brink of global eradication. Since 1998, the number of poliovirus cases has dropped
99% (46). Due to political instability, wars, poor economies and lack of trained
personnel, vaccine delivery programs are being decreased (47). Currently there are
three countries, Nigeria, Afghanistan and Pakistan where polio still persists.
While violence, and parental mistrust of having their children vaccinated have
made it nearly impossible for vaccine delivery, also the unstable nature of OPV itself has
contributed to additional outbreaks. Vaccine derived polioviruses (VDPV) are very rare
strains of virulent poliovirus that genetically derived from the OPV (48,49). There are
three poliovirus serotypes (types 1, 2, and 3) (34). Type 2 hasn’t been detected since
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1999 (50) and as of November 2012 type 1 has not been detected either, however type
3 still circulates worldwide (51). Type 2 serotype was omitted from the OPV and is the
serotype that accounts for most of the vaccine-related outbreaks (46). Still, ongoing
efforts remain to eradicate this disease.

Genome organization

The PV genome can be divided into 3 parts, the 5’-untranslated region (5’-UTR),
a single open reading frame (ORF), and the polyadenylated 3’-untranslated region (3’UTR) (Figure 1-6). The 5’-terminus is covalently linked to a small protein VPg (virion
protein, genome linked). VPg is covalently joined to the 5’-uridylate moiety of the viral
RNA by an O4-(5’-uridylyl)-tyrosine linkage. The tyrosine involved in the linkage is
always the third amino acid from the N-terminus (52). VPg is found on both (+) and (-)
RNA strands suggesting that VPg is used as a primer for PV RNA synthesis (53). The 5’terminus is a long (over 700 nucleotides) and highly structured region containing a cisacting genome replication element (CRE) called oriL (left) that forms a cloverleaf
structure. This region also contains the internal ribosome entry site (IRES). This element
initiates translation of the genome in the absence of the 5’-m7G cap (54). The 3’-UTR of
PV is short and also contains a CRE, oriR (right) that includes a pseudoknot, which is
involved in viral RNA synthesis (55). Downstream of the pseudoknot is a polyadenylated
region otherwise known as the poly-A tail. The poly-A tail is important for genome
circularization and transcription initiation (56). There is a third CRE in the PV genome,
oriI (internal). This element is responsible for initiation of negative strand synthesis by
VPg uridylylation, which is required for genome replication (57,58).
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Upon entry into the cell, the mRNA is translated as a polyprotein of
approximately 3,000 amino acids and can be divided into 3 functionally different regions:
P1, P2, and P3. The polyprotein is cleaved co- and post-translationally by viral proteases
2Apro and 3Cpro into 11 proteins. At the 5’-end of the ORF is the P1 region, which codes
the viral capsid. The capsid is made up of four proteins, VP1, VP2, VP3 and VP4
(Figure 1-6).
The P2 region is made up of proteins that support genome replication. The 2A
protein, 2Apro, is a protease that cleaves VP1 from 2A thus separating the P1 region from
the rest of the polyprotein. 2Apro also cleaves cellular proteins shutting down capdependent translation (59,60). 2B, 2C and 2BC have been shown to interact with
membranes that support genome replication by inducing the formation of membranous
vesicles. (61).
The P3 proteins are directly involved in genome replication. There is a major and
minor pathway that the P3 region is cleaved into (Figure 1-6). The minor pathway
cleaves P3 into 3A and the polyprotein 3BCD. 3BCD is further cleaved into 3BC and 3D,
and 3B and 3C. 3A is involved in membrane binding and inhibits secretion of transport
and secretory proteins (62-64). 3B is VPg, as described previously, serves as a primer
for RNA synthesis. 3C or 3Cpro, is the viral protease and 3D or 3Dpol, is the RNAdependent RNA polymerase (RdRp), which will be described in further detail in the next
section.
The major pathway creates two proteins, 3AB and 3CD. Both proteins bind to
CREs and interact with each other (61). The polyprotein 3AB is a membrane bound
protein responsible for the localization of the polymerase to membranes where viral
genome replication occurs (65). The polyprotein 3CD is protease and the active site is
located on the 3C domain. 3D encodes for 3Dpol, the PV RNA-dependent RNA
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polymerase (RdRp). 3Dpol was the first RdRp for which structural information was
available (34). This protein will be the main focus of this dissertation.

3Dpol

The RdRp is one out of four categories of polymerases and its crystal structure
shows a close evolutionary relationship not only to other RdRps but also to that of DNAdependent DNA-polymerases (DdDps), DNA-dependent RNA-polymerases (DdRps),
and RNA-dependent DNA-polymerases (RdDps) also known as reverse transcriptases
(RT). All resemble a cupped right-handed structure consisting of the thumb, fingers and
palm domains (66,67). The palm is where the active site of the polymerase lies and
consists of 4 conserved structural motifs A-D (66). A fifth and sixth motif, E and F, exists
in the RNA-dependent polymerases but not the DNA-dependent polymerase (66). These
latter motifs are not in but line the active site. RdRps are error prone but they are as
faithful as DNA polymerases that lack proofreading exonucleases (68). The absence of a
repair mechanism in the PV genome is what leads to an enhanced rate of mutation
during viral replication.

Poliovirus receptor

PV infection is initiated by viral attachment to a specific host cell receptor. PVR
(also known as CD155) was first discovered in 1989 to be an integral membrane protein,
which is part of the immunoglobulin superfamily (IgSF) (69). Members of this family,
which include nectins 1-4, serve as adhesion receptors (70). The N-terminal extracellular
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portion of the IgSF proteins consists of three domains with Ig-like folds (71). CD155
mRNA can be alternatively spliced into four different isotypes (α, β, γ, and δ) with
identical extracellular domains. However, CD155-β and -γ lack the transmembrane
domain and are secreted whereas the CD155α and δ retain the transmembrane domain
and serve as PV receptors (72,73). CD155 is found at the neuromuscular junction and is
involved, cooperatively with cadherins, in cell adhesion (74). Cell-cell adhesion is
maintained by adherens junctions and tight junctions on the apical side of epithelial cells
(75). CD155 is heterophilic and interacts with nectin-3 to establish adherens junctions
(76,77). CD155 also interacts with CD226 and CD96 on natural killer cells to stimulate
cytotoxic activity (78,79). Binding of poliovirus to CD155 results in a conformational
change in the virus particle and release of the viral genome into the cytoplasm, an event
that may occur at the plasma membrane of cells (80).

Tissue tropism

Tissue tropism is determined by a specific cell receptor and whether the cellular
environment is suitable for viral replication. In cell culture, cells expressing PVR are
susceptible to infection. PVR transgenic mice exhibit paralytic disease after infection,
however, while many tissues are exposed to PV during infection, only in neurons has
virus successfully replicated (11,81,82). This has lead to the idea that certain cellular
host factors either a) are required for PV replication or b) required to prevent replication
in non-neuronal tissues.
Picornaviruses are sensitive to interferons (IFNs) (83). Infected cells produce
alpha (IFN-α) and beta (IFN-β) IFNs, type I IFNs, which in turn induce interferon-
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stimulated genes (ISGs), which gives rise to the antiviral state of the cell. PVR
transgenic mice were crossed with IFN-α/β receptor knockout mice (IFNAR) thus
creating a PVR transgenic/IFNAR knockout mouse strain. These mice have a defect in
their ability to respond to IFN-α/β signaling, which lead to viral replication in nonneuronal tissues (84).
IFN messenger RNA is constitutively expressed in non-neuronal tissues (85).
Interferon regulatory factor (IRF)-7 is essential for the induction of IFNs mainly in
plasmacytoid dendritic cells (pDCs) the main producers of IFNs (86). These cells are
found throughout peripheral organs and lymphoid tissues. While neuronal cells do
express IFNα/β it is not in as high abundance as peripheral organs suggesting the innate
response is not adequate enough in neurons in order to defend against viral infection.
In the 100 years since Karl Landsteiner and Erwin Popper first isolated PV much
has been discovered about the virus including the development of two vaccines. Most
importantly, PV has been a useful tool in the development of the field of molecular
virology and a source of discovery on the inner workings of RNA virus population
diversity. After the development of OPV and IPV, research into the pathogenesis of
poliomyelitis essentially stopped. The identification of the poliovirus receptor led to the
creation of the transgenic mouse model and thus a resurgence of pathogenic studies.
These studies have led to the identification of the viral polymerase as the determinant of
virulence. Mutations within the polymerase have been shown to alter fidelity of the
polymerase leading to restricted or enhanced quasispecies (2,11,87-89).
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cPVR: transgenic mouse model

PV is the causative agent of poliomyelitis. Humans and primates are susceptible
to infection via the fecal-oral route. Mice infected with PV can generate antibodies but
are not susceptible to disease (90). A separate study showed that when the human
poliovirus receptor (PVR) gene was transfected into Mouse L cells they were now
permissive for all three serotypes of PV (91). This result confirmed that the PVR is
required for viral entry and also indicated that mouse cells were capable of supporting
PV replication. This led to the possibility of generating a PV mouse model that would be
susceptible to infection when expressing PVR.
PVR-Tg1, the first PV transgenic mouse created, was derived by a group in
Japan (92). PVR mRNA was detected by northern blot in all the tissues tested: brain,
spinal cord, heart, spleen and kidney save for the liver. PVR mRNAs, however, were
detected by PCR amplification in the liver suggesting that the amount of PVR mRNAs
vary in different tissues. Just as in humans, the PVR receptor was being expressed on
many tissues in the transgenic mouse model. PVR-Tg1 mice were inoculated with lethal
doses of PV via an intracerebral route (IC), which led to clinical symptoms of disease
and death.
Additional transgenic strains were created with the intent of making mice
susceptible to infection via the oral route (29,93-95). Expression of PVR on all tissues
remained the same though none of the mice created could be successfully infected via
the oral route.
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Poliovirus Pathogenesis

CD155 transcript expression has been detected in the brain, heart, kidney, small
intestine, placenta, skeletal muscle, lung and liver in humans (34). Similar expression
patterns have been seen in transgenic mice expressing the human CD155 gene (96).
Yet not all of these tissues support viral replication indicating that the presence of CD155
mRNA is not sufficient to permit viral infection (72).
The primary sites of PV infection and replication are in the tonsillopharynegeal
tissue and Peyer’s patches of the ileum (97). From here it is hypothesized that the virus
proliferates in the lymphatic tissues. The circulating virus then infects and replicates in
motor neurons in the CNS, and their destruction results in paralytic poliomyelitis.
There are three main routes of dissemination for PV; transmission from the gut
mucosa to the blood (97,98), movement through the blood-brain barrier (BBB) into the
brain (99) and invasion from the motor neurons into the brain (100). How the virus
moves from the bloodstream into the motor neurons is not currently understood (101).
Studies have shown that PV moves from the muscle to the CNS by retrograde
transport along axons in motor neurons (74). Axonal transport is a cellular process
responsible for the movement of cellular proteins, lipids, synaptic vesicles, mitochondria
and other organelles to and from a neuron’s cell body, through the cytoplasm of the
axon. PV hijacks this pathway and is disseminated through the sciatic nerve of hPVR-Tg
mice that have been intramuscularly infected (102). The virus travels from the sciatic
nerve to the spinal cord and then to the brain.
PV may use a variety of methods to pass through the BBB to the CNS. Yang et
al. demonstrated that passage through the BBB is PVR independent (99). It is
hypothesized that mouse transferrin receptor 1 (TfR1), a membrane bound receptor for

16
transferrin, binds to PV making it a possible receptor for BBB permeation (103). Other
possible entry ways include PV directly infecting endothelial cells, entry through areas of
the BBB that lack tight junctions, increased vascular permeability, or transendothelial
transport via diapedesis of immune cells (97).
The studies set forth in this dissertation set out to show that by targeting specific
residues in the PV RdRp we can thwart development of disease in the transgenic mouse
model. These polymerase mutants have an altered fidelity and replication kinetics but
can induce a robust immune response that protects against re-challenge. Targeting
specific residues of the RdRp can be used in creation of LAV vaccines and development
of antiviral drugs.
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Figures

Figure 1-1: Origin of the RNA virus quasispecies. This schematic depicts viral entry
into the cell and the generation of a heterogeneous viral population. Upon translation of
the founder virus genome’s viral polymerase, replication of the viral genome results in a
‘cloud’ of mutant genomes dubbed quasispecies. Black wavy lines represent viral
genomes and mutations are different colored symbols on lines.
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Table 1-1: Current vaccine strategies.
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Figure 1-2: Conceptualizing pathogenesis as a series of steps. Pathogenesis is a
complex process that can be simplified by detailing the process step-by-step: 1) invasion
of a pathogen; 2) replication in the primary tissue and initiation of the innate response; 3)
dissemination of the pathogen through the blood and lymph; 4) replication in secondary
tissues and initiation of the adaptive response (13).
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Figure 1-3: How heterogeneity of a population allows a pathogen to bypass host
bottlenecks. These colors represent a heterogeneous pathogen population whereas
some variants (green and purple) are able to bypass host-imposed bottlenecks replicate
into another heterogeneous population where some are able to bypass the bottlenecks
and perform secondary infection in other tissues. This demonstrates how heterogeneous
population can be beneficial to the pathogen (13).
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re
Figure 1-4: Schematic the evolution of the viral quasispecies. Mutations are
depicted as different colored symbols on lines, which is the master genome. Dashed
lines are genomes that have five or more deleterious mutations and therefore do not
survive the next passage (large arrows indicates passage). Other genomes can
incorporate mutations during replication possibly due to recombination events (i.e.,
genome 2 in the distribution on the top left generates genomes 2 and 3 in the second
distribution, top right, until an excess of mutations in genome 2 of the third distribution,
bottom left impedes its replication). Even with consistent mutations due to error prone
replication and/or recombination events, the consensus sequence never changes
(depicted as a line absent of mutations at the bottom). (adapted from (16)).
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Figure 1-5: Population genetics theory. Population genetics theory predicts a loglinear relationship between the genomic mutation rate and the fecundity needed to avoid
extinction and defines a theoretical error-threshold. The theory predicts that all RNA
viruses (depicted by black dot) replicates along an error threshold. A corollary of this
theory is lethal mutagenesis, the ability to drive a viral population to extinction by
increasing the error frequency.
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Figure 1-6: Poliovirus genome organization and polyprotein processing. Poliovirus
is a positive, single strand RNA virus that is translated immediately upon entry into the
cell. The genome is approximately 7,500 base pairs and is translated into a polyprotein.
The polyprotein is divided into three parts, P1, the structural proteins and P2 and P3,
which makes up the non-structural proteins. The polyprotein is further cleaved into 11
proteins. The P1 region makes up the capsid proteins.
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Summary
Live-attenuated vaccines (LAVs) have prevented morbidity and mortality
associated with myriad viral pathogens. Development of LAVs has traditionally relied on
empirical methods, such as growth in non-human cells. These approaches require
substantial time and expense to identify vaccine candidates and to determine their
mechanisms of attenuation. With these constraints, at least a decade is required for
approval of a LAV for use in humans. We recently reported the discovery of an active
site lysine residue that contributes to the catalytic efficiency of all nucleic acid
polymerases(1). Here we use a model RNA virus and its polymerase to show that
mutation of this residue from lysine to arginine produces an attenuated virus that is
genetically stable and elicits a protective immune response. Given the conservation of
this residue in all viral polymerases, this study suggests that a universal, mechanismbased strategy may exist for viral attenuation and vaccine development.
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Introduction
The current state of the art for vaccinology limits the development of a vaccine as
a first response to an epidemic caused by the natural or intentional spread of a new
virus. Live, attenuated virus vaccines (LAVs) are most efficacious because both humoral
and cellular immunity are generally elicited. In addition, transmission of the vaccine
strain can lead to herd immunity. Creation of a LAV usually involves random
approaches, for example adaptation of a virus to growth at low temperatures or in nonhuman cell cultures (2). The process of adaptation leads to numerous genetic changes,
only a subset of which may be responsible for the attenuated phenotype in humans
(3,4). The regulatory process now requires an absolute determination of the genetic
basis for the attenuated phenotype (5), allowing assessment of the “stability” of the
attenuated phenotype. This regulatory requirement represents a high hurdle for vaccine
development such that if the Sabin poliovirus (PV) vaccines needed to meet this
criterion, they would not be approved today.
There has been a flurry of activity by many laboratories to develop rational
approaches for vaccine development (2,6-10). One of these approaches involved
increasing the replication fidelity of the RNA-dependent RNA polymerase (RdRp) of a
prototypical positive strand RNA virus, PV(10). Enhanced replication fidelity of the viral
RdRp has two major outcomes. First, the reduced genetic variation is attenuating
because variants in the population required to evade barriers of the host are not
generated at the appropriate frequency (11). Second, the enhanced fidelity reduces the
frequency of genetic reversion to a wild-type, pathogenic phenotype (12). There is now
evidence in several systems that RdRp fidelity is a determinant of viral pathogenesis and
virulence(11-18). Unfortunately, none of the mutations in the RdRp gene that lead to
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increased replication fidelity are at positions conserved across virus families making it
difficult to extrapolate attenuation by enhanced fidelity to other systems.
In this report, we show that mutating the conserved active site lysine residue that
serves as a general acid catalyst during nucleotide incorporation to arginine produces a
viral RdRp that replicates slower with higher fidelity. This virus variant is genetically
stable, replicates well in cell culture, is attenuated (fails to cause disease) and elicits a
protective immune response in vivo. Due to the conservation of this residue in viral
polymerases, this study suggests that a universal, mechanism-based strategy may exist
for viral attenuation and vaccine development.

Materials and Methods
Expression and purification of PV RdRp - Construction of pET26Ub-PV-3D expression
plasmids were described previously (1,19). PV RdRp was expressed and purified as
described previously (1,19).
Kinetic analysis of PV RdRp – Nucleotide-incorporation experiments were performed
essentially as described previously (1,20).
Sequence Alignments – All sequences were obtained from the NCBI Database.
Sequences were aligned using ClustalW2 and based upon alignments previously
published (21).
Cells and Viruses - HeLa S3 cells were obtained from American Type Culture Collection
(ATCC) and grown in DMEM/F-12 medium plus 10% fetal bovine serum, 100 U/mL
penicillin and 100 U/mL streptomycin. PV type 1 Mahoney was used throughout this
study.
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Construction of mutated viral cDNA clones and replicons - The expression plasmid
encoding the K359R mutation (1) was digested and inserted into an intermediate
plasmid, pUC18-BglII-EcoRI-3CD (referred to as pUC-3CD in(22)), then the fragment
between BglII and ApaI was cloned into either the subgenomic replicon, pRLucRA, or
viral cDNA, pMovRA. Plasmids were linearized and used in RNA transcription reactions
as described previously (23).
Infectious center assays – Infectious center assays were performed as described
previously (23).
Virus isolation, titer and one-step growth curves – HeLa cells were transfected by
electroporation with 5 µg viral RNA transcript and added to HeLa cell monolayers. After
incubation at 37 °C for 3- 4 days, viruses were harvested by 3 repeated freeze-thaw
cycles and used as viral stocks. For plaque assays, virus was serially diluted in PBS,
placed on cells in 6-well plates to allow the virus to adsorb to the cells, PBS removed
and replaced with media containing 1% agarose. After 2-4 days of incubation, the
agarose overlay was removed and cells stained with crystal violet. Plaques were
counted to determine virus titer in pfu/mL. For TCID50, virus was serially diluted in media,
each dilution was added to 10 wells of a 96-well plate previously seeded with 5 x 103
HeLa cells. Plates were incubated at 37 °C for 7 days before being manually scored for
CPE. Percentage of wells with CPE for each dilution was used to calculate viral titer (in
TCID50/mL). When the same stock was titered by both methods, 1 pfu/mL was
approximately equivalent to 20 TCID50/mL. To analyze one-step virus growth, cells in 12well plates were infected with virus at a multiplicity of infection (MOI) of 10. Virus was
allowed to adsorb, cells washed with PBS, media added to each well and cells incubated
at 37 °C for various times post-infection. Virus was harvested by 3 repeated freeze-thaw
cycles and virus titers performed by TCID50 assays.
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Northern blot analysis – Northern blots were performed as described previously (23).
Ribavirin sensitivity assay – HeLa cell monolayers in 6-well plates were pretreated for 1
hour with various concentrations of ribavirin and then infected with 50 pfu of WT, G64S,
or K359R PV, incubated for 20 min to allow for virus adsorption, and then were washed
and overlaid with 0.5% agarose media containing the same concentration of ribavirin.
Plates were incubated for 3-4 days at 37 °C before overlays were removed and
monolayers were stained with crystal violet. Plaques were counted and compared to the
untreated (0 mM ribavirin) control dish. To determine the IC50 value the percentage of
plaques was plotted as a function of ribavirin concentration and fit to a sigmoidal dose
response equation (Eq. 1):
𝑌 = 𝐴 + ((100 − 𝐴)/(1 + ( 𝑟𝑖𝑏𝑎𝑣𝑖𝑟𝑛   /  𝐼𝐶!" ))! ))
where Y is the % of plaques relative to untreated cells, A is the minimum % of plaques
and H is the Hill Slope.
Subgenomic replicon assays – Subgenomic replicon assays were performed as
described previously using a luciferase-expressing, subgenomic replicon (23).
Mouse infection and protection - Mice were bred and housed in standard ventilated
caging for all experiments. Viral stocks generated in serum free media, harvested and
titered as above were diluted to 2 x 109 TCID50 per 3 ml of serum free media. Six to eight
week old outbred (ICR) mice transgenic for the PV receptor (cPVR) were infected with
PV by intraperitoneal injection in 3 ml of serum free media (or mock infected with 3 ml of
serum free media alone). Mice were observed for 14 days for signs of disease, and were
euthanized upon showing dual limb paralysis or paralysis such that their ability to obtain
food and water was compromised; this was in accordance with approval by the IACUC
at The Pennsylvania State University. Surviving mice were challenged using the same
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methods with a lethal dose (2 x 109 TCID50) of WT PV one month after infection and
observed for 14 days as above.
Statistical analysis – Survival curves were performed using the product limit method of
Kaplan and Meier and survival curve comparisons using the logrank test as provided by
GraphPad Prism 4. P values are indicated.

