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During RNA virus replication, there is the potential to incorporate mutations that 

affect virulence or pathogenesis. For live-attenuated vaccines, this has implications for 

stability, as replication may result in mutations that either restore the wild-type phenotype 

via reversion or compensate for the attenuating mutations by increasing virulence 

(pseudoreversion). Recent studies have demonstrated that altering the mutation rate of an 

RNA virus is an effective attenuation tool. To validate the safety of low-fidelity 

mutations to increase vaccine attenuation, several mutations in the RNA-dependent 

RNA-polymerase (RdRp) were tested in the live-attenuated Venezuelan equine 

encephalitis virus (VEEV) vaccine strain, TC-83. Next generation sequencing after 

passage in the presence of mutagens revealed a mutant containing 3 mutations in the 

RdRp, TC-83 3x, to have decreased replication fidelity, while a second mutant, TC-83 4x 

displayed no change in fidelity, but shared many phenotypic characteristics with TC-83 

3x. Both mutants exhibited increased, albeit inconsistent attenuation in an infant mouse 

model, as well as increased immunogenicity and complete protection against lethal 

challenge of an adult murine model compared to the parent TC-83. The TC-83 3x mutant 

was selected for further study due its decreased replication fidelity. While infection of 

live mosquitoes with TC-83 and TC-83 3x proved difficult, in vitro mosquito cell 



 

x 

infection suggested increased attenuation of the TC-83 3x mutant in this host. TC-83 3x 

genetic stability was high, with no reversion of the 3 RdRp mutations during passaging in 

vitro and in vivo. Passaging of the TC-83 3x mutant using a reporter construct showed 

this mutant to have increased levels of recombination, as well as lowered fidelity. During 

serial passaging in a highly permissive mouse model, TC-83 3x increased in virulence but 

remained less virulent than the parent TC-83. These results suggest that the incorporation 

of low-fidelity mutations into the RdRp of live-attenuated vaccines for RNA viruses can 

confer increased immunogenicity whilst showing some evidence of increased attenuation. 

However, while in theory such constructs may result in more effective vaccines, the 

instability of the vaccine phenotype decreases the likelihood of this being an effective 

vaccine attenuation strategy.  
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1 

INTRODUCTION 

Chapter 1. AN INTRODUCTION TO RNA VIRUS FIDELITY AND 

VENEZUELAN EQUINE ENCEPHALITIS VIRUS 

RNA and other nucleic acids are unique in their ability to store and replicate the 

information necessary for life. Unlike DNA, any changes made to an RNA molecule are 

immediately realized as proteins, resulting in many deleterious mistakes, but also the 

potential for rapid evolution. This is the life of an RNA virus, where the risks of error-

prone replication are balanced by the ability to immediately respond to change.   

Although virus research is arguably biased towards viruses that infect mammals, 

and thus humans, it is estimated that there are greater than 320,000 viruses that infect 

mammals alone, the vast majority of which are unknown (1). This and recent 

metagenomic studies (2, 3) suggest that only the smallest tip of the RNA virosphere has 

been identified (4). With the exception of viroids (5), RNA viruses have the highest 

mutation rate of all known species, ranging from 10
-4

-10
-6

 per round of genome 

replication (6-8). This is several orders of magnitude higher than DNA viruses (7) and 

thousands to tens-of-thousands of times higher than the mutation rates exhibited by 

bacteria and eukaryotes (9, 10). The abundance of RNA viruses demonstrates that the 

benefits of a high mutation rate may outweigh the risks. Therefore, it is important to 

understand how this successful balance of a high mutational burden came to be, 

beginning with the evolution and optimization of the RNA virus mutation rate.  

RNA VIRUS REPLICATION 
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RNA-Dependent RNA Polymerase 

Excluding retroviruses, the RdRp protein is required for RNA virus genome 

replication. Although each RNA virus family contains a unique RdRp with specialized 

features, there are conserved motifs and domains between different RdRps, as well as 

other polymerases.  

The RdRp gene consists of 7 conserved motifs (A-G), each with its own specific 

and conserved fold (11). As a protein, the RdRp can be visualized as a right hand (Figure 

1.1) with the finger and thumb subdomains connecting to form a channel for RNA 

replication, also known as the closed hand conformation. Forming the conserved catalytic 

core are the thumb, finger (motifs F and G), and palm (motifs A-E) domains. The thumb 

domain is responsible for RNA binding, usually in the minor groove of the double-

stranded RNA following template recognition (12), as well as stabilization of the 

incoming NTPs (13, 14). It is also an integral member of the highly positively charged 

NTP tunnel, which likely acts as a pump to bring nucleotides into the RdRp (15). The 

finger domain assists replication by binding the major grooves of the RNA template to 

hold it in place, while the palm domain ensures the addition of the correct nucleotide to 

the RNA chain (12).  