Results and Discussion
It is long established that nucleic acid polymerases use a two-metal-ion
mechanism for nucleotidyl transfer (Figure 2-1A)(24). In this mechanism, two
magnesium ions are used to organize the reactants: 3’-OH of primer and α-phosphorous
atom of the nucleoside triphosphate (NTP), and one magnesium ion lowers the pKa of
the 3’-OH for deprotonation by a base that has yet to be identified. We recently
expanded the chemical mechanism of nucleotidyl transfer to include a general acid,
which protonates the pyrophosphate leaving group of the NTP substrate and contributes
a 50-2000 fold rate enhancement to nucleotidyl transfer (Figure 2-1A)(1,20). In the case
of PV RdRp, the general acid is Lys359. This residue is located in a motif termed D that
is conserved in the structures of all RdRps and reverse transcriptases (RTs) (Figure 21B). Importantly, an orthologous residue is known or predicted in RNA viruses for which
vaccines could be of great benefit (Figure 2-1C).
The RdRp from PV is the only enzyme in this superfamily of enzymes for which a
detailed, kinetic description of the mechanism and fidelity exists (1,20,25). PV RdRp will
assemble stable elongation complexes on symmetrical RNA primer-templates, referred
to as sym/sub (Figure 2-1D)(26). Nucleotide addition can be evaluated by monitoring
changes in extension of
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P-end labeled RNA (26). The PV RdRp with Lys359
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substituted by Arg (referred to as K359R RdRp) is known to catalyze nucleotidyl transfer
at a rate 10-fold lower than wild type(1). However, the impact of this change on fidelity
has not been studied. A slow polymerase with high incorporation fidelity could contribute
to a stable, attenuated phenotype in the context of a virus. Fidelity was evaluated by two
approaches using sym/sub-U, which has a uridine as the first templating nucleotide
(Figure 2-1D). The first approach monitored utilization of GTP (misincorporation); the
second approach monitored utilization of ribavirin triphosphate (RTP). RTP was chosen
because the first high-fidelity variant of PV RdRp, G64S, was isolated by selection of
mutants with reduced sensitivity to ribavirin, which was caused by reduced utilization of
RTP(12,16). Under conditions in which AMP incorporation went to completion for both
WT and K359R RdRps (lanes 2 and 5, Figure 2-1E), a substantial reduction in GMP
misincorporation and RMP incorporation was observed for K359R RdRp (lanes 6 and 7,
Figure 2-1E) relative to WT RdRp (lanes 3 and 4, Figure 2-1E). In order to obtain a
more quantitative perspective of the change in fidelity, we evaluated the kinetics of
incorporation of the various nucleotides at saturating concentrations. K359R RdRp was
on the order of 5-fold more faithful than WT RdRp (Figure 2-1F). Under the same
conditions, G64S RdRp exhibited only a 2- to 3-fold enhancement in fidelity (Figure 21F)(12).

Because GMP incorporation opposite uridine represents the most facile

misincorporation event, this study only establishes a lower limit for the increase in fidelity
caused by the K359R substitution.
In order to determine how the biochemical changes associated with the K359R
RdRp impacts virus multiplication in cell culture, we constructed a PV genome encoding
the K359R RdRp. The AAA codon encoding lysine was changed to the CGT codon
encoding arginine. Therefore, genetic reversion requires two transversion mutations, a
very inefficient event which provides some barrier to reversion. Transcripts encoding the
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K359R RdRp were on the order of 10-fold less cytolytic to HeLa cells than those
encoding WT RdRp (Figure 2-2A). K359R PV recovered from this type of experiment
exhibited a reduced rate of virus production, with a final yield 10-fold less than that of
WT PV (Figure 2-2B). In spite of the reduced fitness of K359R PV, both the K359R
change and corresponding phenotype were stable over eight serial passages at a
multiplicity of infection of infection from 0.1 to 1 (data not shown). Interestingly, the
duration of neither the eclipse phase (lag) nor the exponential phase of infectious virus
production was reduced by the magnitude of the nucleotidyl transfer rate (10 fold)
measured in vitro (Figure 2-2B). It is therefore possible that RNA synthesis does not
contribute directly to the rate-limiting step for virus production. In order to address this
possibility, we used Northern blotting to evaluate RNA synthesis as a function of time
post-infection. We found that the kinetics of RNA accumulation were clearly diminished
(Figure 2-2C). In order to increase the signal for replication, we engineered the K359R
substitution into a PV subgenomic replicon that permits RNA synthesis to be evaluated
indirectly by monitoring luciferase activity. In this experiment, it was clear that at least a
10-fold reduction occurred in all phases of genome replication (Figure 2-2D).
Collectively, these data suggest that the biochemical defect associated with the Arg359
substitution is manifested in cells. We interpret the reduction in viral genomes, and
consequentially reduced infectious virus, to mean that some innate process capable of
squelching RNA synthesis is manifested when replication requires longer than 4 h for
completion. A PV variant exhibiting increased nucleotide incorporation fidelity exhibits
reduced sensitivity to the antiviral nucleoside, ribavirin(12,16). Therefore, to assess
K359R fidelity in cells, we evaluated the sensitivity of K359R PV to ribavirin. By plaque
assay, there was a clear reduction in sensitivity of K359R PV to ribavirin when compared
to WT PV (Figure 2-2E). The ribavirin resistance phenotype was on par with that
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observed for G64S PV (Figure 2-2E), consistent with biochemical data for the
corresponding polymerases (Figure 2-1F). More rigorous analysis revealed an
intermediate resistance for K359R PV relative to WT and G64S PVs (Figure 2-2F). It is
possible that the reduced speed of genome replication is antagonistic with the increased
fidelity of genome replication, leading to the observation that K359R PV is less fit than
G64S PV in the presence of ribavirin.
In cells, K359R PV is delayed in growth but replicates with high fidelity. These
characteristics predict that K359R PV should be more attenuated in animals than G64S
PV. We compared the virulence of K359R PV to G64S and WT PVs in a mouse
transgenic for the PV receptor(27). In this system, infection by WT PV is generally
lethal(27). At the highest dose of K359R PV readily attainable, none of the inoculated
mice showed any symptoms of infection (Figure 2-3A). At the same dose, both G64S
and WT PVs caused two-limb paralysis (IACUC-approved end-point for these
experiments) (Figure 2-3A). Previous studies of G64S PV used a different end-point,
thus permitting the diminished virulence of G64S PV relative to WT PV to be
observed(11). In order to determine if K359R PV actually replicates in the mice and has
potential as a vaccine candidate, we performed a challenge experiment with WT PV.
Mice were inoculated with K359R PV. Four weeks post-inoculation, the mice were
challenged with a lethal dose of WT PV. All of the K359R PV-inoculated mice survived
this lethal challenge; none of the mock-infected (naïve) mice survived (Figure 2-3B). We
conclude that K359R PV replicates in these animals as UV-inactivated, replicationincompetent PV is incapable of eliciting immunity sufficient to protect against a lethal
challenge with WT PV(10,11). In order to place the protection afforded by this
mechanism-based approach into context, we compared the efficacy of K359R PV
vaccination to that of Sabin-1 PV. Doses of K359R PV below 2 x 109 infectious units
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were less effective than the corresponding dose of Sabin-1 PV (Figure 2-3C). Overall,
the efficacy of K359R PV appeared on the order of one log lower than Sabin-1 PV in this
model (Figure 2-3C. Given that Sabin-1 PV has 57 nucleotide changes that cause 21
amino acid changes relative to the Mahoney strain of PV(3), the attenuation and stability
afforded by this single change of lysine to arginine is remarkable.
We have used the PV system to show that the general acid of the viral RdRp can
be changed to create a slower, more faithful RdRp derivative that produces an
attenuated virus capable of protecting mice against a lethal challenge with wild-type
virus. This is the first polymerase mechanism-based approach for viral attenuation.
Importantly, this attenuation strategy can be easily and rapidly deployed in any positivestrand RNA virus, and perhaps other RNA and DNA viruses as well. As long as the
polymerase belongs to one of the known superfamilies, sequence alone should be
sufficient to identify the general acid (e.g. Figure 2-1C). The polymerases of negativeand double-strand RNA viruses are all predicted to have this conserved lysine
residue(21,28).

In

addition,

the

replicative

polymerases

of

herpes-

pox

and

adenoviruses, all DNA viruses, are B-family polymerases predicted to have this
conserved lysine(29). Evaluating the impact of the Lys-to-Arg substitution in other
viruses will be necessary to determine how generalizable this attenuation strategy will
be.
A great benefit associated with this attenuation mechanism is that it should
combine in a predictable manner with other rational attenuation strategies, especially
those that alter codon-pair bias(7,8) or incorporate microRNAs(6,9). The increased
fidelity of RNA synthesis may further diminish the rate of genetic reversion and
restoration of the virulent phenotype.
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An immediate application of this technology is in the production of seed stocks
for creation of inactivated PV vaccine. Currently, wild-type strains are used, increasing
production costs due to containment and limiting the number of sites globally capable of
producing the vaccine, which leads to expenses for shipment and storage. An
attenuating mutation in polymerase-coding sequence will not alter the stability or
antigenicity of the capsid. It is also easy to envision using this polymerase mechanismbased strategy when the toxicity associated with virus is sufficiently high that virus yield
is negatively impacted. This circumstance may have contributed to the shortage of
vaccine for the swine flu outbreak in 2009.
Viruses encoding polymerases with a substitution of the general acid may also
prove to be useful reagents to study virus molecular and cellular biology. The 10-fold
reduction in polymerase activity appears to prolong the kinetics of virus multiplication.
Therefore, processes that occur early during infection may now be slow enough to
interrogate experimentally. For example, during the first 30 min to 2 h post-infection of
HeLa cells by PV, the site of replication changes from the Golgi apparatus to the
endoplasmic reticulum(30). Expanding the duration of time required for this transition will
facilitate further dissection of this process and identification of host factors participating
in the transition.
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Figure 2-1. PV RdRp Lys359 is a determinant of catalytic efficiency and fidelity. A,
Lys359 functions as a general acid catalyst. As the transition state of nucleotidyl transfer
is approached, primer 3′-OH proton, Ha, is transferred to an unidentified base (B), and
pyrophosphate leaving group is protonated (Hb) by a conserved basic amino acid in the
active site, in the case of PV RdRp, Lys359(Castro et al., 2009). B, Structure of PV
RdRp. Palm, fingers and thumb subdomains are indicated. Conserved structural motifs
are colored: A, red; B, green; C, yellow; D, blue; E, purple; F, orange; G, black. Lys359
in motif D is indicated (CPK, orange). C, The motif D lysine that functions as a general
acid is conserved in viral RdRps. Sequence alignments of motifs C and D from the
indicated positive- and negative-strand viral RdRps. Numbers indicate position from first
amino acid of the RdRp domain and length separating motifs C and D. Conserved
residues are shown in boldfaced type. Residues conserved within a virus group are
underlined. D, Primed template use is referred to as sym/sub-U and contains a uracil as
the first templating base. E, Reaction products from PV RdRp-catalyzed nucleotide
incorporation using indicated nucleotide and sym/sub-U. K359R PV RdRp incorporated
GMP and RMP less efficiently than WT. Percentage of RNA product relative to correct
nucleotide (ATP) is shown. F, K359R PV RdRp is more faithful than the WT enzyme.
Observed rate constants for correct and incorrect nucleotide incorporation catalyzed by
WT, K359R and G64S PV RdRp. The relative fidelity or error frequency is shown.
a
Values for G64S PV RdRp taken from a previous study(Arnold et al., 2005).
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Figure 2-2: K359R PV is viable but attenuated in cell culture. A, Infectious center
assay. The specific infectivity of viral RNA was 2 x 104 and 2 x 103 for WT and K359R,
respectively. B,C, Kinetics of virus growth for K359R PV. Viral titer (TCID50/mL) was
plotted as a function of time post-infection. Error bars indicate standard deviation.
Duplicate infected samples were used for RNA isolation and Northern blot analysis
(panel c). D, Kinetics of RNA synthesis using a luciferase-expressing, subgenomic
replicon. Luciferase specific activity is reported in relative light units (RLU) per
microgram of total protein in the extract. WT + GuHCl represents a control for translation
of input RNA without replication. Shown is one representative data set. E,F, Ribavirin
sensitivity. Plaque numbers were plotted against ribavirin concentration normalized to
untreated (0 mM) control (panel f). The solid line represents the fit of the data to a
sigmoidal dose response equation (Eq. 1), yielding IC50 values of 0.55 ± 0.03, 2.05 ±
0.10 and 1.25 ± 0.13 mM for WT, G64S and K359R PV, respectively.
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Figure 2-3: K359R PV is attenuated and protective in the cPVR mouse model. A,
Mouse infections with WT, K359R and G64S PVs. cPVR mice were infected by IP
injection with serum-free media containing 2 x 109 TCID50 of WT, K359R or G64S PV.
K359R PV infected mice showed no signs of infection or disease; n = 10 for WT and
K359R PV and n = 15 for G64S PV. Survival curves for mice infected with K359R and
G64S PV are significantly higher than those for mice infected with WT PV (P < 0.0001, P
value of 0.002, respectively, Kaplan-Meier test). B, Mouse protection studies. Mice
immunized with K359R PV as above or mock immunized with serum free media alone
(Naïve) were infected 4 weeks after immunization with a lethal dose of WT PV (2 x 109
TCID50); n = 10. Survival curves for mice immunized with K359R PV are significantly
higher than those for mice immunized with control serum free media (P < 0.0001,
Kaplan-Meier test). C, Comparison of protection between K359R PV and the Sabin Type
1 PV vaccine strain. The percent protection is shown. Mice immunized with either K359R
or Sabin 1 PV with the indicated dose were infected 4 weeks after immunization with a
lethal dose of WT PV (2 x 109 TCID50); n = 5, errors indicate s.e.m. Two independent
trials were performed with K359R PV.
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Abstract

The ability of an RNA virus to exist as a population of genetically distinct variants
permits the virus to overcome events during infections that would otherwise limit virus
multiplication or drive the population to extinction. Viral genetic diversity is created by
the ribonucleotide misincorporation frequency of the viral RNA-dependent RNA
polymerase (RdRp).

We have identified a poliovirus (PV) RdRp derivative (H237R)

possessing a mutator phenotype. GMP misincorporation efficiency for H273R RdRp in
vitro was increased by two to three-fold that manifested in a two to three-fold increase in
the diversity of the H237R PV population in cells. CirSeq analysis indicated that some
mutations were RdRp independent. Consistent with population genetics theory, H273R
PV was driven to extinction more easily than WT in cell culture.

Furthermore, we

observed a substantial reduction in H273R PV virulence, measured as the ability to
cause paralysis in the cPVR mouse model.

Reduced virulence correlated with the

inability of H273R PV to sustain replication in tissues/organs in which WT persists. In
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spite of the attenuated phenotype, H273R PV was capable of replicating in mice to
levels sufficient to induce a protective immune response, even when the infecting dose
used was insufficient to elicit any visual signs of infection. We conclude that optimal
RdRp fidelity is a virulence determinant that can be targeted for viral attenuation or
antiviral therapies and suggest that the RdRp may not be the only source of mutations in
a RNA virus genome.

Introduction

Major challenges to virus survival occur during interactions with the host. Viruses
struggle with host defense mechanisms, diverse cellular environments in different
tissues, anatomic restrictions such as the blood-brain barrier, and host-to-host
transmission. The outcomes of these multiple selective pressures determine tissue
tropism and, ultimately, the pathogenic result of an infection. In this dynamic and
changing environment, genetic diversity in RNA virus populations appears to be critical
for fitness and survival, and likely contributes to pathogenesis. For example, a poliovirus
(PV) mutant expressing a high-fidelity (antimutator) RNA-dependent RNA polymerase
(RdRp) with a change of Gly-64 to Ser (G64S) displays an attenuated phenotype in
susceptible mice. G64S efficiently replicates in a number of tissues, but is restricted in its
ability to access the central nervous system. Treatment of viral stocks with chemical
mutagens to increase the number of mutations in the G64S genome to wild-type levels
leads to a significant increase in neuropathogenesis. These observations provide
compelling evidence that reduced population diversity restricts tissue tropism and
determines an attenuated phenotype (1-4).
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Both the number of genetic variants in a population and the speed with which
they are created likely determine the efficiency with which a virus can navigate the
dynamic environment in the infected host. Mathematical models on population genetics,
however, identified a theoretical limit to the number of mutations (extent of genetic
diversity) a haploid genome can withstand when the yield of offspring (fecundity) is fixed
(5). It is therefore assumed that RNA viruses exhibit the highest mutation frequency
tolerable, but the experimental evidence is limited to circumstances in which viruses are
exposed to chemical mutagenesis (6-8).
Indeed, existence of an RNA virus on the brink of extinction has been the
explanation for the sensitivity of viruses to nucleoside analogues with ambiguous
basepairing capacity (6,8,9). This class of nucleoside analogues has been termed lethal
mutagens (6,8,9). The most extensively characterized lethal mutagen is ribavirin, a drug
currently included in the standard of care for the treatment of hepatitis C virus infection
(6,8-10). A complication with the interpretation of these experiments arises from the fact
that lethal mutagens can have pleiotropic effects on cells, not the least of which is
utilization of the compounds by cellular polymerases.
One approach to explore the limits on viral population diversity with the least
collateral damage is creation and characterization of a virus variant with a mutator
phenotype. Poliovirus is an ideal model system to address this question because of the
myriad tools available to study this virus (11,12). However, the only PV RdRp derivative
known to exhibit a mutator phenotype yielded a dead virus, for reasons that may be
unrelated to extinction catastrophe (13). Viable mutator strains have been identified for
Coxsackievirus B3 (CVB3) (14) and murine and severe acute respiratory syndrome
(SARS) coronaviruses (15,16). For CVB3, mutations were in the active site of the RdRp.
However, for coronaviruses, mutations were in a putative proofreading exonuclease
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(16). Because antimutator strains were not available for these systems, the question of
an optimal fidelity could not be addressed directly but was inferred (15,16).
Here we describe a PV variant with an RdRp derivative exhibiting a mutator
phenotype (H273R). GMP misincorporation and ribavirin triphosphate utilization
efficiencies by H273R RdRp were significantly increased in vitro, leading to increased
population diversity and ribavirin sensitivity of the virus in cells. H273R was driven to
extinction more easily than WT in cell culture, indicating that WT virus is on the verge of
the maximal mutation rate that can be tolerated without a loss in fitness. Interestingly, we
observed a substantial reduction in H273R virulence, measured as the ability to cause
paralysis in a susceptible mouse model (17). Reduced virulence was attributable to the
inability of H273R to sustain replication in tissues/organs that are normally infected by
PV. In spite of the attenuated phenotype, H273R was capable of replicating in mice to
levels sufficient to induce a protective immune response at doses in which inactivated
virus would fail to elicit a protective response. These data demonstrate that population
diversity is optimized for viral fitness. In combination with data for the high-fidelity G64S
variant, we conclude that the ability of RNA viruses to manipulate their genetic diversity
confers upon a population a fast and effective mechanism in which to adapt to dynamic
environments. However, substantial constraints exist on the sequence space that can be
sampled without consequences for viral virulence.

Materials and Methods

Ethics Statement – This study was carried out in strict accordance with the
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recommendations in the Guide for the Care and Use of Laboratory Animals of the
National Institutes of Health. The protocol was approved by the Institutional Animal Care
and Use Committee at the University of California, San Francisco, and The
Pennsylvania State University (assurance number A3400-01 UCSF and A3141-01 PSU).
All efforts were made to minimize animal suffering.
Cells and Viruses – HeLa S3 cells were obtained from the American Type Culture
Collection (ATCC) and grown in DMEM/F-12 plus 10% fetal bovine serum, 100 units/ml
penicillin and 100 units/ml streptomycin. PV type 1 Mahoney was used throughout this
study.
Construction of H273R RdRp (3Dpol) Expression Plasmid – The H273R mutation was
introduced into a modified 3Dpolcoding sequence by using overlap-extension PCR. In
brief, the H273R clone was produced by overlap-extension PCR with oligonucleotides
3D-PV-AvrII-rev (5’-CCT GAG TGT TCC TAG GAT CTT TAG T-3’), 3D-PV-H273R-for
(5’-CTA AAC CAC TCA CAC AGG CTG TAC AAG AAT AAA ACA-3’), and 3D-PV-PstI
for (5’-CCT GAG TGT TCC TAG GAT CTT TAG T-3’), 3D-PV-H273R-rev (5’-TGT TTT
ATT CTT GTA CAG CCT GTG TGA GTG GTT TAG-3’) and with pET26Ub-3D-BPKNI92T (18) as a template. The final product of the second PCR was purified and digested
with PstI and NheI and ligated into pET26Ub-3D-BPKN-I92T that had been digested with
the same enzymes. The mutation was confirmed by DNA sequencing (Nucleic Acid
Facility, The Pennsylvania State University).
Expression and Purification of PV RdRp Proteins – WT, G64S, and H273R RdRp
derivatives were expressed in Escherichia coli by using a ubiquitin fusion system as
described previously (18) and then purified as described previously (1).
Purification, 5’-32P Labeling of RNA Oligonucleotides, and Annealing of RNA Sym/Sub
Substrates – RNA oligonucleotides were purified by denaturing PAGE as described
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previously (19). Concentrations were determined by measuring the absorbance at 260
nm using a Nanodrop spectrophotometer and using the appropriate calculated extinction
coefficient. RNA oligonucleotides were end-labeled by using [γ-32P]ATP and T4
polynucleotide kinase. Reactions, typically 100 µL, contained 1 µM [γ-32P]ATP, 100 µM
RNA oligonucleotide, 1X Kinase Buffer, and 0.4 units/µL T4 polynucleotide kinase.
Reactions were incubated at 37 °C for 60 min and then placed at 65 °C for 10 min to
heat-inactivate T4 polynucleotide kinase. RNA sym/sub primer- templates were
produced by annealing 10 - 20 µM RNA oligonucleotides in T10E1 (10 mM Tris, pH 8.0, 1
mM EDTA) in a Progene Thermocycler (Techne). Annealing reactions were heated to
90 °C for 1 min and slowly cooled (5 °C/min) to 10 °C.
PV RdRp-catalyzed Nucleotide Incorporation – Nucleotide incorporation experiments
were performed as described previously (20). Briefly, reactions were performed in 50
mM HEPES, pH 7.5, 10 mM 2-mercaptoethanol, 60 µM ZnCl2, and 5 mM MgCl2. All
reactions were performed at 30 °C. Reactions were assembled by incubating 1 µM PV
RdRp with 1 µM sym/sub RNA primer-template (0.5 µM duplex) for 3 min, allowing
equilibration to 30 °C, and then rapidly mixing with the appropriate NTP substrate. Rapid
mixing/quenching experiments were performed by using a model RQF-3 chemical
quench-flow apparatus (KinTek Corp., Austin, TX). Reactions were quenched by
addition of 0.5 M EDTA to a final concentration of 0.3 M. Products were analyzed by
denaturing PAGE. Gels were visualized by using a PhosphorImager and quantified by
using ImageQuant software (GE Healthcare).
Determination of Kinetic Parameters Kd, app and kpol —Data were fit by nonlinear
regression using the program Kaleida Graph (Synergy Software, Reading, PA). Time
courses at fixed nucleotide concentration were fit to Equation 1,

[𝑝𝑟𝑜𝑑𝑢𝑐𝑡] = 𝐴 ∗ 𝑒 (!!!"#   ∗  !) + 𝐶
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where A is the maximal concentration of product formed; kobs is the observed first-order
rate constant describing product formation; t is the time, and C is a constant. The
apparent dissociation constant (Kd, app ) and maximal rate for nucleotide incorporation
(kpol ) were determined using Equation 2,
𝑘𝑜𝑏𝑠 =

𝑘𝑝𝑜𝑙 ∗ [NTP]
𝐾𝑑, 𝑎𝑝𝑝 + [NTP]

Construction of Mutated Viral cDNA Clones and Replicons – To introduce the H273R
mutation into the 3Dpol-coding sequence of viral cDNA, pMovRA, PCR was performed
with oligonucleotides PV-3D-AvrII-rev, PV-3D-AflII-for (5’-AAC GAT CCC AGG CTT
AAG ACA GAT TTT GAG-3’) and the pET26Ub-3D-BPKN-I92T-Arg-273 plasmid as
template. PCR products were purified and digested with AvrII and AflII. The digested
PCR product was ligated into pUC18-BglII-EcoRI-3CD vector (21), a subclone of the
viral cDNA. From this vector, the fragment between BglII and EcoRI was cloned into the
viral cDNA plasmid (pMovRA). To introduce mutations into the subgenomic replicon,
pRLucRA, the fragment between the BglII and AvrII sites from the mutated pUC18-BglIIEcoRI-3CD subclone vector was ligated into pRLucRA. DNA sequencing was used to
verify the integrity of all clones. The H273K and H273Q mutations were introduced into
the 3Dpol-coding sequence of viral cDNA, pMovRA, and subgenomic replicon,
pRLucRA, by using overlap-extension PCR. In brief, PCR was performed with
oligonucleotides 3D-PV-BglII-for (5’-TAG AGG ATC CAG ATC TTG GAT GCC A-3’), 3DPV-H273Krev (5’-TTG TTT ATT CTT GTA CAG TTT GTG TGA GTG GTT TAG-3’), 3DPV-H273Q-rev (5’-TTG TTT ATT CTT GTA CAG CTG GTG TGA GTG GTT TAG-3’),
and 3D-PVEcoRI-ApaI-poly(A)-rev (5’-CGC TCA ATG AAT TCG GGC CCT TTT TTT
TTT TTT TTT TTT TCT CC-3’), 3D-PVH273K-for (5’-CTA AAC CAC TCA CAC AAA
CTG TAC AAG AAT AAA ACA-3’), and 3D-PV-H273Q-for (5’-CTA AAC CAC TCA CAC
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CAG CTG TAC AAG AAT AAA ACA-3’) and with pMo-3D-BPKN-I92T as a template.
The final product of the second PCR was purified and digested with BglII and ApaI and
ligated into pMo-3D-BPKN-I92T and pRLuc-3D-BPKN-I92T that had been digested with
the same enzymes. The mutation was confirmed by DNA sequencing (Nucleic Acid
Facility, The Pennsylvania State University).
RNA Transcription – The pMovRA and pRLucRA plasmids were linearized with EcoRI
and ApaI, respectively, and purified with Qiaex II suspension (Qiagen) by following the
manufacturer’s protocol. RNA was then transcribed from the linearized plasmid DNAs in
a 20 µL reaction mixture containing 350 mM HEPES, pH 7.5, 32 mM magnesium
acetate, 40 mM dithiothreitol (DTT), 2 mM spermidine, 28 mM nucleoside triphosphates,
0.025 µg/µL linearized DNA, and 0.025 µg/µl T7 RNA polymerase. The reaction mixture
was incubated for 3 h at 37 °C, and magnesium pyrophosphate was removed by
centrifugation for 2 min. The supernatant was transferred to a new tube, and RQ1
DNase (Promega) was used to remove the template. The RNA concentration was
determined by measuring absorbance at 260 nm, assuming that an A260 of 1 was
equivalent to 40 µg/ml, and the RNA quality was verified by 0.8% agarose gel
electrophoresis.
Infectious Center Assays— HeLa cells were transfected by electroporation with 5 µg of
viral RNA transcript, and these cells were serially diluted and plated onto HeLa cell
monolayers. Cells were allowed to adhere to the plate for 1 hour at 37 °C, and then the
medium/PBS was aspirated. Cells were covered with 1X DMEM/F-12 plus 10% fetal
bovine serum and 1% agarose. After 2–4 days of incubation, the agarose overlay was
removed, and the cells were stained with crystal violet.
Virus Isolation, Titer, and One-step Growth Curves – HeLa cells were transfected by
electroporation with 5 µg of viral RNA transcript, added to HeLa cell monolayers and
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incubated at 37 °C. Upon cytopathic effect (CPE), viruses were harvested by three
repeated freeze-thaw cycles. Cell debris was removed by centrifugation and virus titers
were performed. The resulting virus stocks were passaged four times on HeLa cell
monolayers at a low multiplicity of infection (MOI of 0.01). For plaque assays, virus was
serially diluted in PBS and placed on cells in 6-well plates to allow the virus to adsorb to
the cells, and PBS was removed and replaced with media containing 1% agarose. After
2–4 days of incubation, the agarose overlay was removed, and cells were stained with
crystal violet. Plaques were counted to determine virus titer in pfu/ml. To analyze onestep virus growth, cells were infected with virus at a MOI of 10. Virus was allowed to
adsorb, and cells were washed with PBS and media added. The cells were incubated at
37 °C for various times postinfection. Virus was harvested by three repeated freeze-thaw
cycles, and virus titers were performed.
RNA Isolation, cDNA Synthesis, and Sequencing to Confirm the Presence of the H273R
Mutation – Viral RNA was isolated with QIAamp viral RNA purification kit (Qiagen), as
recommended by the manufacturer. The 3Dpol cDNA was prepared from purified viral
RNA by reverse transcription with Moloney murine leukemia virus-RT (New England
Biolabs) with oligonucleotide 3D-BamHI-rev (5’-GCG GGA TCC TTA CTA AAA TGA
GTC AAG CCA ACG GCG GTA-3’). The resulting DNA product was then PCR-amplified
using SuperTaq DNA polymerase (Ambion) and oligonucleotides 3D-BamHI-rev and 3DSacII-for (5’-GCG CCG CGG TGG AGG TGA AAT CCA GTG GAT GAGA-3’) as
primers. The presence of Arg-273 was determined by sequencing of the nucleic acid
obtained in second PCR step with oligonucleotide 3D-PV-PstI-for (5’-GGA GTG ATA
ACA GGT TCT GCA GTG GGG TGC GAT-3’).
Northern Blot Analysis –Total RNA was isolated using TRI Reagent, separated on a 1%
native agarose gel, and transferred to a nylon membrane by passive capillary blotting,
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and then hybridization was performed using PCR-based probes to the three-dimensional
region of the PV genome essentially as described previously (22).
Subgenomic Replicon Assays – HeLa cells were transfected by electroporation with 5 µg
of replicon RNA transcript, transferred to pre-warmed media in microcentrifuge tubes,
and incubated at 37 °C. At each time point, cells were pelleted by centrifugation; media
were removed, and cells were lysed using cell culture lysis reagent (Promega). Lysates
were left on ice until luciferase and protein concentration assays were performed, at
which point the lysates were centrifuged to remove cellular debris and nuclei. Assays
were performed by mixing an equal volume of clarified lysate with luciferase assay
substrate (Promega), and luciferase quantification was carried out as described by the
supplier with a Junior LB 9509 luminometer (Berthold). Relative light units were adjusted
to total protein concentration in the samples. Protein concentration was measured
at 595 nm using the Bradford reagent (Bio-Rad). For experiments performed in the
presence of ribavirin, HeLa cells were pretreated with ribavirin prior to transfection, and
then transfected cells were transferred to media containing the same concentration of
ribavirin.
Genomic Sequencing for Mutational Frequency – Twenty four viral isolates belonging to
each of the WT and H273R populations were obtained by plaque isolation. Viral RNA
was extracted and purified. PV cDNAs were generated by RT-PCR using viral RNA. The
RT reaction was performed using the oligo (dT) primer. Two PCR products were
obtained for each viral isolate, a product spanning the 5’-UTR and capsid coding region
(nucleotides 300–3300) and a product spanning 3CD and 3’-UTR (relative light units
5800–7441). Primers for the 5’-product were 5’-CAGAGTGTAGCTTAGGC-3’ (forward)
and 5’-GGTGGACGCGGGCACC-3’ (reverse). Primers for the 3’-product were 5’CAGGGATATCTAAATCTC-3’ (forward) and 5’-CTCCGAATTAAAGAAAAATTTACCC-
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3’ (reverse). Direct sequencing was performed on PCR products.
Mutational Frequency Determination from Viral Stocks by Circular Sequencing – HeLa
cell monolayers (8x106 cells) in100 mM plates were infected with 8x104 pfu of either WT
or H273R PV (MOI of 0.01). Upon cytopathic effect, virus was harvested by three
repeated freeze-thaw cycles; cell debris was removed by centrifugation and Nonidet P40 (Nonidet P-40) added to 0.5% final. The viral supernatant was mixed at a 1:1 ratio
with a solution of 20% PEG-8000 and 1 M NaCl, incubated on ice at 4 °C for 12–24 h,
and then centrifuged at 8000 x g for 10 min at 4 °C. The pellet was carefully washed
with 50 mM Tris-HCl, pH 8.0, 10 mM NaCl, and then suspended in 50 mM Tris-HCl, pH
8.0, 10mM NaCl (1 ml per 10 ml of viral supernatant). Viral RNA was extracted using
TRIzol reagent, suspended in RNase-free water, and then used for circular sequencing
as described previously (23, 24).
Guanidine Resistance Assay – HeLa cells were infected with 106 pfu of either WT or
H273R PV in the presence of 3 mM guanidine hydrochloride and then washed and
overlaid with agarose media containing 3mM guanidine hydrochloride. Cells were
incubated for 3–4 days at 37 °C before being stained with crystal violet. Plaques were
counted to determine the guanidine resistant frequency (guar /106 pfu).
Effect of Ribavirin on Virus Titer— HeLa cells were infected with either WT, G64S, or
H273R PV at an MOI of 0.01 or 5 in the presence of 0–1000 µM

ribavirin. Upon

cytopathic effect, virus was harvested by three repeated freeze-thaw cycles, and virus
titers were performed.
Ribavirin Sensitivity Assay— HeLa cell monolayers in 6-well plates were pretreated for 1
hour with various concentrations of ribavirin and then infected with 50 pfu of WT
(ribavirin-sensitive), G64S (ribavirin-resistant), or H273R PV, incubated for 20 min to
allow for virus adsorption, and then washed and overlaid with 0.5% agarose media
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containing the same concentration of ribavirin. Plates were incubated for 3–4 days at
37 °C before overlays were removed, and monolayers were stained with crystal violet.
Plaques were counted and compared with the untreated (0 mM ribavirin) control dish.
Determination of IC50 –To determine the IC50 value, the percentage of plaques was
plotted as a function of ribavirin concentration and fit to a sigmoidal dose-response
Equation 3,
𝑌 = 𝐴 + ((100 − 𝐴)/(1 + ( 𝑟𝑖𝑏𝑎𝑣𝑖𝑟𝑛   /  𝐼𝐶!" ))! ))
where Y is the % of plaques relative to untreated cells; A is the minimum % of plaques,
and H is the Hill slope.
Virus Competition Experiment – HeLa cells were infected at an MOI of 10 with a virus
mixture composed of WT and H273R PV at a ratio of 1:9. After adsorption, input virus
was removed, and infection was allowed to proceed to cell lysis. Virus from the
supernatants of infected cells was harvested by three freeze-thaw cycles and used to reinfect fresh HeLa cell monolayers (passages 1–3). At each passage, viral RNA was
extracted for quantitation using RT-PCR. RT-PCR experiments amplified polymerasecoding region, and direct sequencing of the PCR product was performed to determine
the proportion of progeny virus belonging to the WT or H273R populations.
Virus Dilution – HeLa cells were infected with either WT, G64S, or H273R PV at a MOI
ranging from 1 x 10-8 to 10. Virus was allowed to adsorb, and cells were washed with
PBS and media were added. The cells were incubated at 37 °C for 6 hours postinfection. Virus was harvested by three repeated freeze thaw cycles and virus titers were
performed. Extinction titers were performed by standard plaque assay on the isolated
viral stock. Undiluted viral stocks that gave no plaques were considered below the limit
of detection (1 pfu).
Serial/Blind Passage – HeLa cells were infected with P0 virus at MOI of 0.1, 0.01, and
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0.001, were allowed to proceed for 8 h, and then viruses were harvested by three
repeated freeze-thaw cycles and titered (P1). HeLa cells were infected with P1 virus at
MOI of 0.1, 0.01, and 0.001 and were allowed to proceed for 8 h, and the viruses were
then harvested by three repeated freeze-thaw cycles (P2, virus titers were not performed
at this point). The titer of P2 virus stock was assumed to be the same as the P1 virus
stock for each virus-MOI pair. This titer was then used to calculate the amount of virus
required to achieve MOI of 0.1, 0.01, or 0.001 for subsequent passage infections. After
all eight passages were completed, viruses were collected after each passage was
titered.
Extinction of Viral Populations at Fixed Number of Viral Genomes - Viral RNA was
purified from virus stocks by using QIAamp viral RNA purification kit (Qiagen) and used
for RTqPCR to determine genome copies. HeLa cells were infected with either WT or
H273R PV virus that corresponds to a total of 3.18 x 101, 3.18 x 102, 3.18 x 103, 3.18 x
104, and 3.18 x 105 viral RNA genomes, and replication was allowed to proceed for 8 h.
After 8 h, total RNA from infected cells and supernatant was purified by RNeasy Plus
mini kit (Qiagen), and viruses were harvested by three repeated freeze-thaw cycles. For
real time qPCR analysis performed by the Genomics Core Facility of The Pennsylvania
State University, DNase-treated RNA was reverse transcribed using the High Capacity
cDNA reverse transcription kit (Applied Biosystems, Foster City, CA) and the protocol
provided with the kit. Quantification by real time qPCR was done by adding 10 or 20 ng
of cDNA in a reaction with 2X TaqMan Universal PCR Master Mix (Applied Biosystems,
Foster City CA) in a volume of 20 µl, with primers 5’-ACC CCT GGT AGC AAT CAA TAT
CTT AC-3’ (forward) and 5’-TTC TTT ACT TCA CCG GGT ATG TCA-3’ (reverse) and
probe 5’-[6-Fam]-TGT GCG CTG CCT GAA TTT GAT GTG A-3’ in a 7300 real time
qPCR system (Foster City CA) machine. A standard curve was generated using in vitro
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transcribed RNA.
Mouse Infection, Protection, and Tissue Tropism - Mice were bred and housed in
standard ventilated caging for all experiments. Protocols for animal studies were
approved by The Pennsylvania State University and University of California at San
Francisco Institutional Animal Care and Use Committee (IACUC). All experiments were
performed in accordance to guidelines and regulations overseen by the IACUC. Virus
stocks were generated in serum-free media, harvested, and titered. Four- to 6-week-old
outbred (ICR) mice transgenic for the PV receptor (cPVR) were infected with PV at the
indicated titer (pfu) by either intraperitoneal (i.p.) injection in 3 ml of serum-free media (or
mock-infected with 3 ml of serum-free media alone) or by intramuscular (i.m.) or
intracranial injection. Mice were observed for 14 days for signs of disease and were
euthanized upon showing dual limb paralysis or paralysis such that their ability to obtain
food and water was compromised; this was in accordance with approval by the IACUC
at The Pennsylvania State University. PD50 values were determined by the Reed and
Muench method. Surviving mice were challenged 1 month after initial infection using the
same methods with 5XPD50 of WT PV (1 x 108 pfu) by i.p. injection and observed for 14
days as above. For tissue tropism studies, whole organs (brain or spleen) were
harvested from five mice that had been infected intravenously with 108 or 109 pfu of WT
or H273R PV. Each day following infection, five mice from each group were sacrificed,
and tissues were removed, washed, weighed, and homogenized in 2 ml of PBS with an
Ultraturrax T8 homogenizer (IKA Works Inc., Wilmington, NC). Homogenates were
clarified of cell debris and stored at -80 °C. Tissue homogenates were then titered for
virus on HeLa cells by standard plaque assay.
Antibody Neutralization Assay – Serum from immunized mice was collected and pooled
according to immunized dose at day 25 post-inoculation. Serum was diluted, mixed with
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50 pfu WT PV, incubated at 37 °C for 2 h, and then added to HeLa cell monolayers.
Cells were incubated for 2 days at 37 °C before being stained with crystal violet.
Virus Purification and Transmission Electron Microscopy – To obtain highly purified and
concentrated viral stocks, three 10-mm plates of HeLa cells were infected with WT or
H273R PV at an MOI of 1. Upon cell death, media and cells were collected and
subjected to three freeze-thaw cycles. Cellular debris was removed by centrifugation in
Beckman JLA-16.250 rotor at 6000 rpm for 15 minutes at room temperature. The pH of
the supernatant was adjusted to 7–8, and the virus was precipitated with 8% (w/v)
polyethylene glycol (PEG 8000) (American Bioanalytical) and 0.3 M NaCl for 16 h at
4 °C while constantly rotating. Precipitated virus was centrifuged at 6000 rpm for 30 min
at room temperature. The pellet was resuspended in 0.5 ml of TN buffer (50 mM Tris, pH
8.0, 10 mM NaCl). Two hundred fifty microliters of this suspension were then overlaid
onto a 1.5 ml 30% sucrose cushion (30% sucrose, 30 mM Tris, pH 8.0, 0.1 mM NaCl)
and centrifuged in a Sorvall S55S-582 swinging bucket rotor at 190,000 x g for 14 h at
4 °C. The pellet was resuspended in 100 µl of TN buffer with 2% deoxycholic acid. Virus
solution was dialyzed overnight using a 50–100-kDa cutoff membrane against 1 liter of
TN buffer at 4 °C. After dialysis, virus solution was subjected to the second purification
step through a 30% sucrose cushion. The final pellet was resuspended in 100 µl of TN
buffer and used to prepare samples for transmission electron microscopy (TEM). Titer of
the purified virus was determined essentially as described above for one-step growth
curve assay. The purified virus was negatively stained on either 200- or 400-mesh
Formvar carbon-coated copper grids with 2% uranium acetate aqueous solution
following standard protocols by the Electron Microscopy facility at The Pennsylvania
State University. Transmission electron microscopy images were collected at the
Electron Microscopy facility on a JEM 1200 EXII microscope. To determine the fraction
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of empty viral particles, at least 10 images for each virus were analyzed.
Statistical Analysis – Statistical analyses were performed using GraphPad Prism 4.0 (La
Jolla, CA). The S.E. and S.D. values are indicated where appropriate. Survival curves
were performed using the product limit method of Kaplan and Meier and survival curve
comparisons using the log rank test as provided by GraphPad Prism 4. p values are
indicated.