When the correct NTP enters the RdRp, Watson-Crick base pairing occurs 

between the NTP and the RNA template (16). This causes a conformational change that 

properly aligns motifs A and C, which bind and position the incoming NTP using metal 

ions (known as the two-metal-ion mechanism), as well as positioning of the RNA 

template by motif B (12). Motif D acts as the final checkpoint to confirm correct NTP 

addition by binding the NTP β-phosphate. This causes closure of the active site so that 
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the phosphoryl transfer reaction can occur, allowing the NTP to be added to the nascent 

RNA chain (17, 18). Of course, RdRps are notoriously unfaithful, and make errors 

approximately once per round of genome replication (7). Several residues in the RdRp 

have been found to be important to increasing and decreasing replication fidelity, which 

are further discussed in the RNA virus fidelity subchapter. 

Other enzymatic activities, such as 5’cap synthesis, are also performed by RdRps, 

but these functions are distinct to different virus families. Alphavirus replication and 

other RdRp functions are further discussed in “alphavirus replication.” 

RNA Virus Quasispecies 

Most virus RdRps generate an estimated 1 mutation for every 10,000 bases, which 

is the approximate genome size of many RNA viruses (7). Theoretically, a mutation is 

equally likely to occur at every possible base during a replication cycle, with some 

mutations occurring more than once. This cloud of virus sequence diversity is termed a 

quasispecies, defined as a collection of closely related virus variants. These variants all 

cooperate together to contribute to the overall population phenotype (19, 20). Although 

the mutation rate for RNA viruses is high, with most mutations acting as deleterious or 

neutral depending on the effects on RNA secondary structure or protein sequence, the 

large population sizes produced during the rapid population growth of RNA viruses 

results in an overall effective strategy for swift adaptation (21).  

While it is valid to assume that every position in the genome will mutate during 

the infection of each cell to result in a somewhat balanced amount of virus diversity at 

each position, this is not what actually occurs. Instead, hot and cold spots of diversity are 

produced (22). Hot spots likely represent malleable regions where mutations are unlikely 
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to decrease fitness, while mutations in cold spots are apt to result in adverse or possibly 

lethal outcomes for the virus. It is not well understood how these regions are determined, 

but the distribution of these hot and cold spots likely has ramifications for viral fitness.  

For viruses, fitness is generally defined as the ability of the virus to replicate and 

produce progeny, usually measured by virus growth in cell culture (23). Even when 

examined in vivo, these methods can oversimplify or misrepresent the real world effects 

of the analyzed mutations, so it is important to be mindful of over interpretation of 

results. For example, the ability of a virus to form plaques does not necessarily correlate 

well with pathogenesis in vivo. Additionally, attenuation in vitro does not always 

translate to attenuation in vivo. For example, a clone-derived ZIKV was attenuated in 

mosquito Ae. albopictus C6/36 cells, but not in Ae. aegypti mosquitoes. (24). However, 

careful use of multiple measures of fitness can help to better understand the role of novel 

mutations during scenarios such as outbreaks or host switching. Additionally, there is the 

potential to predict high fitness mutations before they become actualized in the real 

world. For example, studies using PV and CHIKV have separately demonstrated that 

fitness-increasing mutations can be identified in ancestral virus populations (25, 26). 

However, it is much easier to validate a mutation that is already known to increase virus 

fitness than it is to predict one that will occur in the future, especially when many fitness-

increasing mutations are reliant upon epistatic interactions (27-29).  

 The mutational spectrum for an RNA virus can be visualized as a 3D field, with 

multiple peaks and valleys representative of virus fitness (Illustration 1). The virus 

consensus sequence forms the foundation of the fitness landscape, allowing the virus 

population to explore this landscape through genetic drift, with the prospect of finding 
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and climbing new fitness peaks (30). This landscape is prone to change, with the 

magnitude, location, and frequency of the peaks and valleys changing through both time 

and space (20, 22). Due to the high mutation rates produced during RNA virus 

replication, the best strategy for an RNA virus to succeed in this plane is to produce a 

foundation composed of low rolling hills, termed survival of the flattest (31, 32). Thus, 

mutations away from the consensus sequence should not have large, detrimental effects 

as the sequence space is explored, but there is still the potential to find fitness peaks that 

aid in survival during a changeable environment. However, survival is not guaranteed, 

and the mechanisms that allow for the ubiquity of RNA viruses can also be used against 

them.        

It is hypothesized that RNA viruses live on the edge of an error threshold, such 

that any increased mutational burden will cause the extinction of the virus population 

(30). This error threshold is difficult to define, and likely dependent upon a fluid 

environment, making the exact definition even more difficult, if not impossible (22). 

Pushing virus populations over this error threshold has been examined empirically by 

exposing RNA viruses to various mutagens, most commonly with Ribavirin, a nucleoside 

analog that is able to pair with cytosine or uracil. As the concentration of a nucleoside 

analog is increased, so does the virus mutation frequency, until finally the population 

succumbs to the pressure and becomes extinct (33-36). Recently, CVB3 and FLU 

mutants were engineered to be 1 mutation away from a stop codon for each leucine or 

arginine codon. These mutants replicated identically compared to the unaltered viruses. 

However, when exposed to nucleoside analog treatment, these viruses were very 

sensitive, with sharp decreases in virus titer, demonstrating how close viruses are the 
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edge of a tolerable mutation burden (37). When the nucleoside analog concentration is 

high enough to cause virus extinction, this is termed error catastrophe, broadly defined as 

an overproduction of mutations resulting in an unstable virus population that is unable to 

rescue itself from extinction (22).  

The multifactorial effects of nucleoside analog treatment complicate the accurate 

detection of error catastrophe, however. For example, in addition to acting as a 

nucleoside analog, Ribavirin has been shown to have other functions (38), such as 

decreasing intracellular GTP levels, resulting in downstream effects such as interfering 

with the capping of RNA and impeding RNA virus transcription and translation (39-43). 

There is also evidence that Ribavirin treatment alters the immune responses (44) and 

inhibits viral RNA polymerases (40). Additionally, the nucleoside analog 5FU not only 

acts as an analog for uracil, but has also been show to inhibit thymidylate synthase, 

required for the synthesis of DNA (45).  

Work with fidelity mutants suggests that error catastrophe can still occur without 

pressure from a nucleoside analog. Regarding the study that mutated CVB3 to be more 

likely to produce stop codons, drops in titer were even more dramatic when a low-fidelity 

mutation was inserted into the genome, resulting in very little infectious virus (37). 

Additionally, other studies have found that low-fidelity mutants subjected to bottleneck 

passaging can quickly become extinct, providing further evidence of an error threshold 

(18, 46).  

The ability of RNA viruses to rapidly restore their quasispecies diversity helps 

them survive severe bottlenecks, which occur many times within as well as between hosts 

(32). Bottlenecks occur when a population undergoes a reduction in the size of the 
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population, potentially changing the proportion of different genotypes. Importantly, 

bottlenecks act stochastically, which can have large effects on evolution as minority 

variants may come to dominate the population after a bottleneck, changing the course of 

evolution. It is not uncommon for viruses to undergo severe bottlenecks, with only a few 

virions seeding an infection or crossing barriers within the host (32, 47, 48). This could 

partially explain why so many viruses cause asymptomatic infections.  

When viruses are passaged using bottlenecks, such as plaque-to-plaque transfers, 

this usually results in rapid attenuation of the virus (48-52). This attenuation is believed 

to be due to Muller’s ratchet, which is the inability of an organism that does not 

reproduce using sex (e.g. viruses) to revert mutations that reduce fitness, resulting in an 

over-accumulation of deleterious mutations and possible, although unlikely, virus 

extinction (51). Interestingly, viruses attenuated by bottleneck transfers can be rescued by 

just a few large population passages (36), and there is evidence that quasispecies can 

retain memory of previous infections (i.e. minority variants previously associated with 

fitness gains in a different environment tend to remain in the virus population unless 

removed by bottlenecks), possibly aiding in this rescue (53, 54).   

Another compelling piece of evidence for the existence of an RNA virus error 

threshold is the conserved host APOBEC protein family (55). Members of this family are 

cytosine deaminases, which change cytosine bases to uracil. Some of these members, 

such as AG3, appear to have antiviral functions, acting primarily by targeting and 

mutating retroviruses, such as HIV (56). This demonstrates that mutating a virus’ 

sequence is an effective mechanism of protecting the host.  
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Advances in sequencing have allowed for a much better understanding of the 

subtle variation found within virus populations. Research using fidelity mutants as 

controls will be necessary to better understand quasispecies dynamics and how this 

correlates with important factors such as LAV safety, virulence, and host jumping. 

RNA Virus Recombination 

For RNA virus recombination to occur, at least two viruses must infect the same 

cell. Recombination can occur for any RNA virus, but positive-sense, monopartite RNA 

genomes that replicate using an RdRp will be the focus of this subsection.  