Results

The H273R substitution in PV RdRp produces a mutator phenotype in vitro

We previously reported a PV RdRp derivative (N297E) that exhibits a mutator
phenotype (13). In performing that study, we identified an adventitious mutation in our
N297E RdRp clone that changed His-273 to Arg. Like the high-fidelity G64S RdRp
derivative of PV (1-4), amino acid 273 is located in the fingers subdomain of the enzyme,
remote from the active site (Figure 3-1A). To address the impact of the H273R mutation
on PV RdRp activity, we engineered the H273R mutation into the WT PV RdRp
expression construct (18).

We then evaluated H237R RdRp fidelity in biochemical

assays using our self-complementary, RNA-primed RNA template (Figure 3-1B)
(10,19,20), in which the first templating nucleotide is uridine (underlined in Figure 3-1B).
The H273R RdRp derivative was compared to WT and G64S RdRp derivatives. Under
conditions in which all three enzymes exhibited the same efficiency of correct nucleotide
incorporation (n+1 product in lanes marked ATP in Figure 3-1C), H273R RdRp was
more efficient at GMP misincorporation and ribavirin incorporation than both WT and
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G64S RdRps (Figure 3-1C). The reduced fidelity of nucleotide addition by H273R RdRp
was further supported by the appearance of products greater than n+1 when ATP and
RTP were used as substrates (lanes 5 and 7 in Figure 3-1C). These products of
misincorporation were not as abundant for WT and G64S RdRps (Figure 3-1C). These
data suggest that H273R RdRp is a mutator polymerase.
In order to establish the magnitude of the fidelity difference between H273R and
WT and to understand the kinetic basis for this difference, we performed a quantitative,
pre-steady-state kinetic characterization of H273R RdRp (Figure 3-1D). These results
were compared to those obtained previously for WT and G64S RdRps (1,10,20). The
GMP misincorporation efficiency and ribavirin monophosphate (RMP) incorporation
efficiency of H273R RdRp were elevated by 2- and 5-fold, respectively, relative to WT
(Figure 3-1D). In both cases, the misincorporation was caused by an increase in the
apparent affinity (Kd,app) for the incorrect nucleotide and an increase in the observed rate
constant for nucleotide incorporation (kpol) (Figure 3-1D). These results indicate that the
recombinant, purified PV RdRp carrying the H273R substitution has a lower capacity to
discriminate between the correct and the incorrect nucleotide during the polymerization
reaction.

Replication characteristics of H273R PV in cell culture

An infectious cDNA clone of Mahoney type 1 PV genome was engineered to
encode an RdRp harboring the H273R substitution such that two transversion mutations
would be required to restore the wild-type amino acid. H273R RNA produced by in vitro
transcription of the mutated cDNA was infectious in HeLa cells, albeit with a 1.4-fold
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lower specific infectivity than observed for WT RNA (Figure 3-2A). The H273R
population produced an equal number of plaques at three different temperatures (34, 37,
and 39 oC), but the plaque size of the mutant was slightly smaller than observed for WT
(Figure 3-2B), suggesting that the fitness of H273R may be somewhat reduced. Four
consecutive passages of H273R at low multiplicity of infection showed no evidence of
genetic changes in polymerase-coding sequence, even at the codon for position 273.
Analyses of the growth kinetics of H273R under one-step-growth conditions in HeLa
cells revealed no significant differences relative to WT (Figure 3-2C). However, using a
more sensitive assay, a luciferase-expressing subgenomic replicon, we observed a
subtle delay in H273R replication with respect to WT (see 2.5 to 5 hr post transfection,
Figure 3-2D), but by 6 hr the mutant reached WT levels of replication. Evaluation of
RNA accumulation by northern blotting did not reveal this difference (Figure 3-2E). We
conclude that the growth properties and genetic stability of H273R are similar to those
observed for WT PV, thus permitting us to evaluate the biological consequences of
increasing mutation frequency both in cell culture and in a small animal model of
infection.

H273R PV expresses a mutator phenotype in cell culture

We determined the genetic diversity of H273R populations after four passages in
cell culture by cloning and sequencing fragments of the genome encompassing capsidand polymerase-coding regions derived from viral RNA isolated from plaques (Figure 33A) (1,4). A 50% increase in mutations was observed in H273R, averaging 3.0
mutations per genome (Figure 3-3A). A phenotypic assay for the presence of viral
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mutants resistant to guanidine (guar), an inhibitor of PV genome replication, was
consistent with the sequencing analysis. H273R exhibited a three-fold increase in guar
frequency relative to WT (Figure 3-3A) (1,4). The observed mutation frequencies from
sequencing reflect averages at multiple locations within a specific genomic region (VP1),
while the phenotypic assay (guar) provides the frequency of a specific transition mutation
in the genome. Both experimental observations support the conclusion that the arginine
substitution at position 273 of the PV RdRp significantly increases the virus mutation
rate.
Ribavirin is a nucleoside analogue with known antiviral properties (21). Ribavirin
is a mutagen to PV and other RNA viruses (9,10). A high-fidelity variant of the PV RdRp,
G64S, exhibits reduced sensitivity to ribavirin in cell culture (1-4). We predicted that lowfidelity variants of the PV RdRp, such as H273R, would exhibit enhanced sensitivity to
ribavirin . Indeed, H273R demonstrated a substantial increase in sensitivity to the drug
(Figure 3-3B-D). Quantification of this experiment revealed a nine-fold decrease in the
concentration of ribavirin required to reduce the number of plaques by half relative to the
untreated population (IC50, Figure 3-3B). The effect of ribavirin was more pronounced at
low multiplicity of infection (MOI) (compare Figure 3-3C with 3-3D) either because
certain mutations can be tolerated at high MOI because associated virus functions can
be complemented, or because at low MOI the virus undergoes multiple rounds of
replication. These experiments further support the conclusion that the H273R
substitution results in a mutator phenotype.
The results presented above using luciferase activity produced from translation
and replication of a subgenomic replicon suggested that replication of H273R may be
slower than WT (Figure 3-2D). However, this observation might result simply from the
reduced specific infectivity of luciferase caused by the increased mutational load in the
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luciferase-coding sequence. In order to test this possibility, we used the mutagenic
activity of ribavirin to determine whether or not changes in replication fidelity alone will
produce effects on luciferase specific infectivity that are unrelated to RNA copy number.
The specific activity of luciferase varied as a function of polymerase fidelity (Figure 33E). We conclude that information on replication kinetics and/or yield should not be
inferred from reporter enzyme activity when the virus variant exhibits a fidelity
phenotype.
A new deep-sequencing approach has been developed that permits the entire
mutational spectrum of an RNA virus to be elucidated (22,23). This approach is referred
to as CirSeq, because fragmented RNA is circularized and the circularized template
copied reiteratively in a process of rolling-circle reverse transcription (22,23). Multiple
copies of a single sequence permits error correction sufficient to all mutations present at
a frequency lower than 10-6 (22,23). The most striking finding was that the fold-change
in mutation frequency observed for H273R PV relative to WT PV could be separated into
two categories (Table 1).

The first category showed a clear increase in mutation

frequency for H273R PV, consistent with a mutator polymerase. The second category
showed no change at all in the mutation frequency for H273R PV (Table 1). The ranked
order of mutation types was identical when H273R PV was compared to WT PV (Table
1). Collectively, these data suggest two mechanisms (RdRp dependent vs. RdRp
independent) driving the genetic diversity of the PV population in HeLa cells, an
unexpected yet exciting finding.
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H273R PV exhibits reduced fitness in cell culture relative to WT PV

Lethal mutagenesis is a prediction of population genetics theory, which suggests
that a one-log increase in the progeny per generation (fecundity) would be required to
preclude a unit change in the mutation rate from causing extinction of the viral population
(5). Thus, there should be a fitness penalty associated with the increased mutation
frequency observed for H273R. To examine this prediction, we competed H273R with
WT at an initial WT:H273R ratio of 1:9 (Figure 4A). Serial passages revealed a fitness
deficit in H273R relative to WT (Figure 4A). By the third passage, WT represented the
majority of the population and continued to increase in subsequent passages.
Fitness defects associated with the increased mutation frequency of H273R
should also manifest as an increase in the concentration of virus required for
establishment of an infection because population genetics theory predicts a requirement
for a finite number of viable genomes to avoid extinction (5). Thus, this minimal
concentration should be greater for those virus populations with a high mutation load
(WT and H273R) than for a high-replication fidelity variant (G64S) (5). We evaluated the
yield of virus produced 6 and 8-hr post-infection over a 9-log range of virus
concentrations, expressed as MOI (Figure 3-4B). Six hours was chosen because the
virus multiplication cycle should be essentially completed for all viruses but all progeny
should still reside within the infected cells. Extinction occurred at a MOI (pfu/cell) of 10-6
for H273R, at 10-7 for WT and at 10-8 for G64S PV (Figure 3-4B). This result provides
additional experimental evidence supporting RNA virus population dynamics predicted
by population genetics theory.
Given that RNA viruses are thought to exist close to their tolerable mutation load,
we anticipated that H273R would be susceptible to lethal mutagenesis. To test this
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hypothesis we compared the fecundity of H273R to that of WT and G64S at a low MOI
over eight generations. The fecundity of WT increased during passage, that of G64S PV
was unchanged and that of H273R was substantially decreased (Figure 3-4C). The fact
that the only difference between these PV variants was their RdRp replication fidelity
reveals a striking link between RdRp error rate, fitness and evolution of RNA virus
populations. Interestingly, the loss of fitness of H273R was not observed at higher MOI
(Figure 4D. WT control is shown in Figure 3-4E). This observation is consistent with
theory in that extinction of virus populations through lethal mutagenesis should depend
on burst size (5). These results establish a clear relationship between viral population
diversity and fitness in cell culture. It appears that PV has evolved to an optimal mutation
rate, and this mutation rate can be modulated by amino acid substitutions within the
RdRp. The fitness defect resulting from a higher load of detrimental mutations is best
revealed at low MOI, where we observed population extinction (Figure 3-4B) and
maximal fecundity (Figure 3-4F-G). Of note, we observed a near two-fold increase in the
number of empty particles produced by H273R relative to both WT and G64S PVs
(Figure 3-5), suggesting that determinants of packaging are sensitive to mutational load
and therefore may be useful to ensure that only the most fit genomes are disseminated.
All of the experiments presented above were performed using pfu as the
quantifiable measure of infectious virus. When we performed blind serial passages of
H273R at low MOI, we routinely observed extinction as shown in Figure 3-4C-D.
However, if we quantitifed the viral titer, again using pfu, to determine the incoculum,
then extinction was never observed.

We eventually reconciled these differences by

realizing that pfu is itself a phenotype and the number of genomes per pfu could change
from one virus to another.

We used digital PCR to quantify standards used in

conventional RT-qPCR experiment to measure virus titers as genomes or genomes/mL.
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For WT PV, one pfu equated to 50 ± 10 genomes; this value increased to 500 ± 100
genomes for H273R PV. The value for genomes/pfu measured was dependent on
several factors, including MOI, MOI used for serial passage, and number of passages.
We were able to use this quantitative approach to corroborate the observation that
H273R is more susceptible to extinction than WT (Figure 3-6).
We conclude that the H273R substitution reduces replication fidelity of the PV
RdRp, which results in a mutator phenotype. This mutation appears to drive the virus
population over the maximal tolerated mutation frequency, which over time leads to
extinction of finite virus populations. We thus propose that H273R should be incapable of
sustaining an infection in vivo due to inability to overcome the effect of bottlenecking on
population size during infection.

H273R is attenuated in vivo

Thus far the data suggest that fitness defects associated with the low-replication
fidelity of H273R should manifest under conditions in which the size of the viral
population is forced below the limit required for sustainability. Given the diverse and
dynamic nature of the environment within an infected host, we predicted that H273R
would be attenuated in vivo, where the virus is challenged by host defense mechanisms,
diverse cellular environments in different tissues, and anatomical restrictions, which
impose bottlenecks and restrain virus population size. Indeed, H273R virus presented a
highly attenuated phenotype in mice where onset of paralysis was delayed and observed
only at very high viral doses (Figure 3-7 A-F). The 50% paralysis dose (PD50) for H273R
was more than 200-fold higher than for WT (Figure 3-7 A-F). Furthermore,

71
intraperitoneal inoculation revealed that the low-fidelity H273R virus exhibited restricted
tissue tropism. Although both WT and H273R viruses were readily isolated over several
days from the spleen and muscle, the H273R mutant was unable to establish infection
and replicate effectively in the spinal cord and brain (Figure 3-7G) despite these being
principal sites of WT PV replication. Interestingly, intracranial inoculation showed that
H273R PV replicated in brain equivalently to WT (Figure 3-7H). However, H273R PV
was still unable to make it to the spinal cord (Figure 3-7I). These data are consistent
with restrictions in neurons giving rise to the observed phenotype.

H273R elicits a protective immune response

We next determined the vaccine potential of H273R. First, we tested the ability of
low-fidelity H273R PV to elicit humoral immunity following a single intraperitoneal dose.
Neutralization assays using sera collected from immunized animals four weeks postinfection revealed that H273R PV elicited PV-specific neutralizing antibodies and
exhibited immunogenicity comparable to both WT PV and the Sabin type 1 vaccine
strain (Figure 3-8A).
To further evaluate the immune response elicited by H273R, we challenged the
vaccinated mice with a lethal (5XPD50) intraperitoneal inoculation of WT PV one month
after immunization. Protection of mice from lethal infection correlated with neutralizing
antibody levels. Thus, mice inoculated with doses of H273R at or above 107 pfu
exhibited complete protection against lethal challenge by WT PV (Figure 3-7B).
Therefore, even though H273R is attenuated in ability to replicate and cause disease in
mice, this low-fidelity variant elicits a strong immune response that confers protection.
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H273R phenotype is unique

Because H273R is the only viable PV mutant with a mutator phenotype, we
asked if other substitutions at this position would yield viable mutants with perturbed
polymerase fidelity. We constructed H273K and H273Q PVs. Neither of these viruses
were viable (Figure 3-9A). Interestingly, inviability was not attributable to inactive
polymerase as evaluation of these variants in the context of a subgenomic replicon
revealed high levels of replication (Figure 3-9B). Additional studies will be required to
fully understand this observation.

Discussion

An understanding of how genetic diversity of an RNA virus population impacts its
interaction with the cell and, ultimately, the outcome of infection for the host has
important implications for the development of antiviral therapies and vaccine strategies.
Nucleoside analogues with ambiguous basepairing capacity exhibit antiviral activity (6,810). These agents, which include the clinically used ribavirin, have been termed lethal
mutagens and are thought to act by increasing the genetic variation of the viral
population beyond the extinction threshold (6,8-10). Viral populations exhibiting
decreased or increased genetic diversity are attenuated, but replicate in the host and
elicit a protective immune response (4,24). Together, these observations suggest an
optimal genetic diversity for a viral population to survive.
Mutation-selection balance is a fundamental tenet of population genetics theory
(5). Reflection of this theory on the evolutionary biology of RNA viruses reinforces the
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requirement for a minimal fecundity to sustain a viral population at a given mutation rate
(5). These theoretical considerations relate to survival of viral populations, not the ability
to cause disease. Only if survival of viral populations alone is sufficient for pathogenesis
will these studies contribute to the prediction of viral virulence. Forcing a virus population
to extinction is a laudable goal but forcing a virus population to expression of an a
virulent phenotype may be of great, practical utility and more achievable.
This study reports the discovery of a viable PV mutant, H273R that expresses a
mutator phenotype. This low-fidelity variant in combination with the high-fidelity PV,
G64S, (1-4) provides a panel of viruses producing populations with genetic diversity both
higher and lower than WT. Both mutants are attenuated in an animal model (Figure 3-7)
(3,4), suggesting the existence of an optimal genetic diversity for a pathogenic outcome
of infection. Replication clearly occurs in vivo (Figures 3-7 and 3-8) (3,4). This
observation demonstrates that virus fitness in tissue culture is insufficient to predict
disease in a more realistic, complex host. Attenuation appears to correlate with both a
reduction of viral load and duration of infection in one or more specific organs/tissues.
Viral load and persistence contribute to virus dissemination and consequential disease.
Both viral load and persistence will be impacted by fecundity of the viral population. The
viral population required for maximal fecundity and evasion of host immune defenses in
one host tissue may be different than what is optimal in a different tissue.
Population genetics predicts a log-linear relationship between fecundity and
mutation rate, thus providing the theoretical basis for lethal mutagenesis (5). Here, we
provide empirical evidence to support the conclusion that population genetics theory
applies to a positive-strand RNA virus in cell culture (Figure 3-10A). A two-fold decrease
in mutation frequency leads to a five-fold increase in fecundity; a three-fold increase in
mutation frequency leads to a 10-fold decrease in fecundity (Figure 3-4). The reduced
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fecundity manifests as enhanced sensitivity to extinction when the population size is
reduced (Figure 3-4B) or when the time required for multiplication is fixed (Figure 34D). Both of these experimental observations are likely akin to responses of the H273R
population to bottlenecks in the host that contribute to the attenuated phenotype.
Our studies suggest that PV fecundity may be determined directly by genome
replication efficiency. This suggestion derives from the observation that there is either an
inverse correlation or no correlation at all between the infecting viral dose and the
amount of progeny produced (Figures 3-4 G-I). The virus-concentration independence
is consistent with a cis-acting process, of which genome replication is a prime candidate.
Because the three-fold increase in mutation rate of H273R PV leads to as much as a
two-log reduction in fecundity relative to WT PV (compare Figures 3-4 G-H), it is likely
that genome replication represents a fitness peak that is sensitive to mutation. However,
the ability of the fecundity to remain essentially constant over a 5-log range of infecting
viral dose while undergoing mutagenesis is indeed a robust trait, which may explain the
inability of a mutagen alone to eradicate a viral infection (25).
We and others have suggested that the sensitivity of RNA viruses to lethal
mutagens/mutagenesis reflects the existence of the viral population on the "threshold of
extinction." This position is best illustrated by the line dividing extinction and survival in
Figure 3-10A. Placing the data on WT, G64S and H273R PVs reported here in this
context reveals that PV clearly does not reside on the threshold of extinction. A plot of
mutations per genome versus fecundity defined a line which predicts a maximal
fecundity of 103 and certain extinction at a value of 4.5 mutations per genome (Figure 310B). This plot also makes it very evident that number of solutions that will lead to WT
virulence is likely small (e.g. the region circled in Figure 3-10B) relative to the viable,
attenuated possibilities defined by G64S and H273R PVs (boxed region Figure 3-10B).
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Recent studies of the attenuated K359R PV mutant, which exhibits a 10-fold reduction in
RNA synthesis relative to WT (26), suggest that a third dimension of speed should be
considered when considering viral population dynamics (Figure 3-10C). The magnitude
of this axis is not currently known, hence the question marks in this figure.
The development of CirSeq and its application to PV provided a complete,
quantitative description of the genetic variation within the PV population (Table 3-1)
(22,23). Application of this technique to the H273R PV population suggested that not all
observed mutation frequencies were dependent on RdRp fidelity (Table 3-1).
Interestingly, the most abundant mutation in the PV population (C-to-U transition) may
not be attributable to the viral polymerase. Conversion of cytidine to uridine occurs via
deamination, whether a cellular deaminase is required remains to be determined. The
other possible RdRp-independent mutations are transversions that cannot be explained
as easily.