RNA virus recombination primarily occurs when the RdRp switches from the 

RNA strand being replicated to a new RNA strand (i.e. copy choice recombination) or, 

less frequently, by ligating together cleaved RNA strands. Both homologous 

recombination, where the RdRp switches to a template with high sequence similarity, and 

nonhomologous recombination, where the RdRp switches to a template with low 

sequence similarity, can occur (Illustration 1.2). However, because homologous 

recombination is more likely to result in viable virus genomes, these are more likely to be 

identified (57).  

It is not well understood why recombination occurs in all cases, but it is more 

likely to arise in regions with high amounts of RNA secondary structure and AU-rich 

sequences (57). Additionally, other factors, such as sequence homology between the two 

RNA strands and altered replication kinetics have been implicated in changing the rate of 

RNA recombination (57).  

Depending on the RNA virus family, recombination is believed to be highly 

common (e.g. Picornaviridae (58)) or uncommon (e.g. Flaviviridae (59)). Even in virus 
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families not believed to undergo recombination frequently, DI particles (i.e. viruses with 

large deletions in their genomes that require a helper virus and interfere with the growth 

of untruncated virus) have been frequently observed (60). These DI particles are usually 

observed in vitro (60, 61), and are thought to be an artifact of passaging virus at high 

MOIs, but have also been found in vivo (62).  

The importance of recombination to RNA virus evolution is hotly debated, and 

likely differs depending on the virus. Indeed, it may be an artifact of the RdRp, with the 

quasispecies produced during replication, as well as the large population sizes, as the true 

forces under selection for high RNA virus fitness (57). A PV mutant with a decreased 

ability to recombine was recently isolated (63). Interestingly, no change in fidelity was 

observed, suggesting that the two mechanisms for RNA virus genome evolution are not 

necessarily connected. This may not be true in all cases, however, as a low-fidelity SINV 

mutant was found to create more DI particles, indicating a link between fidelity and 

recombination for this virus (64).  

The advent of new NGS techniques designed specifically to examine RNA virus 

recombination is now allowing recombination to be understood at the level of minority 

variants (65). This technology in combination with fidelity and recombination mutants 

presents an exciting new opportunity towards better understanding where recombination 

occurs in the virus genome, the frequency of this occurrence, and its role in RNA virus 

evolution. 

RNA VIRUS FIDELITY 

Poliovirus 
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The first and most famous RNA virus fidelity variant was first discovered by 

passaging PV in the presence of the nucleoside analog, Ribavirin (66). During this 

passaging, multiple synonymous transition mutations appeared in the RdRp, as well as 

one nonsynonymous mutation, G64S. When this mutation was inserted into the PV 

genome, this mutant was found to grow as well as the parent virus in vitro, was resistant 

to multiple nucleoside analogs, and was much slower to revert a mutated sequence 

necessary for PV guanidine hydrochloride resistance, all suggestive of a high-fidelity 

phenotype. Although the mutant grew well in vitro, G64S PV was slightly, but 

consistently outcompeted by the parent virus when passaged together (66). Later, it was 

reported that this mutant was attenuated in vivo using PVR transgenic mice, as G64S PV 

was able to grow well in the muscle when injected IM, but severely restricted in its 

ability to disseminate into the brain (67). This was not caused by an inability to grow in 

these tissues, however, as mice infected IC were completely susceptible to infection by 

G64S or parent virus.  

Soon after these reports, Vignuzzi et al. (68) independently recovered the G64S 

mutant, also by passaging PV in cells cultured with Ribavirin. The G64S mutant acted 

very similarly in the hands of a different lab, with no alteration of growth kinetics in 

vitro, as well as reduced lethality in vivo and restricted tissue tropism, with G64S virus 

unable to infect the CNS when introduced by the IM route. Confirmation of high-fidelity 

genome replication was performed by RT-PCR of passage 3 virus stock followed by high 

throughput TOPO cloning and sequencing of a fragment of the virus genome. This found 

the G64S virus population to be approximately 5.6 times less error-prone than the parent 

virus. Most intriguingly, artificial expansion of the G64S virus quasispecies caused this 
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virus to increase in lethality while still maintaining the G64S mutation. However, when 

virus isolated from these mice was used to infect naive PVR mice, the G64S mutant was 

attenuated once again. This experiment provided very strong evidence for the 

quasispecies theory of RNA virus evolution by demonstrating that it was the diversity in 

the population that caused severe virulence in vivo, not any single mutation.  

Later, Vignuzzi et al. (69) demonstrated that other amino acids in this position 

were also able to increase fidelity, such as G64A and G64T, albeit to a lesser extent than 

G64S. These initial studies with PV provided a strong prototype for future fidelity 

variants to be compared against. 

Common Characteristics of Fidelity Mutants 

In the years since the identification of high-fidelity PV, a large number of fidelity 

variants have been identified from a diverse number of RNA virus families, such as 

Picornaviridae (18, 46, 67, 68, 70-79), Togaviridae (80-82), Flaviviridae (83, 84), 

Caliciviridae (85), Arteriviridae (86), Orthomyxoviridae (87, 88), and Coronaviridae (89, 

90). The first fidelity mutants were identified similarly to the high-fidelity PV mutant by 

passaging virus multiple times in the presence of a nucleoside analog, usually Ribavirin. 

Over the course of this passaging, the virus titer would rise as it adapted to the nucleoside 

analog, and the full genome or RdRp would be sequenced until promising SNPs 

appeared. Of course, this usually revealed that many mutations had occurred, and these 

would be inserted individually or as a collection into the original virus using reverse 

genetic techniques and tested for fidelity perturbations. This is a rather laborious process 

with no guarantee of success, so most fidelity mutants have been identified by rationally 

targeting conserved residues that were previously implicated as fidelity regulators. Using 
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these different techniques, over 50 fidelity mutants have been identified and 

characterized. Although the virus families are highly diverse, fidelity mutants share many 

common characteristics.  

One necessary test for altered fidelity is to examine resistance to different 

nucleoside analogs. High-fidelity viruses are resistant to multiple nucleoside analogs, 

likely due to decreased nucleoside misincorporation, which correlates with higher fidelity 

overall. Low-fidelity mutants are less straightforward. Low-fidelity mutants generated by 

mutating residues important for high-fidelity are more sensitive to nucleoside analog 

treatment, regardless of the analog. However, low-fidelity mutants identified during 

nucleoside analog passaging are resistant to the nucleoside analog used for the 

identification, but are not necessarily resistant to other analogs (74, 83, 88). In 

concordance with this, low-fidelity mutants have been shown to exhibit higher fidelity for 

the specific mutations selected against by the nucleoside analog, but lower fidelity for 

other mutations, balancing out to lower fidelity overall.  

Fidelity mutants generally do not exhibit attenuation during 1-step growth curves, 

which are typically performed using HeLa or BHK cells. The only exceptions to this are 

the arbovirus low-fidelity mutants (82, 83), which exhibit significant attenuation in 

mosquito cells but not vertebrate cells, and the high-fidelity PV mutant (67), which was 

attenuated in primary mouse embryonic fibroblast cells but not HeLa cells. Replication 

kinetics assays may not be sensitive to small differences between viruses (e.g. due to 

slight differences in timing the beginning of the virus infection, collection times, and 

pipetting errors, it is difficult to determine if 2-3-fold differences in titer are accurate 

between different viruses), so if the RdRp is able to be isolated, a biochemical assay can 
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be used to determine the exact rate of nucleotide addition (further detailed in “Molecular 

and structural determinants underlying fidelity”). In brief, high-fidelity mutants 

incorporate nucleotides at a slower rate, but more accurately (38, 71, 77, 83), while low-

fidelity mutants incorporate nucleotides at a faster rate, but with more mistakes (18, 46, 

77, 83). These differences are sometimes severe enough to change the specific infectivity 

of a virus (i.e. the ratio of virus RNA to PFU) (46, 70, 82, 83, 89, 90) or relative fitness 

(66, 68, 76, 78-80, 88, 90).   

Many different methods have been used to calculate fidelity changes. One method 

isolates virus RNA from EP stock or low passage virus, ranging from 1 to 5 passages. 

Many groups have used these stocks to measure mutation frequency as in the early PV 

studies, using RT-PCR followed by TOPO cloning to screen for variants. NGS analysis 

has improved dramatically since these first studies, so newer publications also include 

data showing the amount of diversity generated across the entire virus genome. Due to 

differences in NGS pipelines and diversity calculations, as well as differences in the 

number of virus passages, it is difficult to compare mutation frequencies from different 

papers. For example, differences in methods are likely why the HEV71 fidelity mutants 

(72) produce such a large difference in diversity relative to the other fidelity mutants 

(Figure 1.2). While using virus stocks grown in cells make it difficult to tease apart 

mutations promoted by selection versus inherent differences in the production of 

mutations, most fidelity mutants appear to produce ±1.5-2-fold change in diversity 

compared to the parent virus (Figure 1.2). Although these differences in diversity appear 

small, these alterations have been shown in multiple viruses to translate to significant 

attenuation in vivo (18, 46, 67, 69, 71, 73, 76-80, 82, 86, 87). 
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Fidelity mutants are generally attenuated in vivo, with increased survival and 

tissue restriction. It is not well understood why certain organs fail to become infected 

with fidelity variants, especially when different routes of inoculation are used, but this is 

likely due to increased sensitivity to host bottlenecks. IFN may be a factor, but this was 

only observed for a high-fidelity low-recombination PV mutant (91). Arbovirus fidelity 

variants are usually more attenuated in the mosquito host, with lower virus titers or even 

almost complete restriction (80, 82, 83). This pressure can be intense enough to select for 

complete reversion of the fidelity altering mutation, as observed for the low-fidelity 

CHIKV and SINV mutants (82). 