Mutations like these in a DNA system would likely be attributed to a

"damaged" templating base, for example an oxidized guanine (27). Oxidative damage of
RNA occurs (28) but has not been studied for PV. It is also unknown how efficient and
faithful the RdRp is during damage bypass. Perhaps this observation derives from the
mutant showing increased promiscuity only in certain contexts. Additional studies will be
necessary to clarify this observation.
The ability to design ab initio RNA virus mutants with altered fidelity could
represent a substantial advance for vaccine development. Our current understanding of
the structure, function and mechanism of viral polymerases remains insufficient to guide
such an effort. The viable fidelity mutants of PV both originate from substitutions at sites
of the polymerase remote from the active site (Figure 3-1A). It has recently been
suggested that PV RdRp fidelity, and likely the fidelity of all RdRps, is influenced by
dynamics of the enzyme (29,30). Remote-site residues would therefore be predicted to
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alter networks controlling dynamics and could be considered to function by an allosteric
mechanism (30,31). Empirical evidence for this possibility was obtained for the
antimutator G64S RdRp (30,31). Whether or not the mutator H273R RdRp uses a similar
mechanism remains to be determined. Whatever the mechanism, there is likely some
complexity and much to learn because a G64S-H273R RdRp retains insufficient activity
to observe virus replication in cells (unpublished observations).
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Table 3-1: Mutational spectrum determined by using CirSeq.
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Figure 3-1: The H273R substitution in PV RdRp produces a mutator phenotype in
vitro. (A) Structure of PV RdRp showing the location of His273 and Gly64 (CPK, red and
green, respectively). Palm, fingers and thumb subdomains are indicated. Conserved
structural motifs are colored: A, red; B, green; C, yellow; D, blue; E, purple; F, orange; G,
black. (B) Primed template used is referred to as sym/sub-U and contains uridine as the
first templating base (underlined). (C) Reaction products from PV RdRp-catalyzed
nucleotide incorporation using the indicated nucleotide and sym/sub-U. H273R RdRp
incorporated GMP and RMP more efficiently than both WT and the high fidelity variant,
G64S RdRp. Note the additional misincorporated nucleotides (> n+1) that are observed
with H273R RdRp. (D) H273R RdRp is less faithful than WT. Kinetic parameters for
correct and incorrect nucleotide incorporation catalyzed by WT, H273R and G64S RdRp
are shown. The relative fidelity or error frequency is shown, (kpol/Kd,app)corr /
(kpol/Kd,app)incorr. Values are rounded to one significant figure. aValues for WT and G64S
RdRp were taken from previous studies (1,20).

79

Figure 3-2: H273R PV is viable and replicates stably in cell culture. (A) Infectious
center assay. HeLa cells were transfected by electroporation with 5 µg of viral RNA, cells
were serially diluted and plated onto HeLa cell monolayers. Cells were washed and
overlaid with agarose media and after 2-4 days of incubation, the agarose overlay was
removed and the cells were stained with crystal violet. Data are means from three
independent experiments. Errors represent ± SEM. (B) Evaluation of the plaque
phenotype and temperature sensitivity of H273R PV. HeLa cells were infected with 50
pfu of either WT or H273R PV, washed and overlaid with agarose media. Cells were
incubated for 3-4 days at the indicated temperature before being stained with crystal
violet. (C) Kinetics of virus growth for H273R PV. Viral titer (pfu/mL) was plotted as a
function of time post-infection. Data are means from3 independent experiments. Error
bars represent ± SEM. (D) Kinetics of RNA synthesis using a luciferase-expressing,
subgenomic replicon. Luciferase specific activity is reported in relative light units (RLU)
per microgram of total protein in the extract. GAA represents a control for translation of
input RNA without replication. The signature GDD motif of the RdRp was changed to
GAA. Data are means from four independent experiments. Error bars represent ± SEM.
(E) Northern blot analysis. HeLa cells were infected with either WT or H273R PV and at
different times post-infection total RNA was isolated and northern blots performed.
Genomic ssRNA and replicative-form (RF) are indicated.
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Figure 3-3: H273R PV expresses a mutator phenotype in cell culture. (A)
Sequencing analysis and guanidine resistance frequency confirms the increased
mutation rate for H273R PV in tissue culture. Shown are the total number of mutations
observed over the total number of nucleotides sequenced and the calculated average
number of mutations per genome. A significant difference in the number of mutations
was observed between WT and H273R PV (P < 0.002, Mann-Whitney U-test). aValues
reported for WT and G64S PV virus are taken from (4). The calculated guanidine
resistance frequency for WT and H273R PV after infection of HeLa cells with 106 pfu in
the presence of 3 mM guanidine hydrochloride. Data are means from four independent
experiments. (B) Ribavirin sensitivity. 50 pfu of WT, G64S or H273R PV were used to
infect HeLa cell monolayers pretreated with the various concentrations of ribavirin.
Plaque numbers were plotted against ribavirin concentration normalized to untreated (0
mM) control. The solid line represents the fit of the data to a sigmoidal dose response
equation (four parameter logistic model), yielding IC50 values of 0.55 ± 0.03, 2.05 ± 0.10
and 0.062 ± 0.003 mM for WT, G64S and H273R PV, respectively. Data are means from
three independent experiments. Error bars represent ± SEM. (C,D) The susceptibility of
H273R PV to ribavirin is reduced at high MOI. Shown is the percentage of surviving virus
for WT, G64S and H273R PV after infecting HeLa cells at either low (MOI of 0.01, panel
C) or high (MOI of 5, panel D) MOI in the presence of increasing concentrations of
ribavirin. Titers were normalized to untreated (0 µM) control. The titer (pfu/mL) after
infection at low MOI for WT, G64S and H273R PV in the absence of ribavirin was 3.5 x
108, 1.8 x 108 and 1.6 x 108, respectively. The titer (pfu/mL) after infection at high MOI
for WT, G64S and H273R PV in the absence of ribavirin was 1.9 x 107, 4.7 x 107 and 1.8
x 107, respectively. Data are means from three independent experiments. Error bars
represent ± SEM. P < 0.05 for all samples compared with WT by Student t test). (E)
Percentage of relative light units (RLU) per microgram at 5 h post-transfection for WT,
G64S and H273R subgenomic replicon in the absence or presence of ribavirin. Data are
means from three independent experiments. Error bars represent ± SEM.
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Figure 3-4: H273R PV exhibits reduced fitness in cell culture relative to WT PV. (A) WT outcompetes H273R PV. Shown is the percentage of WT and H273R PV remaining after 1-4 serial
passages. The initial virus mixture contained a ratio of WT:H273R of 1:9. (B) Dilution drives
H273R PV to extinction before WT and G64S. Shown is the surviving progeny virus (pfu) for WT,
G64S and H273R PV at 8 h post-infection using the indicated inoculum (pfu). Data are means
from five independent experiments. Error bars represent ± SEM. The lower limit of detection is
one plaque and is indicated by the dashed line. (C) Polymerase fidelity controls adaptation.
Shown is the surviving progeny virus (pfu) after serial/blind passage of WT, G64S and H273R PV
at an initial MOI of 0.001. (D) Inoculum size and mutation frequency affect sustainability of virus
population. Shown is the surviving progeny virus (pfu) after serial/blind passage of H273R PV at
an initial MOI of 0.001, 0.01 and 0.1. (E) Phenotypic changes of cell-culture adapted WT PV
population. Shown is the surviving progeny virus (pfu) after serial/blind passage of WT PV at an
initial MOI of 0.001, 0.01 and 0.1. For experiments shown in panels C-E, HeLa cell monolayers
were infected at the indicated MOI of P1 virus, were allowed to proceed for 8 h, then viruses were
harvested. The titer of virus (pfu/mL) produced during P2 for each virus-MOI pair was assumed to
be constant (i.e. dose-response ratio), and this titer was then used to calculate the amount of the
virus required to achieve MOI of 0.1, 0.01 or 0.001 for subsequent passage infections. After all
eight passages were completed, viruses collected after each passage were titered. (F) Fecundity
for WT, H273R and G64S PV. Fecundity was calculated as the ratio of progeny (pfu) to inoculum
(pfu). Shown is the calculated range for each virus. (G-I) Progeny of virus relative to the starting
inoculum for each infection from the data shown in panel B for WT, H273R and G64S PV. Data
are means from five independent experiments. Error bars represent ± SEM.
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Figure 3-5: H273R PV identifies RNA packaging as a checkpoint for functional
genomes. Transmission electron microscopy (TEM) analysis of the purified viruses.
Representative TEM images at magnification of 30X are shown. White bar in each
image represents 500 nm. White arrows point to virus particles containing RNA, whereas
black arrows point to empty viral particles. TEM images of WT (panel A), H273R (panel
B) and G64S PV (panel C). Empty particles constitute 35 ± 5%, 55 ± 5% and 33 ± 5% of
total viral particles for WT, H273R and G64S PV, respectively.
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Figure 3-6: Extinction of viral populations at fixed number of viral genomes.
Outcome of infection of WT and H273R PV at fixed number of viral genomes. Total
genome copies (output) for WT (panel A) and H273R (panel B) at 8 h post-infection
using the indicated inoculum that corresponds to 3.18x101, 3.18x102, 3.18x103,
3.18x104, and 3.18x105 viral genomes (input). Data are shown from six independent
experiments for each virus. H273R proceeds to extinction prior to WT after infection at a
lower number of viral genomes. HeLa cells were infected with an equivalent number of
genomes for WT and H273R, replication was allowed to proceed for 8 h, then total RNA
and viruses were harvested. RT-qPCR was performed using purified RNA to determine
genome copies.
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Figure 3-7: H273R PV is attenuated in vivo. (A-F) H273R PV is attenuated in the
cPVR mouse model. cPVR mice (4-6 week old) were infected by either intraperitoneal
(IP, panels A-C) or intramuscular (IM, panels D-F) injection with serum-free media
containing WT (panel A and D) or H273R PV (panel B and E) at the indicated titer (pfu)
and observed for 14 days. Mice that developed the following symptoms, 2-limb paralysis
or paralysis that compromised the ability to get food and water, were euthanized. The
number of mice per group was n = 15 (IP) and n = 5 (IM). PD50 values by IP injection
(panel C) for WT and H273R PV were 2 x 107 and 1 x 109 pfu, respectively. PD50 values
by IM injection (panel C) for WT and H273R PV were 2 x 105 and 6 x 107 pfu,
respectively. PD50 values were determined by the Reed and Muench method. (G-I) Viral
tissue tropism. Shown are the virus titers (pfu/µg) at the indicated days post-infection in
tissue collected from mice infected intravenously (panel G) with 107 pfu of WT or H273R
PV or infected intracranially (panels H and I) with 105 pfu of WT or H273R PV. The
statistical significance of differences in virus load in brain (panel H) or in spinal cord
(panel I) between WT and H273R after intracranial inoculation was determined by the
Mann-Whitney test. Error bars represent ± SEM.
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Figure 3-8: H273R PV elicits a protective immune response. (A) Antibody
neutralization assay. Neutralizing antibody titers (reciprocal of the serum dilution able to
reduce the number of plaques to 50% of 50 pfu WT PV) are shown for individual trials
(solid circles) and as trial means (lines). Titers for PBS-immunized mice were below the
detection level of the assay (indicated by dashed line). (B) Mouse protection studies.
Mice immunized by IP injection with H273R PV or mock immunized with serum free
media alone (naïve) were challenged four weeks after immunization with 5PD50 of WT
PV (1 x 108 pfu) by IP injection and observed for 14 days. Mice that developed 2-limb
paralysis or paralysis that compromised the ability to get food and water were
euthanized. The number of mice per group was n = 5. Survival curves for mice
immunized with H273R PV at 107 pfu or greater are significantly higher than those for
mice immunized with control serum free media (P-value of 0.014, Kaplan-Meier test).
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Figure 3-9: Mutations at position 273 other than Arg significantly impact PV
replication. (A) Infectious center assay. HeLa cells were transfected by electroporation
with 5 µg of viral RNA, cells were serially diluted and plated onto HeLa cell monolayers.
Cells were washed and overlaid with agarose media and after 2-4 days of incubation,
the agarose overlay was removed and the cells were stained with crystal violet. Data are
means from three independent experiments. Errors represent ± SEM. Plaques were not
observed for H273A, H273N, H273G, H273P and H273F mutants. (B) Kinetics of RNA
synthesis using a luciferase-expressing, subgenomic replicon. Luciferase specific activity
is reported in relative light units (RLU) per microgram of total protein in the extract.
WT+GuHCl represents a control for translation of input RNA without replication. GuHCl
is an inhibitor of PV replication. Data are means from three independent experiments.
Error bars represent ± SEM. Replication was not observed for H273A, H273N, H273G,
H273P and H273F mutants.
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Figure 3-10: PV obeys population genetics theory but optimal fitness and
virulence may be inextricably linked. (A,B) Shown is a plot of fecundity (log10) versus
mutations per genome for WT, G64S and H273R PV. Fecundity was calculated as
progeny (pfu) per inoculum (pfu) for each virus. The average fecundity was calculated
using the inoculums from 10-3 to 10-1 for each virus. The solid red line depicts the
threshold between viral survival and viral extinction by lethal mutagenesis which exhibits
a log-linear relationship between fecundity and the number of mutations. The limits of
mutational load and fecundity that will support PV viability is shown as a green rectangle.
The orange circle (panel B) represents viruses exhibiting a mutational load and fecundity
near that of WT capable of exhibiting the most virulent phenotype. The solid line
represents the fit of the data to a line yielding a y-intercept of 4.5 ± 0.7 and a slope of 1.5 ± 0.3. (C) Population speed represents a third dimension of viral population
dynamics. In addition to mutation frequency and population size, the enhanced
attenuation of K359R PV relative to G64S PV demands that our consideration of viral
population genetics and dynamics be extended to include rate/efficiency of nucleotide
addition as a third dimension.
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Chapter 4

Polymerase speed and fidelity: Determinants of viral virulence

Abstract
There is currently very little debate that RNA viruses exist as a population of
genetically distinct variants. Genetic diversity allows for the virus to overcome events
during infection that would otherwise limit virus multiplication or drive the population
towards

extinction.

Viral

genetic

diversity

is

created

by

the

ribonucleotide

misincorporation frequency of the viral RNA-dependent RNA polymerase (RdRp). We
have used poliovirus (PV) as our model system to evaluate the population diversity of
RNA viruses. Previously, we isolated a low fidelity PV mutant, H273R, with a mutator
phenotype. The polymerase of this mutant has the histidine-273 changed to an arginine.
H273R PV replicates with wild-type kinetics in vitro but is attenuated in the cPVR mouse
model relative to WT PV. The possibility exists that something other than the fidelity of
the H273R RdRp is the cause of the attenuated phenotype. To address this possibility
experimentally, we have exploited another attenuated PV mutant, K359R PV, which
exhibits an anti-mutator phenotype and reduced replication speed. Lysine-359 is located
in the active site and functions in the chemical mechanism for nucleotidyl transfer. We
reasoned that if fidelity is the primary cause of the attenuated phenotype, then an
H273R-K359R mutant PV might have restored virulence. We found that the double
mutant polymerase restored fidelity to WT levels, however, H273R-K359R PV replication
kinetics were slower than WT in vitro and was attenuated in vivo. We conclude that in
addition to fidelity, replication speed plays an integral role in viral virulence.
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Introduction
During replication, RNA viruses have an error frequency of 1 error for every
10,000 nucleotides copied. This error-prone replication creates a heterogeneous
population known as a quasispecies. The RNA-dependent RNA polymerase (RdRp) is
responsible for this phenomenon, thus leading to a diverse population of mutant viruses
that are closely related but not identical.
It has been shown that mutations in the RdRp can affect the error rate of the
polymerase (1-7). The RdRp of RNA viruses consists of a canonical cupped right hand
structure and mutations previously discovered in the fingers domain of the poliovirus
(PV) RdRp, glycine-64 mutated to serine (G64S) and histidine-273 mutated to an
arginine (H273R), have contributed to both a mutator and anti-mutator phenotypes
respectively (5,8-10). A mutation in the palm domain, lysine-359 mutated to arginine of
PV RdRp (3Dpol) lent itself to an anti-mutator phenotype, which was also attenuated in
the mouse model (1). These single mutations have an effect on the conformational
change of the polymerase, which, in turn, controls the speed at which the polymerase
incorporates nucleotides (8,11,12).
Population genetics theory states that a viral polymerase with a mutator
phenotype should exhibit a population with reduced fitness. H273R supports this theory.
In the presence of the mutagen ribavirin WT an IC50 of .55 mM ± 0.03 mM, whereas
H273R is 9-fold more sensitive (IC50 of .062 mM ± 0.003 mM) to the effects of ribavirin
(10). The high fidelity mutants, G64S and K359R, are less sensitive to the effects of
ribavirin with IC50s of 2.09 ± 0.29 mM and 1.25 mM ± 0.13 mM respectively. An in vitro
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examination of polymerase speed reveals that H273R is 4-fold faster than WT at correct
nucleotide incorporation relative to WT whereas G64S and K359R are 3 and 10-fold
slower than WT. In the animal model the low fidelity mutant is attenuated and therefore a
2-fold increase in virus is needed to cause paralysis in 50 % (PD50) of the animals
relative to WT. The high fidelity mutant G64S has a similar PD50 to WT (1x107 PFU and
2x107 PFU respectively; data not shown) whereas K359R is attenuated and a PD50,
despite best efforts, has yet to be obtained (1). Interestingly, K359R is more attenuated
than H273R even though its fidelity is close to G64S. Even though K359R is a high
fidelity variant, it has a slow replication speed that may contribute to its attenuated
phenotype. We hypothesize that if fidelity is the primary cause of the attenuated
phenotype, then a double PV polymerase mutant consisting of both high and low fidelity
mutants might partially restore virulence.
To answer the question as to what is the impact of fidelity on virulence, we
constructed double polymerase mutants using existing fidelity mutants: G64S-H273R,
G64S-K359R and H273R-K359R. H273R-K359R was the only double polymerase
mutant that was viable and stable over four passages at low multiplicity of infection
(MOI). Relative to WT, H273R-K359R has slower replication kinetics but faster relative
to the single mutant K359R. Fidelity of H273R-K359R is closer to WT relative to H237R
and K359R alone; however, the double mutant is still attenuated compared to that of WT
and H273R. This data suggest that combining a high and low fidelity mutants can
partially restore WT fidelity and that replication kinetics plays an important role in viral
virulence.
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Methods
Ethics Statement - This study was carried out in strict accordance with the
recommendations in the Guide for the Care and Use of Laboratory Animals of the
National Institutes of Health. The protocol was approved by the Institutional Animal Care
and Use Committee at The Pennsylvania State University (Assurance Number: A314101 PSU). All efforts were made to minimize animal suffering.
Cells and Viruses - HeLa S3 cells were obtained from American Type Culture Collection
(ATCC) and grown in DMEM/F-12 medium plus 10% fetal bovine serum, 100 U/mL
penicillin and 100 U/mL streptomycin. PV type 1 Mahoney was used throughout this
study.
Construction of Double Mutant Viral cDNA Clones and Replicons- The G64S-H273R and
G64S-K359R and H273R-K359R double mutants were introduced into the 3Dpol-coding
sequence of viral cDNA, pMovRA, and subgenomic replicon, pRLucRA, by using
overlap-extension PCR. In brief, PCR was performed with oligonucleotides 3D-PV-BglIIfor (5’-TAG AGG ATC CAG ATC TTG GAT GCC A- 3’), 3D-PV-H273R-rev (5’-TGT TTT
ATT CTT GTA CAG CCT GTG TGA GTG GTT TAG-3’), 3D-PV-K359R-rev (5’-TGT TTC
AAA TGT AGC TGA ACG GTC AGC TGG AGT CAT-3’) and 3D-PV-EcoRI-ApaI-polyArev (5’-CGC TCA ATG AAT TCG GGC CCT TTT TTT TTT TTT TTT TTT TCT CC - 3’),
3D-PV-H273R-for (5’-CTA AAC CAC TCA CAC AGG CTG TAC AAG AAT AAA ACA-3’),
3D-PV-K359R-for (5’-ATG ACT CCA GCT GAC CGT TCA GCT ACA TTT GAA ACA- 3’)
and with pMo-3D-G64S-BPKN-I92T as a template. The H273R-K359R double mutant
The final product of the second PCR was purified and digested with BglII and ApaI and
ligated into pMo-3D and pRLuc-3D that has been digested with the same enzymes. The
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mutation was confirmed by DNA sequencing (Nucleic Acid Facility, The Pennsylvania
State University).
RNA Transcription - The pMovRA and pRLucRA plasmids were linearized with EcoRI
and ApaI, respectively, and purified with Qiaex II suspension (Qiagen) by following the
manufacturer's protocol. RNA was then transcribed from the linearized plasmid DNAs in
a 20-µl reaction mixture containing 350 mM HEPES, pH 7.5, 32 mM magnesium acetate,
40 mM dithiothreitol (DTT), 2 mM spermidine, 28 mM nucleoside triphosphates, 0.025
µg/µl linearized DNA, and 0.025 µg/µl T7 RNA polymerase. The reaction mixture was
incubated for 3 hours at 37 °C, and magnesium pyrophosphate was removed by
centrifugation for 2 min.