Molecular and Structural Determinants Underlying Fidelity 

To date, fidelity mutants have mostly been identified in the viral RdRp. The only 

exceptions are the coronavirus ExoN mutants (89, 90) and a mutation in the alphavirus 

helicase gene, nsP2, found to increase CHIKV fidelity (81). Coronaviruses are members 

of the Nidovirus family, some of which have evolved uniquely large RNA genomes (i.e. 

>20kb). The ability of these large RNA viruses to persist is credited to the ExoN gene, 

which is a proofreading exoribonuclease (92). When this proofreading function is 

ablated, RdRp fidelity drops by approximately 20-fold (89, 93). Interestingly, when a 

MHV ExoN mutant was passaged hundreds of times, fidelity slowly increased, likely due 

to compensatory mutations that occurred in ExoN, as well as the RdRp, but reversion of 

the original ExoN mutations never occurred (90).  

Of the fidelity mutants that induce changes in the RdRp, structural analyses show 

negligible effects on RdRp structure. Instead, changes in fidelity appear to be mediated 

by alterations in RdRp kinetics and molecular dynamics (94).  
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RdRp NTP addition can be broken down into 5 steps (Illustration 1.3) (94). First, 

an NTP binds the RdRp, which causes a conformational change (step 2) and activates the 

RdRp (step 3). The NTP is then added to the RNA chain, leading to another 

conformational change and translocation of the RNA (step 4). Finally, the pyrophosphate 

leaving group is released (step 5), allowing the cycle to begin again. Steps 2 and 4 are 

rate-limiting, so fidelity changes are believed to only alter these two steps.  

Fidelity mutants are usually found in motifs A and D of the RdRp active site (18, 

46, 70, 71, 77), although other regions of the RdRp have been implicated in modulating 

fidelity. Mutations in the active site appear to alter fidelity by mutating residues that 

change conformation depending on whether the incoming nucleotide is correct or not by 

acting on the rate of polymerase incorporation, not the rate of NTP selection (74, 95, 96).  

Unlike the RdRp mutations found in the polymerase core, high and low-fidelity 

G64S and H273R PV mutants are found on the periphery of the RdRp protein in the 

fingers domain. The current mechanistic theory for high-fidelity PV is that the G64S 

substitution interacts with other conserved residues in the RdRp active site, specifically 

motif A, to hydrogen bond to and orient the incoming nucleotide. The G64S mutation 

causes a misalignment of this hydrogen bond, which causes the misalignment to be even 

more severe when an incorrect nucleotide binds, thus increasing RdRp fidelity (97). 

Alternatively, low-fidelity H273R PV decreases fidelity by favoring an open state of the 

RdRp, which decreases the duration of this fidelity checkpoint, thus increasing the 

likelihood of NTP misincorporation (98). 

Fidelity Mutants as Live-Attenuated Vaccines 
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RNA virus fidelity mutants are promising vaccine candidates due to increased in 

vivo attenuation and therefore an increased safety profile. High-fidelity vaccines for RNA 

viruses are of particular interest, because reducing the naturally high replication error rate 

should also increase the genetic stability of the vaccine. However, few of the above 

described fidelity mutants have ever been tested as vaccines.  

Early in the fidelity variant literature, high-fidelity G64S PV was tested for its 

genetic stability and efficacy as a vaccine (69, 99). To examine stability, the miRNA let-7 

was inserted into the PV genome, and cells expressing the miRNA were infected with 

parent or high-fidelity PV. The parent PV quickly mutated this miRNA sequence and 

began a productive infection, while G64S variant necessitated an additional 48 hours 

before it was also able to overcome this selection pressure. Interestingly, all G64S 

isolates contained the same deletion to remove the let-7 miRNA, while the parent virus 

isolates reverted using different nucleotide mutations and deletions. This suggests that 

although high-fidelity viruses are able to revert that these reversions are predictable, and 

can thus be anticipated and prepared for. When tested as a vaccine, the G64S mutant was 

shed approximately 100-fold less in feces than the parent virus. Additionally, G64S 

vaccinated mice produced slightly, but not significantly higher neutralizing antibody 

titers, and were able to fully protect against challenge.   

More recently, a low-fidelity PV mutant, H273R (79), was found to provide 

complete protection when used as a vaccine, but only after a high dose of 10
7 

PFU, which 

resulted in the paralysis of approximately 10% of vaccinated mice. Neutralizing antibody 

titers were correlated with protection, but the fidelity mutant appeared to require a 100 to 

1000-fold higher dose to produce a similar neutralizing antibody titer to the parent virus. 
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While it is unknown whether H273R is prone to reversion, this mutant was shown to be 

very sensitive to bottlenecks, undergoing population extinction at a 10-fold higher PFU 

than the parent virus. This suggests that additional attenuating mutations would be 

necessary to improve the safety of this vaccine, but only if these mutations would not 

further reduce immunogenicity, necessitating a higher vaccine dose.  

The only non-PV fidelity mutant to have been studied as a vaccine was a mouse-

adapted SARS CoV (99). When the ExoN gene from SARS-CoV was mutated to remove 

its proofreading activity, the mutation frequency increased 11.5-fold, but there was no 

change in replication kinetics compared to the parent virus (99). This decrease in fidelity 

was stable, with a much higher accumulation of mutations during ExoN mutant SCID 

mice infection compared to a similar infection with the parental virus. Even after 3 

murine passages, the virus remained attenuated, while the parent virus became 

completely lethal after 1 passage.  As a vaccine, the mutant was well tolerated, even in 

immunocompromised hosts. The ExoN mutant was protective against challenge, and 

stimulated a neutralizing antibody response. However, how this compares to the parent 

virus or any other vaccine is unknown.  

While the vaccines described above were designed to exhibit altered fidelity, 

these might not be the only LAV candidates with altered fidelity. Although empirically 

derived decades ago (100), the live-attenuated YFV vaccine 17D has been implicated as a 

putative high-fidelity vaccine due to multiple studies that have shown decreased 17D 

genetic variation compared to the YFV Asibi strain used to generate 17D (101, 102). The 

major success of 17D could be partially attributed to this increased fidelity, with only a 

small number of potential vaccine-associated YF out of the hundreds of millions of total 
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vaccinees (103, 104). This suggests that an attenuated fidelity mutant could indeed serve 

as a safe, effective vaccine. 

ALPHAVIRUS 

In the ongoing arms race between humans and arboviruses, arboviruses 

(arthropod-borne viruses) and their vectors are winning. The global incidence of arboviral 

disease is steadily increasing, and there remains a dearth of vaccines and antivirals for the 

overwhelming majority of these pathogens (105). Interestingly, all arboviruses, with the 

exclusion of African swine fever virus (106), are RNA viruses, suggesting that the 

diversity generated during RNA replication aids greatly during a two-host transmission 

cycle. Most arboviruses are from the Bunyaviridae, Flaviviridae, or Togaviridae virus 

families, all of which include pathogens of high importance to human health.  

Of the two genera Togaviridae family, the alphavirus group is composed of 10 

virus complexes, containing over 30 species (Figure 1.3), most of which are mosquito-

transmitted arboviruses maintained in enzootic cycles (107). Species belonging to these 

different complexes are found worldwide, with members both on land and in the ocean. 

Due to the wide geographic distribution of alphaviruses, it is hypothesized that the 

original alphavirus members originated in the Pacific Ocean, where viruses repeatedly 

emerged on land and adapted to new hosts (108).  

Alphaviruses are roughly classified as belonging to Old World or New World 

virus groups. However, this classification is not a hard rule, as some Old World viruses 

are found in the Americas, such as MAYV and AURA, and vice versa (109). Human 

disease caused by New World alphaviruses can result in encephalitic manifestations, 

while Old World alphaviruses are primarily associated with arthralgias (109). Although 
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human disease due to alphavirus infection is prevalent, there are no vaccines or antivirals 

that have been approved for human use. 

Alphavirus Structure 

Alphaviruses form an approximately 70nm in diameter icoahedron structure 

(T=4) (110), constituted by a nucleocapsid coated with an envelope (111, 112). The 

nucleocapsid is comprised of 240 capsid proteins, which encapsulate the viral RNA 

(111). Surrounding the nucleocapsid, the lipid envelope contains 80 spikes composed 

primarily of E2 and E1, with small amounts of 6k (113, 114) and occasionally E3 (109, 

111). Spikes are formed by three heterodimer E2/E1 glycoprotein complexes, which twist 

together at the spike base in a counter-clockwise orientation. At the spike peak, this 

relaxes and the complexes separate (109).  