The supernatant was transferred to a new tube, and RQ1

DNase (Promega) was used to remove the template.

The RNA concentration was

determined by measuring absorbance at 260 nm, assuming that an A260 of 1 was
equivalent to 40 µg/ml, and the RNA quality was verified by 0.8% agarose gel
electrophoresis
Infectious Center Assays – HeLa cells were transfected by electroporation with 5 µg of
viral RNA transcript and these cells were serially diluted and plated onto HeLa cell
monolayers. Cells were allowed to adhere to the plate for 1 h at 37 °C and then the
medium/PBS was aspirated. Cells were covered with 1X DMEM/F12 plus 10% fetal
bovine serum and 1% agarose. After 2-4 days of incubation, the agarose overlay was
removed and the cells were stained with crystal violet.
Virus Isolation, Titer and One-Step Growth Curves – HeLa cells were transfected by
electroporation with 5 µg viral RNA transcript, added to HeLa cell monolayers and
incubated at 37 °C. Upon cytopathic effect (CPE), viruses were harvested by three
repeated freeze-thaw cycles, cell debris removed by centrifugation and virus titers
performed. The resulting virus stocks were passaged four times on HeLa cell

95
monolayers at a low multiplicity of infection (MOI of 0.01). For plaque assays, virus was
serially diluted in PBS, placed on cells in 6-well plates to allow the virus to adsorb to the
cells, PBS removed and replaced with media containing 1% agarose. After 2-4 days of
incubation, the agarose overlay was removed and cells stained with crystal violet.
Plaques were counted to determine virus titer in pfu/mL. To analyze one-step virus
growth, cells were infected with virus at a MOI of 10. Virus was allowed to adsorb, cells
washed with PBS and media added. The cells were incubated at 37 °C for various times
post-infection. Virus was harvested by three repeated freeze-thaw cycles and virus titers
performed.
RNA Isolation, cDNA Synthesis and Sequencing to Confirm the Presence of the H273R
Mutation - Viral RNA was isolated with QiaAmp viral RNA purification kit (Qiagen), as
recommended by the manufacturer. The 3Dpol cDNA was prepared from purified viral
RNA by reverse transcription with M-MuLV-RT (New England Biolabs) with
oligonucleotide 3D-BamHI-rev (5’- GCG GGA TCC TTA CTA AAA TGAGTC AAG CCA
ACG GCG GTA - 3’). The resulting DNA product was then PCR amplified using
SuperTaq DNA polymerase (Ambion) and oligonucleotides 3D-BamHI-rev and 3D-SacIIfor (5’- GCG CCG CGG TGG AGG TGA AAT CCA GTG GAT GAG A - 3’) as primers.
The presence of Arg-273 was determined by sequencing of the nucleic acid obtained in
second PCR step with oligonucleotide 3D-PV-PstI-for (5’- GGA GTG ATA ACA GGT
TCT GCA GTG GGG TGC GAT - 3’).
Subgenomic Replicon Assays – HeLa cells were transfected by electroporation with 5 µg
replicon RNA transcript, transferred to pre-warmed media in microcentrifuge tubes and
incubated at 37 °C. At each time point, cells were pelleted by centrifugation, media
removed and cells lysed using cell culture lysis reagent (Promega). Lysates were left on
ice until luciferase and protein concentration assays were performed at which point the
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lysates were centrifuged to remove cellular debris and nuclei. Assays were performed by
mixing an equal volume of clarified lysate with luciferase assay substrate (Promega) and
luciferase quantification was carried out as described by the supplier with a Junior LB
9509 luminometer (Berthold). RLU were adjusted to total protein concentration in the
samples. Protein concentration was measured at 595 nm using the Bradford reagent
(Bio-Rad). For experiments performed in the presence of ribavirin, HeLa cells were
pretreated with ribavirin prior to transfection and then transfected cells were transferred
to media containing the same concentration of ribavirin.
Ribavirin Sensitivity Assay - HeLa cell monolayers in 6-well plates were pretreated for 1
hour with various concentrations of ribavirin and then infected with 50 pfu of WT
(ribavirin sensitive), G64S (ribavirin resistant), or H273R PV, incubated for 20 min to
allow for virus adsorption, and then were washed and overlaid with 0.5% agarose media
containing the same concentration of ribavirin. Plates were incubated for 3-4 days at 37
°C before overlays were removed and monolayers were stained with crystal violet.
Plaques were counted and compared to the untreated (0 mM ribavirin) control dish.
Determination of IC50 - To determine the IC50 value the percentage of plaques was
plotted as a function of ribavirin concentration and fit to a sigmoidal dose response
equation (Eq. 3):

𝑌=𝐴+

100 − 𝐴
1 + ( 𝑟𝑖𝑏𝑎𝑣𝑖𝑟𝑛   /  𝐼𝐶!" ))!

where Y is the % of plaques relative to untreated cells, A is the minimum % of plaques
and H is the Hill Slope.
Extinction of Viral Populations at Fixed Number of Viral Genomes - Viral RNA was
purified from virus stocks by using QIAamp viral RNA purification kit (Qiagen) and used
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for RT-qPCR to determine genome copies. HeLa cells were infected with either WT or
H273R PV virus that corresponds to a total of 3.18 × 101, 3.18 × 102, 3.18 × 103, 3.18 ×
104, and 3.18 × 105 viral RNA genomes, and replication was allowed to proceed for 8
hours. After 8 hours, total RNA from infected cells and supernatant was purified by
RNeasy Plus mini kit (Qiagen), and viruses were harvested by three repeated freezethaw cycles. For real time qPCR analysis performed by the Genomics Core Facility of
The Pennsylvania State University, DNase-treated RNA was reverse-transcribed using
the High Capacity cDNA reverse transcription kit (Applied Biosystems, Foster City, CA)
and the protocol provided with the kit. Quantification by real time qPCR was done by
adding 10 or 20 ng of cDNA in a reaction with 2× TaqMan Universal PCR Master Mix
(Applied Biosystems, Foster City CA) in a volume of 20 µl, with primers 5′-ACC CCT
GGT AGC AAT CAA TAT CTT AC-3′ (forward) and 5′-TTC TTT ACT TCA CCG GGT
ATG TCA-3′ (reverse) and probe 5′-[6-Fam]-TGT GCG CTG CCT GAA TTT GAT GTG
A-3′ in a 7300 real time qPCR system (Foster City CA) machine. A standard curve was
generated using in vitro transcribed RNA.
Mouse Infection and Protection - Mice were bred and housed in standard ventilated
caging for all experiments. Protocols for animal studies were approved by The
Pennsylvania State University and University of California at San Francisco Institutional
Animal Care and Use Committee (IACUC). All experiments were performed in
accordance to guidelines and regulations overseen by the IACUC. Virus stocks were
generated in serum-free media, harvested by 3-freeze thaws and clarified to remove all
cellular debris. Autoclaved 20% PEG-8000, 1 M NaCl solution was added in a 1:1 ratio
to clarified virus and incubated overnight on ice at 4o C to concentrate virus. Mixture was
centrifuged at 12,000 g and pellet was suspended in ice cold 1X PBS. PEG-8000 was
then filtered out using the Centricon Plus-70 filter (Millipore) following manufacturers
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directions. Four- to 6-week-old outbred (ICR) mice transgenic for the PV receptor
(cPVR) were infected with PV at the indicated genome copy intraperitoneal (i.p.)
injection in 3 ml of serum-free media. Mice were observed for 14 days for signs of
disease and were euthanized upon showing dual limb paralysis or paralysis such that
their ability to obtain food and water was compromised; this was in accordance with
approval by the IACUC at The Pennsylvania State University. PD50 values were
determined by the Reed and Muench method. Surviving mice were challenged 1 month
after initial infection using the same methods with lethal dose WT PV (1 × 1011 genome
copies) by i.p. injection and observed for 14 days as above.

Results

H273R-K359R double polymerase mutant is viable in tissue culture.

Infectious cDNA clones of Mahoney type 1 PV genome were engineered to
encode an RdRp harboring the following combinations, G64S-H273R, G64S-K359R and
H273R-K359R (Figure 4-1). RNA produced by G64S-H273R and H273R-K359R by in
vitro transcription of the mutated cDNAs was infectious whereas G64S-K359R was not
(Figure 4-2). The specific infectivity for G64S-H273R and H273R-K359R was 7±2x103
and 6±1x103 pfu/ug RNA respectively, a 4 and 5-fold decrease relative to WT RNA.
G64S-H273R plaques were of similar size to H273R and took the same amount of time
to form as WT and H273R (Figure 4-2). H273R-K359R PV took an extra day to form
plaques compared to WT and H273R. However, H273R-K359R PV form plaques at 1%
agarose overlay whereas K359R PV requires a reduction in the percentage of the
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agarose overlay to 0.5% indicating that the addition of the H273R mutation to the K359R
rescues the fitness and/or replication kinetics of the K359R RdRp but not to WT levels.
Both double mutant viruses’ passage 0 (P0) population were sequenced and
found that the H273R-K359R mutations remained; however, the G64S-H273R P0
population was found to exist as a mixture of both G64S-H273R and H273R PV (Figure
4-3). Mutation of the serine-64 showed that the codon engineered into the viral cDNA
was made up of two transition mutations (Figure 4-3). Reengineering of the serine-64
codon to TGC will create a mutation with two transversion mutations from WT (GGT)
that we predict will increase the stability of the mutation. Further studies will need to be
conducted to determine whether or not the reversion of the serine to glycine was due to
instability of the mutation or to selective pressure on the virus. However, due to the
presence of the mixed population, G64S-H273R was no longer examined in additional
viral studies. Four consecutive passages of the H273R-K359R at low MOI showed no
evidence of genetic changes at the codon for positions 273 and 359 or anywhere else in
the polymerase-coding region.

H273R-K359R replication kinetics in cell culture

Analysis of the growth kinetics of H273R-K359R under one-step-growth
conditions in HeLa cells revealed slower replication kinetics relative to WT and H273R
but faster relative to K359R (Figure 4-4). We decided to use a more sensitive assay, the
luciferase expressing subgenomic replicon, in order to observe the transcription
efficiency of the polymerase in the absence of virus production. We observed the same
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delay of H273R-K359R replication with respect to WT and H273R but an increase in the
replication kinetics relative to K359R (Figure 4-5).
Even though G64S-K359R did not produce viable virus and G64S-H273R
presented as a mixed species, we still analyzed replication kinetics using the luciferase
expressing subgenomic replicon. The replication kinetics of G64S-K359R was debilitated
and G64S-H273R was the same as WT, G64S and H273R (Figure 4-5).
We conclude that the growth properties of H273R-K359R are reduced compared
to what is observed with WT and H273R PV. However, the addition of the H273R
mutation to the K359R polymerase increased the rate of RNA synthesis, infectious virus
production and thereby the plaque size, and decreased the time required for plaques to
form. This suggests the double mutant has an increased fitness compared to K359R PV.
We are now poised to evaluate the biological consequences of increasing mutation
replication kinetics of an attenuated high fidelity variant, K359R, both in cell culture and
in the PV cPVR transgenic mouse model.

H273R-K359R expresses an anti-mutator phenotype in cell culture

Ribavirin is a broad spectrum antiviral drug that acts as mutagen for poliovirus
and other RNA viruses (13). It has been previously shown that a high fidelity PV RdRp,
G64S, is resistant to ribavirin in cell culture. From this we hypothesized and showed that
a low fidelity PV RdRp, H273R, would be sensitive to the effects of ribavirin (10). Our
current hypothesis is that the combination of a high fidelity mutant and low fidelity
mutant, H273R-K359R, will lead to a RdRp with a fidelity closer to that of WT and that is
what we have. We have previously reported that the low fidelity polymerase H273R has
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an increased sensitivity to ribavirin relative to WT (10) and the active site mutant K359R
has a decreased sensitivity to WT (1). H273R has a 9-fold increase in sensitivity and
K359R a 3-fold decrease compared to WT (Figure 4-6). When combined, H273RK359R PV brings the polymerase fidelity closer to that of WT (Figure 4-6). Whereas the
WT IC50 is 0.55 mM, H273R-K359R is 0.84 mM (Figure 4-6). This gives further evidence
of the effect that both mutations have on the activity of the polymerase.
Fecundity is the reproductive rate or number of viable progeny produced by a
replicative entity, which in this case is the poliovirus. Population genetics theory predicts
a log-linear relationship between the genomic mutation rate and the fecundity needed to
avoid extinction and defines a theoretical error-threshold. As the mutation rate increases,
the larger the number of progeny needed in order to sustain the viral population (14). All
prior experiments have used pfu as the quantifiable measure of infectious virus. This
way of quantification fails to account for deleterious genomes produced by the
polymerase and also the ratio of genomes/pfu vary between different viruses. We have
previously shown that a virus with a mutator phenotype is more susceptible to extinction
when passaged at a low multiplicity of infection (MOI) (10). Here we show that the
double mutant H273R-K359R has a similar susceptiblity to extinction as H273R whereas
the anti-mutator, K359R, is highly susceptible (Figure 4-7). This could be due to the
reduction in virus production of K359R compared to WT. WT and H273R PV reach peak
viral titers at 8 hours post infection whereas K359R and H273R-K359R reach peak titers,
similar to WT and H273R PV, at 14 hours post-infection (Figure 4-5). WT and H273R
PV was harvested 8 hours post-infection and K359R and H273R-K359R was harvested
14 hours post-infection in order to give time for K359R and H273R-K359R to replicate to
WT levels. The addition of the H273R to the K359R polymerase advances the
appearance of virus and virus production. Interestingly, K359R PV is rescued at an MOI
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2-logs above WT PV (Figure 4-7). According to the poisson distribution, a probability
distribution that expresses the probability that a given number infections per cell will
occur for a fixed population (Table 4-1), 20% of cells are infected with a single K359R
virion and approximately 2% of cells are co-infected. This tells us that a high number of
cells infected with K359R PV is needed in order for the population to survive. It also tells
us that co-infection may also play a role in survival of the population. This result also
explains why we have yet to obtain a PD50 for K359R (1). The dose of K359R PV that is
needed to cause disease in the mice is higher than we have been able to administer.

H273R-K359R PV is attenuated and protective in the animal model

We wanted to test the virulence of the H273R-K359R PV in the mouse model for
poliomyelitis. We generated WT and H273R-K359R PV stocks in serum free media, and
infected mice by intraperitoneal injection of virus stock or media control. Stocks were
quantitated for genomes by RT-qPCR and a PD50 based on genomes for WT PV was
determined to be 3 x 108 genomes (Figure 4-8).
To test H273R-K359R PV virulence, mice were infected with a lethal dose of WT
PV, 1011 genomes, and the same dose of H273R-K359R PV. WT infected mice first
showed signs of disease on day 3-4 post-infection, and rapidly progressed to dual limb
paralysis. In contrast, mice infected with the same dose of H273R-K359R PV never
showed paralysis or any other signs of disease, indicating that either this mutant strain
was less virulent than WT PV or does not replicate in vivo (Figure 4-9).
We next determined if H273R-K359R PV is capable of eliciting a protective
response. In order to do this, we tested the ability of the double mutant to elicit a
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humoral immune response following a single intraperitoneal immunization. Mice were
immunized at the indicated doses with H273R-K359R PV and then challenged, via the
same route, with a lethal dose of WT PV, 1011 genomes, 4 weeks post immunization
(Figure 4-10). Mice inoculated with doses of H273R-K359R at or above 1010 genomes
showed complete protection against lethal challenge by WT PV (Figure 4-10).
Therefore, even though H273R-K359R is attenuated in its ability to replicate and cause
disease in mice, the double mutant elicits an immune response that confers protection.

Discussion
It has been shown that the genetic diversity of RNA viruses determines the
virulence of the population. Genetic diversity is controlled by how faithfully the RdRp
replicates the RNA viral genome. Published studies examine RdRps exhibiting a
decreased or increased genetic diversity that are attenuated but replicate in the host and
induce a protective immune response (3,6,15,16). Together, these observations suggest
an optimal genetic diversity for a viral population to survive.
While individual mutations can increase or decrease population diversity, it is
intriguing to think that the combination of a high and low fidelity mutant into a double
polymerase mutant could be able to “cancel” out the effects of each other and restore
the optimal fidelity of the polymerase back to WT.
This study reports the creation of a viable double PV mutant, H273R-K359R by
bringing together, in the same polymerase, a mutant with an anti-mutator function and a
mutant with a mutator function. This combination of low and high fidelity mutants in the
same polymerase partially restores WT fidelity but with a reduced rate of RNA and virus
production in vitro. Despite it’s reduced fitness; H273R-K359R remained stable over four
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serial passages at a low MOI. Another similar double mutant was created, G64S-H273R
(anti-mutator and mutator, respectively), and while that mutant was viable, it presented
as a mixture in vitro. The serine-64 reverted to glycine leaving the single polymerase
mutant, H273R mixed with G64S-H273R PV population. The double mutant G64SK359R combined two anti-mutator mutants, which led to a non-viable virus.
Previously, we described an experiment in which the viral population of the low
fidelity mutant, H273R, was driven to extinction at a higher MOI compared to WT PV
(10). This is due to the higher mutation rate of the H273R polymerase creating more
deleterious mutants and therefore not being able to sustain its viral population at a low
MOI. Here, we repeated this study with K359R and H273R-K359R PV. The K359R PV
population wasn’t able to sustain at a MOI lower than 0.25, 3x105 genomes (Figure 4-7).
According to the poisson distribution (Table 4-1) of the cells infected with 3x105
genomes, 20% of cells were infected with a single virus and 2% were co-infected. Why
cells that were infected at a lower MOI were unable to sustain the population is
unknown. Low MOI infection of K359R may result in a reduction in the replication
kinetics of K359R compared to what we have already shown (Figures 4-4 and 4-5). A
possible reduction in the viral replication kinetics could allow for the immune response to
outpace the virus and thereby preventing establishment of infection. This result suggests
why we have yet to achieve a PD50 for K359R and we have not hit upon a dose high
enough in which K359R PV can establish infection in the mouse model. Additional
experiments examining K359R viral replication a low MOI in HeLa cells and also in a cell
lines defective in interferon responses, such as Vero cells, are necessary to determine
what is preventing establishment of infection.
Also, we see a reduction in K359R viral genome production, which leads to a
reduction in infectious virus (1). However, K359R replication rate has not been
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diminished relative to WT PV. We believe there is some process, manifested in the cell,
which is able to delay RNA synthesis. With the addition of H273R to the K359R
polymerase, we see an increase in viral genomes and therefore and increase in virus
production. The mutation from histidine-273 to arginine might aid in overcoming the
biochemical defect associated with arginine-359.
Even though the H273R-K359R polymerase has been partially restored to WT
fidelity it still goes to extinction before WT. This could also be due to delayed virus
production of the H273R-K359R polymerase. WT PV reaches peak titer 8 hours postinfection whereas H273R-K359R reaches WT PV titers at 14 hours post-infections. We
reason that virus can still be overrun by the cellular immune response if virus production
lags behind that of WT PV. Repeating this study in cell lines that have deficient innate
responses, perhaps we will see the restoration of a virulent phenotype in these cells.
H273R and K359R are both attenuated in the animal model compared to WT.
We have determined that replication of both viruses occurs in vivo since the mice are
protected against challenge with a lethal dose of WT PV (1,10). Despite the slight rescue
to the WT phenotype in vitro, H273R-K359R does not induce disease in the animal
model but does protect against a challenge with a lethal does of WT PV. We know that
WT is at the optimal fidelity and is virulent. Even though H273R-K359R is close to WT
fidelity, it does not induce paralysis in the animals at the same dose of WT PV. This
reflects what we have seen in K359R PV infected mice and also our in vitro studies with
this double mutant (Figure 4-7), we have yet to hit upon a high enough dose that will
result in virulence in the mice. While the protection informs us that H273R-K359R PV is
capable of replicating in the mice, tissue tropism studies are needed to in order to
determine where the virus exhibits restricted tissue tropism. From this, we reason, that
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viral replication speed, in addition to fidelity, plays a role in the pathogenic outcome of
RNA viruses.
The polymerase isn’t a static protein but can adopt different conformations
(11,17). Molecular dynamic studies performed on H273R and G64S show these two
polymerases to be more flexible and inflexible, respectively, compared to WT. These
remote site residues are predicted to potentially interact with amino acid networks that
control polymerase dynamics (18). We hypothesized that combining the G64S and
H273R fidelity mutants into a single polymerase could lead to a polymerase with similar
dynamics to WT. In this combination, however, the G64S-H273R P0 population
presented as a mixture of G64S-H273R PV and H273R. Due to the stability of the
H273R-K359R polymerase, we believe that it is the positioning of the low and high
fidelity mutation in relation to one another in the H273R-K359R polymerase that might
play an important role in the polymerase function. H273R is remote from the active site,
which is where K359R resides thus distant enough to potentially interact with separate
amino acid networks. G64S and H273R both reside in the fingers domain thereby
potentially disrupting a network of functionally interacting molecules in the same domain,
leading to instability in the polymerase. In order to rescue polymerase function, serine-64
reverts back to glycine. G64S and K359R are positioned remote from one another
similar to H273R and K359R. However, G64S and K359R are both high fidelity
polymerases and when combined create a stable, albeit slower, polymerase. This could
explain why we see debilitated replication of the G64S-K359R subgenomic replicon.
Biochemical analyses of the polymerases for all the double mutants need to be
performed in order to determine the rate and accuracy of ribonucleotide incorporation
before there is a definite answer on what phenomenon is occurring here.
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Using the PV system, we have demonstrated that the PV RdRp controls fidelity,
which impacts viral attenuation. However, this study suggests that the viral replication
speed also plays an integral role with regards to viral virulence. We have a variety of
mutants at varying replication speeds and polymerase fidelities to begin to unfold what
effect these different processes have on the host cell response to viral infection.
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Figures

Figure 4-1: Structure analysis of PV RdRp double fidelity mutants. Structure of PV
RdRp showing the location of previously known fidelity mutants in relation to one another
in a double mutant polymerase.
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Figure 4-2: H273R-K359R double mutant polymerase is viable and stable in tissue
culture. Shown here is a phenotypic analysis of double mutants and their controls by
way of an infectious center assay. HeLa cells were transfected with 5 ug of RNA and
cells were serially diluted and plated on a monolayer of HeLa cells. Cells were overlaid
with agarose and incubated for 2-4 days. Data are means from 2 different experiments.
Error represents ± SEM.
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G64S-H273R
Gly:GGT
Ser:AGC

His:CAC
Arg:AGG

Figure 4-3: Sequence reversion of G64S-H273R PV. 5 µg of in vitro transcribed RNA
made from G64S-H273R and H273R-K359R cDNA was transfected in to HeLa cells and
added to a HeLa monolayer. Virus was harvested once cells reached CPE. Viral RNA
was extracted and sequenced. Shown is the reversion of the serine at position 64 back
to glycine. The WT codon sequence at postion 64 is GGT and in the cDNA, mutated to
AGC such that two transversion mutations would be required to restore the mutation
back to WT. Here we see the one transversion mutation, GGC, to get back to glycine.
Also shown is the arginine-273 mutation.
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Figure 4-4: H273R-K359R one-step growth curve. (Top graph) HeLa cells were
infected with WT and H273R-K359R at an MOI of 10 (pfu). Cells were harvested at
various time post-infection and titers determined by plaque assay and expressed as
pfu/mL. (Bottom graph) HeLa cells were infected with WT, H273R, K359R and H273RK359R PV at MOI 10 (genomes) and harvested at various times post-infections. Cells
were harvested and total cellular RNA purified using Qiagen RNeasy kit. Viral genomes
are quantitate by RT-qPCR.
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Figure 4-5: Kinetics of RNA synthesis using luciferase expressing subgenomic
replicon. Lucifease activity is reported as relative light units (RLU) per microgram of
total protein. 5 µg of WT, G64S, H273R, K359R, G64S-K359R, G64S-H273R and
H273R-K359R in vitro transcribed RNA are transfected into HeLa cells and RLUs are
read at specific time points post-transfection. WT + guanidine hydrochloride (GuHCl)
represents a control for translation of input RNA without replication. The replication
kinetics of each variant were not significantly different from wild type except where
indicated (**P < 0.005 and *P < 0.05, unpaired two-tailed Student's t-test, n = 3 per time
point).
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Figure 4-6: H273R-K359R is high fidelity polymerase. 50 pfu of WT, H273R, K359R
and H273R-K359R were used to infect HeLa cell monolayers pretreated with various
concentrations of ribavirin (RBV). Plaque numbers were plotted against RBV
concentration and normalized to untreated (0 mM). The solid line represents the fit of the
data to a sigmoidal dose response equation (four parameter logistic model) yielding IC50
values as shown. Data are means from three independent experiments. Error bars
represent ± SEM.

Figure 4-4: Subgenomic replicon. Structure of PV RdRp showing the location of His-273,
Gly-64 and Lys-359.
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Figure 4-7: Extinction of viral populations at fixed number of viral genomes.
Outcome of infection of WT, H273R, K359R and H273R-K359R PV at fixed number of
viral genomes. Total genome copies (output) for WT and H273R at 8 hours postinfection and K359R and H273R-K359R at 14-hours post-infection using the indicated
inoculum that corresponds to 3.18x101, 3.18x102, 3.18x103, 3.18x104, and 3.18x105 viral
genomes (input). Data are shown from 3 independent experiments for each virus.
H273R, K359R and H273R-K359R proceed to extinction prior to WT after infection at a
lower number of viral genomes. HeLa cells were infected with an equivalent number of
genomes for all viral variants, replication was allowed to proceed for 8 hours for WT and
H273R and 14 h K359R and H273R-K359R, then total RNA and viruses were harvested.
RT-qPCR was performed using purified RNA to determine genome copies.
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Table 4-1: Multiplicity of infection (MOI) and poisson distribution.
Probability of n infections per cell (n=↓)
genome
copies

3x101
3x102
3x103
3x104
3x105

MOI
0.5
1
2
3
4
5
6
7
8
0.000025
0.00025
0.0025
0.025
0.25

0
60.7%
36.8%
13.5%
5.0%
1.8%
0.7%
0.2%
0.1%
0.0%
100.0%
100.0%
99.8%
97.5%
77.9%

1
30.3%
36.8%
27.1%
14.9%
7.3%
3.4%
1.5%
0.6%
0.3%
0.0%
0.02%
0.2%
2.4%
19.5%

2
7.6%
18.4%
27.1%
22.4%
14.7%
8.4%
4.5%
2.2%
1.1%
0.0%
0.0%
0.0%
0.0%
2.4%

3
1.3%
6.1%
18.0%
22.4%
19.5%
14.0%
8.9%
5.2%
2.9%
0.0%
0.0%
0.0%
0.0%
0.2%

4
0.2%
1.5%
9.0%
16.8%
19.5%
17.5%
13.4%
9.1%
5.7%
0.0%
0.0%
0.0%
0.0%
0.0%

≥1
39.3%
63.2%
86.5%
95.0%
98.2%
99.3%
99.8%
99.9%
100.0%
0.0%
0.0%
0.2%
2.5%
22.1%

% asymptomatic
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Figure 4-8: WT PD50 based on genome copy. 4-6 week old cPVR mice were infected
by intraperitoneal injection with serum-free medium containing PV at 108, 109, 1010, and
1011 genome copies and observed for 14 days post-infection. Mice that developed the
following symptoms, 2-limb paralysis or paralysis that compromised the ability to get
food and water, were euthanized. PD50 values by IP injection for WT PV were 3 x 108
genomes. PD50 values were determined by the Reed and Muench method.
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Figure 4-9: H273R-K359R PV is attenuated in the cPVR transgenic mouse model.
4-6 week old cPVR mice were infected by intraperitoneal injection with serum-free
medium containing WT PV at 1011 genome copies and H273R-K359R PV at 1011
genome copies and observed for 14 days post-infection. Mice that developed 2-limb
paralysis or paralysis that compromised the ability to get food and water were
euthanized.
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Figure 4-10: H273R-K359R PV is protective in the cPVR transgenic mouse model.
4-6 week old cPVR mice were infected by intraperitoneal injection with serum-free
medium containing WT PV at 107, 108, 109, 1010, and 1011 genome copies and H273RK359R PV and observed for 4-weeks post-infection. All mice were then challenged with
a lethal dose, 1011 genome copies, of WT PV and observed for 14 days post-infection.
Mice that developed 2-limb paralysis or paralysis that compromised the ability to get
food and water were euthanized.
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Chapter 5

Summary and Conclusion

Introduction

Over the course of my graduate career, I have focused on understanding the
origin and function of the RNA virus quasispecies, which is generated by the viral RNA
dependent RNA polymerase (RdRp). Due to a lack of proofreading function, mutations in
the genome remain, leading to the creation of a diverse population of mutants (1). This
population has been dubbed ‘quasispecies’ (2-4). Due to the quasispecies nature of
RNA viruses, developing vaccines and antiviral drugs becomes difficult due to the
viruses’ ability to quickly develop resistance.
Population genetics theory states that RNA viruses replicate along an error
threshold (5). Any increase in the mutation frequency of the virus past this critical
threshold drives the population to extinction. Studies with the antiviral drug, ribavirin
(RBV), set out to exploit the nature of PV by artificially increasing the mutation frequency
of the population to the point of extinction, a strategy known as lethal mutagenesis (6-8).
It was during these studies that the drug resistant mutant, G64S, was independently
isolated by two separate labs (9,10). Drug resistance was due to an increase in
polymerase fidelity relative to WT. This lead to restricted viral quasispecies that was
attenuated in the animal model (11).
An accidental mutation in a virus clone lead to the discovery of a virus with a
mutator phenotype, H273R (12). H273R was the first mutant to show that a decrease in
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fidelity does not lead to a nonviable population but rather an attenuated one. It also
showed that RNA viruses do not replicate along the error threshold. G64S and H273R
provided us with a panel of mutants in which to study the nature of the RNA virus
population.
The studies set forth in this dissertation set out to test the hypothesis that
deviations away from the optimal WT fidelity and replication speed leads to attenuation
thus providing strategies for targeting the RdRp for development of live attenuated
vaccines (LAV) and antiviral drugs.

Summary

In order to begin to understand how a viral population behaves, we turn to the
population genetics theory. The theory states that RNA viruses replicate along an error
threshold and drugs, which increase the mutation frequency of the viral population,
therefore should exhibit antiviral activity (5). We then reason that polymerase mutants
that alter population diversity should also exhibit a reduced fitness.
The RdRp mutant, G64S, is a high-fidelity polymerase and was reported as an
attenuate virus (11,13). Studies with this virus were repeated in the Cameron Lab and
contrary to published results, our findings showed the virus to be virulent. At the same
time, animal studies in the lab showed that H273R PV is highly attenuated relative to WT
PV and protective in the mice (12). Studies with G64S championed high fidelity
polymerases as potential vaccine strategy. High fidelity results in a restricted
quasispecies that, in theory, cannot evolve past host-imposed bottlenecks. Therefore,
diversity is essential to survival, however, G64S, which yields a reduced level of
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diversity, proved to be virulent. To explain this observation we again turned to the
population genetics theory. The theory states that an increase in mutation frequency
drives the population to extinction (14). It reasons that a decrease in population diversity
makes the population more viable or stable and therefore PV would remain virulent.
H273R exhibited a mutator phenotype in vitro and in vivo. Biochemical studies
revealed that the misincorporation rate for H273R was increased 2-fold over that of WT
which manifested in a 2-fold increase in viral diversity in cells, as measured CirSeq
analysis. CirSeq analysis determined not only RdRp dependent mutations but RdRp
independent mutations as well. Once again we turn toward the population genetics
theory to explain. An increase in the mutation frequency will drive the viral population
towards extinction. Due to the high frequency of mutation caused by the H273R
polymerase our hypothesis that H273R would be driven to extinction in cell culture more
easily relative to WT PV was confirmed. Virulence in the animal model was reduced and
this correlated with the inability of H273R PV to sustain replication in tissues in which
WT PV persists. However, H273R PV was able to replicate in mice to levels sufficient to
induce a protective response. From this study we conclude that optimal fidelity is a
determinant of virulence and the RdRp can be targeted for viral attenuation and antiviral
drug therapies.
H273R replication leads to the production of deleterious genomes that are
predicted to disrupt gene function. Even though viral fitness is reduced, H273R
population can still induce an immune response without causing disease. While H273R
has the potential to serve a vaccine, due to the unstable nature of the polymerase, we
question whether lethal mutants might arise that could lead to death in the host.
RdRp is conserved across all RNA virus families (15). Lysine-359 is a conserved
residue found in the active site of the polymerase and serves as a catalyst for nucleotide
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incorporation (16). Mutation of this residue from a lysine to arginine produces an
attenuated virus that elicits a protective immune response. However, replication speed is
reduced and virus is not produced for several hours after WT PV produces particles and
never reaches WT PV titers in vitro. This study provided us with further evidence that
fidelity is linked with virulence and deviation away from optimal fidelity leads to
attenuation. However, K359R has a defect in its replication fitness, which begs the
question what is the cause of attenuation of K359R, high fidelity or reduction in
replication speed?
We reasoned that if fidelity is the primary cause of the attenuated phenotype,
then a double fidelity mutant combining both a high and low fidelity mutant, might have
restored virulence. H273R-K359R PV was viable with increased replication kinetics
compared to K359R alone, although this double mutant still exhibited decreased
replication kinetics relative to WT and H273R. H273R-K359R is attenuated in the cPVR
transgenic mouse model despite having similar WT fidelity. It would argue that, if
H273R-K359R is replicating in vivo, that attenuation is due to the slower replication
relative to WT, and perhaps there is an optimal viral threshold that needs to be reached
in order to overwhelm the immune response in vivo. This suggests viral replication
kinetics plays an integral role in viral virulence.

Conclusion

Fitness is defined as the ability to survive and reproduce. In order for viruses to
survive and reproduce they must be transmitted to new hosts. As such, transmission
fitness is an important component of overall fitness (17). The higher the transmission
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fitness the higher the virulence of the virus (18). In order for a virus to get to the point of
transmission it must demonstrate replication fitness.
Fitness landscapes depict the relationship between fitness and genotypes, and
can be represented by spatial models (Figure 5-1) (19). The height of the hill represents
the fitness of the population, while the base represents the range of genotypes in the
sequence space.
A vital component of viral fitness is mutational robustness. Mutational robustness
allows for the virus to absorb mutations without any impact on phenotype. There are two
main factors that influence robustness: population size and co-infection (19). A large
population size will allow for the selection of fit variants and purge mutants with a lower
fitness allowing a large population to preserve the phenotype in the presence of a high
mutation rate.
A larger viral population results in a high multiplicity of infection (MOI), which
leads to co-infection, the replication of at least two different genomes in the same cell. In
this case complementation can happen, which means that a defective virus can take
advantage of the functional proteins from a fit virus. By contrast, low MOI infections
cause a virus population to evolve to become mutationally robust.
Spatial models of robust populations have short, broad hills due to their high
mutation rates (Figure 5-1). Selection favors robust populations at the expense of total
fitness since reductions in fitness are more damaging. The process by which populations
are able to buffer the negative impact of mutations to the population is known as
“survival of the flattest” (19).
Our fidelity mutants provide us with a wide range of fitness types to examine.
G64S, WT and H273R are our model populations (Figure 5-2). The high fidelity G64S
serves as our most robust mutant, determined by its resistance to RBV, and in the
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spatial model resides atop of a tall, broad hill. H273R generates the most diverse
population of all of our mutants. According to the above model (Figure 5-1), H273R
would have an advantage over the rest of the polymerase mutants by being able to
generate a diverse enough population that could quickly adapt to the harsh environment
of the host. However, low fidelity mutants are in danger of extinction due to the cost
deleterious mutations have on fitness. H273R therefore resides atop of a very flat and
very short hill. The WT hill is between G64S and H273R and is as broad as G64S but
shorter (Figure 5-2).
K359R has a fidelity similar to G64S but is attenuated in the host. We can
imagine that K359R, due to its similar fidelity, would exist in the G64S population
(Figure 5-2). As we move down the G64S hill, we increase the mutational frequency of
the population and decrease fitness, which, in K359R, is manifested as a decrease in
replicative capacity. We can repeat this same idea with the double mutant. H273RK359R has a similar fidelity to WT and could exists in the WT population (Figure 5-2).
However, we don’t have to go as far down the hill to find H273R-K359R due its increase
in replicative fitness relative to K359R.
Replicative capacity is a vital part of fitness and robustness. As previously stated,
population size influences mutational robustness. PV has a robust replicative capacity
and can generate millions of progeny genomes. In our viral tropism studies with WT PV,
we see thousands of progeny generated days after infection despite the presence of
host bottlenecks such as the immune response. K359R has a slower replication speed
and in vitro does not reach WT PV titers. Though K359R PV has lower replicative
fitness, if we increase the population, we should be able to cause virulence in the animal
model. We see this with our genome extinction study (Figure 4-7). At a high MOI we
rescue the K359R population. H273R-K359R therefore should be able to cause
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virulence in the animals at a lower dose than K359R. We have shown this with H273R
PV (12). Due to the high mutation frequency, H273R PV cannot sustain an infection in
vivo due to its inability to overcome host bottlenecks (Figure 3-7). However, increasing
the size of the population allows for the selection of fit variants to outcompete mutants
with a lower fitness. Therefore a large population is able to preserve the phenotype in
the presence of a high mutation rate, which in H273R is manifested as virulence in the
animal model.
By targeting specific residues in the PV RdRp we can alter polymerase fidelity
and development of disease. What we have learned from this study is that fidelity alone
is not a predictor of pathogenesis. We have surmised that size of the viral population
plays an integral role in viral virulence, and that the generation of that population, in the
host, is dependent upon the viral replication kinetics. H273R-K359R polymerase has WT
fidelity, however, just like K359R, the virus is attenuated in vivo. And also like K359R,
the replication kinetics is slow. However, the double mutant is able to reach WT PV titers
in vitro but at a much-delayed time point relative to WT. We speculate that there is a
“viral titer threshold” effect at work inside the cell and this response is time-dependent.
Once the virus enters the cell the cellular innate response is quickly engaged. If the viral
population reaches a specific threshold before innate response is triggered, the virus can
then overwhelm the cell’s defense system. If not, the virus is then overwhelmed by the
innate defenses, host bottlenecks, and infection is never established.
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Future work

Using the PV system, we have determined that replication speed can alter the
virulence of a viral population. WT PV is at the optimal fidelity, which, at a specific dose,
causes disease. Using K359R and the double H273R-K359R, we see that a drop in the
replication speed attenuates the population. However, given a high enough dose, both
K359R and H273R-K359R should cause disease, although we have yet to be able to
show this in vivo using our current mouse model.
First and foremost, biochemical characterization of the double mutant H273RK359R experiments needs to be performed.
PV is sensitive to the interferon response (20). Mice deficient in interferon α/β
receptor (IFNAR) show an increased susceptibility to WT PV (20). If the innate immune
response is what is restricting these viruses from replicating in vitro then by measuring
viral replication kinetics in interferon deficient cells: Vero cells (21), MDA5 knockout
mouse embryonic fibroblasts (MEFs)(22) and/or TLR3 knockout MEFs (23), we should
see a rescue in replication kinetics. To achieve a PD50 with these viruses, the same
reasoning applies with interferon α/β receptor knockout mice.
It has been shown previously that knocking out the INFAR receptors in poliovirus
receptor (PVR) transgenic mice allows PV replication in unsusceptible tissues and
thereby lowers the WT PD50 (20). Using these mice, we should be able to obtain a PD50
for K359R and H273R-K359R without needing to concentrate large quantities of virus.
In conclusion, RdRp is the protein to target for rational drug design and vaccine
development. Decreasing RdRp fidelity, or increasing its fidelity coupled with a slower
replication speed, should yield a less virulent virus population and therefore represent
strategies for vaccine design.
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Figures

Figure 5-1: Fitness landscapes showing high mutation rates and mutational
robustness. Using spatial models to examine fitness landscape. “Hills” represent
different populations within a sequence space. (a) Populations with lower mutational
rates will have a higher fitness and variants that cluster at the peak of the hill. The
variants of the red peak can outcompete the variants of the blue peak. (b) An increase in
the mutation causes variants to spread out over their respective hills. The variants in
blue remain closer to the peak and can therefore now outcompete the variants in red.
This figure depicts “survival of the flattess” and how robust populations can buffer out the
negative effects of a decrease in fitness (19).
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Figure 5-2: Fidelity mutants in the sequence space. We can fit the fidelity mutants
along fitness landscapes based on what we know about their behavior in vitro and in
vivo. WT, G64S and H273R represent our various populations. The gradation in color
down the peak represents an increase in the mutational load and decrease in fitness.
G64S (green) represents our most robust population and exists on a broad, tall peak. As
we move down the peak we see K359R (pink star), which has an increase in its mutation
frequency and decrease in fitness relative to G64S. WT (black) is less robust and
resides on a shorter and less broad peak. As we move down the hill we encounter
H273R-K359R (yellow star), which is not as far down the WT peak as K359R due it’s
higher fitness value compared to K359R. H273R (red) is the least fit of all due to its
higher sensitivity to the nucleoside analog RBV (adapted from (19)).
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Appendix A

Optimization of the cPVR murine model
The cPVR mouse strain was created in the lab of Raul Andino at the University of
California, San Francisco (UCSF) (1). The PV receptor (PVR) transgenic mice are on
the ICR outbred genetic background and contain PVR cDNA activated by a beta-actin
promoter. These mice express the receptor on a variety of tissues and are susceptible to
poliovirus infection multiple ways: intraperitoneal (IP), subcutaneous (SC), intramuscular
(IM), intracerebral (IC) and intranasal (IN). All ways except via the oral route. Though
there have been a few transgenic strains created prior to this (2-4), cPVRs were the first
available mouse for a mucosal route of infection via an intranasal inoculation(1).
Initial studies animal studies were done in collaboration with Raul Andino at
UCSF. In order to repeat those studies we had to establish the mouse model here at
The Pennsylvania State University. We determined that these mice were of the proper
genotype and were able to infect with the reported lethal dose of PV, 1x107 PFU via an
IM route of infection in the left hind limb. Within 2 days, paralysis appeared in the left
hind limb and within 6-12 hours the right-limb became paralyzed. Once complete hindlimb paralysis occurs death happens within 6-8 hours.
The effect of WT PV on the cPVR transgenic model is dose dependent (Figure
A-1). Mice were infected, via the IM route, with various doses of WT PV and we
observed a delay in onset of disease at lower doses (Figure A-1). This first experiment
allowed us to establish two important criteria in order to test our fidelity mutants in the
mice. One, we were able to determine the lethal dose fifty (LD50) of WT virus via an IM
route of infection (Figure A-1). This would allow for us to clearly quantitate severity of
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infection cause by the mutants compared to WT. Two, we had a clear and highly
reproducible disease path in which to monitor disease progression in the mice.
Initial studies using mutants G64S and H273R challenged our now established
infection protocol. Previous studies showed that the polymerase mutant G64S to be
attenuated in the same animal model (5,6). Preliminary data of H273R did show that the
virus was attenuated compared to WT but G64S caused severe paralysis in the animals
with a calculated LD50 equal to that of WT virus (Figure A-2).
Intramuscular is the most susceptible route to infection. When inoculated in the
muscle, virus can access the central nervous system via retrograde trafficking along the
sciatic nerve to the neuronal cells giving rise to paralysis (1,7-9). In order to provide more
barriers or bottlenecks to disease we opted for an IP route of infection. An IP inoculation
would introduce the virus systemically and allow for a more diffuse spread and thus a
slower progression of paralysis as well as infection of visceral organs. Our preliminary
data showed that at a lethal dose of WT PV, death occurs within 4-8 days whereas
death occurred with 3-5 days via an IM route. The LD50 for the IP route was 2 logs higher
than the IM LD50 (Figure A-1). This demonstrates that pathogenesis is dependent on the
inoculation route.
In order to accurately assess disease progress the mice we monitored the
progression of disease in IP inoculated animals. When inoculating animals via an IM
route (the right hind limb), we saw a clear progression of disease. Virus introduced via
IM inoculations led to paralysis starting at the site of inoculation, moving to the left hind
limb then progressing up the body of the host. Animals were euthanized once paralysis
was seen in the opposing hind limb. Virus introduced via the IP route of infection led to
variation in the initial site of paralysis between animals. Initial limb paralysis could be
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seen in any limb so we designed our disease score to reflect the number of limbs
paralyzed (Table A-1).
An IP inoculation introduces virus systemically, allowing for a diffuse spread of
virus to the visceral organs compared to an IM inoculation. Based on this, we wanted to
test which inoculation route would have the greatest impact on protection. Animals were
immunized at several doses below the LD50 via both IM and IP routes, followed by
challenge with virus via the same route. Four weeks post-inoculation, the mice were
challenged with 5 x LD50 (calculated based on route of infection) and monitored for
disease. Mice were euthanized with CO2 when all four limbs were paralyzed (Table A-1)
as a substitute for death. While there was some protection observed in animals
inoculated IM and challenged IM, we saw dose dependent protection with animals IP
immunized and IP challenged (Table A-2). The dose that gave 100% protection was a
log below the LD50 for an IP route. An IM immunization and challenge in mice did not
protect more than 50% of the time (data not shown). Based upon this, we decided to use
an IP route of infection for all subsequent studies to test the hypothesis that the
evolutionary capacity of a virus influences the adaptive immune response and thus
influences the ability of the virus to establish a successful infection.

LD50 to PD50
Initial experiments performed with G64S and H273R still proved challenging.
Even after infecting IP, mice LD50s with G64S were still similar to WT suggesting that
even an IP route of infection does not attenuate G64S. Mice infected with H273R
developed paralysis at our previously defined set endpoint where the mice would be
euthanized, yet these mice were able to survive with permanent paralysis of the hind
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limbs. Due to this we changed our endpoint from complete paralysis to double limb
paralysis in doing so also changed LD50 to paralysis dose fifty (PD50).
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Figures

Figure A-1: WT LD50 when administered IM and IP. Percentage of mice, n=5,
surviving different doses of WT virus via IM route (107, 106, 105, and 104 PFU) and doses
via IP route (105, 106, 107, and 108 PFU). The differences observed between the doses
for both IM and IP routes are statistically significant (for both IM and IP routes, p <
0.0001; logrank test for trend). LD50 is 2x105 PFU, IM route and 2x107 PFU, IP route.
LD50 calculated by Reed-Muench method.

138

Figure A-2: Calculated LD50 for G64S and H273R based on complete hind limb
paralysis. Percentage of mice, n=5, with complete hind limb paralysis at different doses
of mutant viruses (109, 108, 107, 106 PFU). The differences observed between the doses
for both G64S and H273R are statistically significant ( G64S IM p < 0.006; H273R IM p <
0.002; logrank test for trend). LD50s are 4x105 and 6x107 PFU respectively. LD50
calculated by Reed-Muench method.
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Table A-1: Disease scoring system in IP inoculated cPVR mice. Mice challenged IP
with 5XLD50, were monitored for symptoms of disease.
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Table A-2: IP immunization and IP challenge in cPVR mice. Mice were immunized at
various doses (107, 106, 105, and 104 PFU) via an IP route. 4-weeks post inoculation
mice were challenged IP with 5 x LD50 (108 PFU) and monitored for symptoms of
disease.
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Figure A-3: Calculated PD50 for G64S and H273R based on double limb paralysis.
Percentage of mice, n=15, with double limb paralysis at different doses of mutant viruses
(109, 108 and 107 PFU). The differences observed between the doses for both G64S and
H273R are statistically significant (G64S IP p < 0.0001; H273R IP p < 0.004; logrank test
for trend). LD50s are 2x107 and 1x109 PFU respectively. LD50 calculated by ReedMuench method.
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Appendix B

Future Directions: Differential innate immune responses in mice
infected with fidelity mutants

Introduction

The NanoString nCounter system was developed to detect and quantitate
individual nucleic acid molecules in a mixture without the need for amplification (1). This
system can be modified to detect other biological molecules as well, but for the purposes
of our study we focused on mRNA expression profiles.
The NanoString nCounter gene expression system is a multiplexed probe library
that is made with two sequence-specific probes that target each gene of interest. The
first probe, the capture probe, contains a 35- to 50-base sequence complementary to the
target mRNA plus a short sequence coupled to the affinity tag biotin (Figure B-1A)(1).
The second probe, the reporter probe, also contains a second 35- to 50-base sequence
that complements the target mRNA and is coupled to a color-coded tag that serves as
the detection signal. The backbone of the tag is made up of a single-stranded DNA
molecule, which is annealed to a series of in vitro transcribed RNA segments, each of
which is labeled with a specific fluorophore. The linear order of each of these RNA
segments creates a unique barcode for each gene of interest.
Pairs of capture and reporter probes are constructed for each gene of interest.
Probes are mixed with total RNA in a single hybridization reaction that results in the
mRNA target bound to both the capture and reporter probes. Unbound probe is removed
by affinity purification and the remaining complexes are bound to a streptavidin-coated
surface (Figure B-1B). Next, an electric field is applied which extends and orients the

144
complexes in the solution all in the same direction. These complexes are immobilized in
this elongated state, imaged, and the fluorescent segments on the reporter probe are
used to identify each target molecule (Figure B-1B). The level of mRNA expression is
quantitated by counting the number of barcodes present for each target mRNA. This
method provided the advantage of direct quantification of mRNA transcripts without need
of enzymatic amplification. Compared with TaqMan, the nCounter system has shown to
have a similar sensitivity, however an increased sensitivity over microarray(1). Using
NanoString technology, we set forth to examine poliovirus replication in cPVR
extraneural tissues using the fidelity mutant H273R (ref).
It has been shown that interferon stimulated genes (ISG) expression profiles
change over the course of an infection with a pathogen (2). A recent publication has
shown that intra-genotypic hepatitis C virus (HCV) can induce different ISG profiles (3).
We asked if there is differential expression in the immune genes between WT and
H273R PV infected mice. If so, can we then can use method to predict which mutants
would perform better as live-attenuated vaccines (LAVs) and stimulate robust antibody
production. While we don’t see an overall difference in ISG expression profiles between
WT and H273R PV infected mice we do see a qualitative difference in expression
amongst the top 20 genes expressed. While this may be due to the difference in
infectivity between WT and H273R PV, further study is needed in order to troubleshoot
the quantitation of viral genomes and correct infectious dose needed to for addtional
experiments.

Materials and methods
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Ethics Statement - This study was carried out in strict accordance with the
recommendations in the Guide for the Care and Use of Laboratory Animals of the
National Institutes of Health. The protocol was approved by the Institutional Animal Care
and Use Committee at The Pennsylvania State University (Assurance Number: A314101 PSU). All efforts were made to minimize animal suffering.
Cells and Viruses - HeLa S3 cells were obtained from American Type Culture
Collection (ATCC) and grown in DMEM/F-12 medium plus 10% fetal bovine serum, 100
U/mL penicillin and 100 U/mL streptomycin. PV type 1 Mahoney was used throughout
this study.
RNA Transcription - The pMovRA and pRLucRA plasmids were linearized with
EcoRI and ApaI, respectively, and purified with Qiaex II suspension (Qiagen) by
following the manufacturer's protocol. RNA was then transcribed from the linearized
plasmid DNAs in a 20-µl reaction mixture containing 350 mM HEPES, pH 7.5, 32 mM
magnesium acetate, 40 mM dithiothreitol (DTT), 2 mM spermidine, 28 mM nucleoside
triphosphates, 0.025 µg/µl linearized DNA, and 0.025 µg/µl T7 RNA polymerase. The
reaction mixture was incubated for 3 hours at 37 °C, and magnesium pyrophosphate
was removed by centrifugation for 2 min. The supernatant was transferred to a new
tube, and RQ1 DNase (Promega) was used to remove the template.

The RNA

concentration was determined by measuring absorbance at 260 nm, assuming that an
A260 of 1 was equivalent to 40 µg/ml, and the RNA quality was verified by 0.8% agarose
gel electrophoresis.
Mouse Infection - Mice were bred and housed in standard ventilated caging for
all experiments. Protocols for animal studies were approved by Pennsylvania State
University and University of California at San Francisco Institutional Animal Care and
Use Committee (IACUC). All experiments were performed in accordance to guidelines
and regulations overseen by the IACUC. Virus stocks were generated in serum-free
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media, harvested by 3-freeze thaws and clarified to remove all cellular debris.
Autoclaved 20% PEG-8000, 1 M NaCl solution was added in a 1:1 ratio to clarified virus
and incubated overnight on ice at 4o C to concentrate virus. Mixture was centrifuged at
12,000 g and pellet was suspended in ice cold 1X PBS. PEG-8000 was then filtered out
using the Centricon Plus-70 filter (Millipore) following manufacturers directions. Genome
copies for WT and H273R PV was determined using TaqMan. Four- to 6-week-old
outbred (ICR) mice transgenic for the PV receptor (cPVR) were infected with PV at the
indicated genome copy intraperitoneal (IP) injection in 3 ml of serum-free media. Mice
were observed for 14 days for signs of disease and were euthanized upon showing dual
limb paralysis or paralysis such that their ability to obtain food and water was
compromised; this was in accordance with approval by the IACUC at Pennsylvania State
University.
Mouse tissue harvest and RNA extraction – Mice were euthanized 6, 36 and 72
hours post-infections. Livers were harvested, weighed, dissected and stored in 1.7 mL
microcentrifuge tubes in no larger than 500 mg sections before frozen on dry ice. Once
ready, tissues were thawed and suspended in 3 volumes of ice cold 1X PBS and
homogenized using a BeadBug Homogenizer with 2 mm ceramic beads (Benchmark
Scientific). Tissues were homogenized 2 x 30 seconds at 4,000 rpm. Samples were then
centrifuged at 10,000 rpms for 10 minutes and total RNA was extracted from 500 µL of
sample using Trizol. RNA was further purified using RNeasy kit (Qiagen).
Quantification of genomes by RT-qPCR - For real time qPCR analysis performed
by the Genomics Core Facility of the Pennsylvania State University, DNase-treated RNA
was reverse-transcribed using the High Capacity cDNA reverse transcription kit (Applied
Biosystems, Foster City, CA) and the protocol provided with the kit. Quantification by
real time qPCR was done by adding 10 or 20 ng of cDNA in a reaction with 2× TaqMan
Universal PCR Master Mix (Applied Biosystems, Foster City CA) in a volume of 20 µl,
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with primers 5′-ACC CCT GGT AGC AAT CAA TAT CTT AC-3′ (forward) and 5′-TTC
TTT ACT TCA CCG GGT ATG TCA-3′ (reverse) and probe 5′-[6-Fam]-TGT GCG CTG
CCT GAA TTT GAT GTG A-3′ in a 7300 real time qPCR system (Foster City CA)
machine. A standard curve was generated using in vitro transcribed RNA.
NanoString nCounter gene counter expression system – Total RNA was
extracted from mice infected with WT and H273R PV using Trizol. Trizol extracted RNA
was then purified again with Qiagen RNeasy kit. Extracted RNA was diluted to 20 ng/µL
and submitted for analysis to NanoString Technologies, Seattle, WA. The nCounter
Mouse Immunology CodeSet was used to analyze 561 mouse immunology genes.

Results

Comparison analysis of viral dissemination using NanoString and TaqMan
analysis

We compared the ability of the NanoString technology to detect and measure the
level of viral transcripts compared to TaqMan. cPVR transgenic mice were infected with
a high dose (7x1010 genomes) and low dose (7x107 genomes) of both WT and H273R
PV. Negative control mice were inoculated with serum free medium. These are lethal
and sub-lethal doses by the WT PV infection (data not shown). By day 3, mice infected
with the high dose of WT PV had double-limb paralysis where as the low dose animals
showed no signs of disease. H273R infected animals, both at the low and high dose,
also did not show any signs of disease or the course of infection.
Whole livers and spleens were harvested at 6, 36 and 72 hours post infection
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and two negative control mice inoculated with serum free media. Total RNA was then
isolated and analyzed by TaqMan. The same samples were next submitted for
NanoString analysis. To determine how NanoString techonology compares to TaqMan
we examined PV transcripts. Three probes were created against 3 separate regions of
the PV genomes: 3’-UTR, the capsid region and the 5’UTR for both positive and
negative strands. As negative controls, we created positive and negative strand probes
against both HCV and CVB3 viruses (Table B-1).
Gene counts for HCV and CVB3 transcripts were negligible as expected (Figure
5-2). Counts for PV negative strand transcripts were also negligible (Figure 5-2). This
suggests that PV did not replicate in these tissues or that the probes were inefficient
detectors of viral replication. Gene counts for PV positive strand transcripts, at all three
regions of the genome, all showed similar gene counts. Viral load data is an average of
all three.
We see a similar trend in viral load by both TaqMan and NanoString. PV infection
in both the liver and spleen show a downward trend in viral load in overtime in both the
high and low dose mice (Figure B-3 and B-4). However, quantification of virus using
NanoString shows no difference in viral load between, WT and H273R high dose group
compared to TaqMan. Overall, these results confirm what we know that PV replication is
not sustained in extraneural tissues (4-7).

WT and H273R PV infection induces similar immunology genes

In order to identify immune genes expressed in PV infection we used the
NanoString mouse immunology Gene Expression CodeSet, which profiles 561-
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immunology related mouse genes. The same RNA that was used to analyze PV
transcripts was used to probe for immune gene expression.
Total RNA, at a concentration of 20 ng/uL, was submitted to NanoString
headquarters in Seattle, WA. In return, we received an excel spreadsheet that list all the
raw counts for each of the 561 immune genes in the Mouse Immunology Gene
Expression CodeSet including the raw counts for the CVB3, HCV and PV negative and
positive strand transcripts. The raw counts were then normalized against housekeeping
genes and the normalized counts were used as the final result.
The percent coefficient of variation (%CoV) was calculated in order to determine
which genes had the highest expression. Due to the impressive number of genes
analyzed, we chose to focus the top twenty genes that were induced after WT and
H273R PV infection (Table B-2). While we don’t a quantitative difference in the gene
expression level between WT and H273R we do see a qualitative difference in which
genes make the top 20-list (Table B-2). Overall, the genes that are expressed match
ISGs that we would expect to be induced after PV infection (4,6,8).

Discussion

The most efficacious vaccines elicit an immune response similar to a natural
infection. Live-attenuated vaccines (LAVs), to this day, have shown to be the most
effective vaccine strategy (9). These vaccines replicate in the host without causing
disease and elicit a strong humoral response. The OPV vaccine is a LAV that has been
used to successfully eradicate most of the world’s population of poliovirus, however, a
few countries are still battling outbreaks. Once polio is eradicated from these countries
and hence the world, all scientific research on PV will cease. While we gained much
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knowledge on the biochemistry and molecular biology of this virus, we still lack in
understanding of the pathogenesis. Now is the time to devote effort to pathogenic
studies of PV.
From previous studies, we have learned that genetic diversity of viral population
is important in establishing infection in the host (10-13). Viral genetic diversity has huge
implications for vaccine development. Genetic diversity is determined by the fidelity of
the RNA-dependent RNA polymerase. What we have started to examine in this study is
the difference in innate gene expression between WT PV and the low fidelity mutant
H273R. By analyzing the transcriptional profile of innate gene expression will we be able
to predict which fidelity mutants will serve as better LAVs.
The preliminary data presented here provides us with a glimpse into the innate
immune to PV infection in the transgenic mouse model. cPVR mice were infected with
WT and H273R PV. Liver and spleen samples were then analyzed for viral
dissemination and ISG expression in the liver only. These tissues were chosen due to
their high expression of IFN, which is known to prevent replication in this tissues PV (4).
We reasoned that immune expression would be of great magnitude in these tissues thus
providing of with the best picture of ISG expression.
We were not able to detect viral replication in the liver or spleen using
NanoString technology. This is either due to the probes not detecting negative strand
transcripts or due to the immune response preventing viral replication. WT PV appears
to fair better in the liver 36 hours post-infection compared to H273R PV (Figure B-2).
Both have similar innate expression profiles (Table B-2) so it leaves us to believe that its
not a better immune response in the H273R PV infected mice that leads to less virus 36
hours post-infection but perhaps the low fitness of H273R compared to WT.
It appears that the fate of the virus is dependent upon the ability of the virus to
replicate in the cell and on the host immune response. However the pitfalls with this
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particular experiment is with infecting mice with the same genome copy. The high dose
of WT PV is lethal to the mice whereas it isn’t for H273R. Perhaps a dose of similar
lethality to WT PV will give us a more accurate innate profile. This method needs to be
optimized more with varying inoculating dosages, different tissue types and more fidelity
mutants for comparison in order to develop an immune profile.
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Figures

Table B-1: Custom CodeSet designed against PV, HCV and CVB3 genes for
positive and negative strand detection
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Figure B-1: Depiction of Nanostring nCounter gene expression system. (A)
Schematic of hybridized capture and reporter probe. Both the caputer and reporter probe
are annealed to the target mRNA by gene specific sequences. After annealing, the entire
complex is affinity purified to remove any unbound probe. (B). Schematic of binding,
electrophoresis and immobilization. Complexes are bound to a streptavidin-coated
surface via a biotin tag followed by electrophoresis in order to extend and orient the
complexes in the solution in the same direction. Complexes are immobilized in this
elongated state. (C) False color image of immobilized reporter tags. (Taken from(1))
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Figure B-2: Viral dissemination by Nanostring using probes to detect negative
strand RNA, HCV and CVB3 transcripts. cPVR mice (4-6 weeks old) were infected via
the intraperitoneal route with serum-free medium containing WT or H273R PV at the
indicated dose (genome copies). Whole liver tissues were harvested at the specific
timepoints indicated and total RNA harvested. Probes against negative strand PV (A and
B) were as well as probes against both negative and positive strand CVB3 (C and D)
and HCV (E and F).
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Figure B-3: Viral dissemination by TaqMan in cPVR extraneural tissues infected
with WT and H273R PV. cPVR mice (4-6 weeks old) were infected via the
intraperitoneal route with serum-free medium containing WT or H273R PV at the
indicated dose (genome copies). Whole liver (A and B) and spleen (C and D) tissue was
harvested at specific time points and total RNA extracted. Shown are the average
genome copies quantitated by TaqMan.
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Figure B-4: Viral dissemination by NanoString in cPVR liver tissue infected with
WT and H273R PV. cPVR mice (4-6 weeks old) were infected via the intraperitoneal
route with serum-free medium containing WT or H273R PV at the indicated dose
(genome copies). Whole liver tissue was harvested at specific time points and total RNA
extracted. Shown are the average genome copies quantitated by TaqMan
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Table B-2: Top 20 genes expressed by both WT and H273R infected mice.
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