Alphavirus Genome 

The alphavirus genome is a 5’ capped and 3’ polyadenylated single-stranded 

RNA genome of approximately 11.5kb. The first two-thirds of the genome encode the 

nonstructural genes, while the last third of the genome encodes the structural genes under 

the control of a subgenomic promoter (Illustration 1.4) (109). 

Alphavirus Lifecycle 

ALPHAVIRUS ATTACHMENT AND ENTRY 

Virus attachment occurs when the E2 glycoprotein binds a host-cell receptor, 

commencing cell-mediated endocytosis (Illustration 1.5) (115). Alphavirus host cell 

receptors are not well understood, but studies with SINV have shown that DC-SIGN and 

L-SIGN (116), especially when using virus isolated from mosquito cells, and laminin 

(117) are important for efficient SINV entry into mammalian cells. Heparin sulfate has 
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also been reported as a potential alphavirus receptor, but it is not well understood if this is 

just a cell culture adaptation or important in a natural virus lifecycle (118-120), although 

a recent study found heparin sulfate binding to increase EEEV neurovirulence in natural 

isolates (121). Occasionally, viruses are transported into the cell using the caveolar/raft 

pathway or other GTPase-dependent pathways, but the most common transportation 

pathway uses clathrin-coated pits (117).  

Once internalized, these clathrin-coated vesicles fuse with an endosome (122, 

123), leading to a drop in pH, which irreversibly changes the virion spike structure. E1 

homotrimers then penetrate and fuse with the endosomal membrane, allowing release of 

the virus genome into the cytoplasm (124-126). While Old World viruses, such as SINV 

and SFV, fuse with early endosomes, studies with VEEV suggest that this is not 

universal, as VEEV also uses late endosomes (127). Additionally, most alphaviruses 

require cholesterol for efficient fusion, with the exception of VEEV (127), likely due to a 

serine residue at position 226 in E1, which when inserted into SINV and SFV reduces 

cholesterol dependence (128). This residue was also implicated in increasing Ae. 

albopictus mosquito CHIKV infectivity during the explosive 2005-2006 La Reunion 

outbreak (27, 28, 129, 130), as well as later outbreaks in Asia (131). 

ALPHAVIRUS REPLICATION 

After genome escape into the cytosol, the nsPs are immediately translated by host 

ribosomes (Illustration 1.5) (109). The nonstructural proteins, nsP1, nsP2, nsP3, and 

nsP4, are necessary for alphavirus genome replication (132). Also needed are the 5’ and 

3’ UTRs, which bind the replication complex (133, 134).  

Each nsP has specialized functions to contribute to replication. nsP1 aids in 5’ 

capping of the virus genome and subgenome (135), and acts as the anchor for the 

replication complex (136). The nsP2 C-terminus contains a protease, and a helicase in its 

N-terminus (137, 138). The N-terminus of nsP3 is believed to bind host ADP-ribose 1-
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phosphate phosphatase (139), while the C-terminus contains a hypervariable region that 

has been shown to interact with stress granules of the G3B family for Old World 

alphaviruses (140, 141) or fragile X syndrome protein family members for New World 

alphaviruses (142). These stress granules are required for virus replication complex 

assembly and increase its avidity to RNA (141). Finally, nsP4 is the RdRp, which has a 

high turnover rate due to an N-terminal tyrosine that targets the protein for degradation 

via ubiquitin-dependent proteolysis (143). The C-terminus of nsP4 shares similarity with 

other RdRps (144, 145), while the function of the N-terminus is unknown but necessary 

for replication (146). However, one function of the N-terminus is to add adenosines to the 

terminal end of the 3’UTR (132, 134, 147). Importantly, various amino acid mutations in 

nsP4 have been shown to alter binding to different nucleotides, suggesting that different 

protein residues are involved in the addition of each nucleotide (148, 149).    

Pull-down experiments have shown that each nsP binds the other three nsPs 

(150). It is believed that as the polyprotein is cleaved, different conformations form, 

changing the virus genome strands that are replicated (109). Unfortunately, the structures 

for most alphavirus nsPs are unsolved or only partially solved, making it incredibly 

difficult to completely understand the steps that occur during replication. However, 

biochemical and genetic studies have made some characterization possible.  

Due to a leaky opal stop codon between nsP3 and nsP4, there is an approximately 

1:10 ratio of nsP1-nsP2-nsP3-nsP4 polypeptide to nsP1-nsP2-nsP3 polypeptide (151). 

Upon translation, nsP4 is immediately cleaved from the polyprotein chain (152). During 

early genome replication, when nsP1, nsP2, and nsP3 are still bound together, only 

minus-sense strand synthesis occurs (153, 154). This synthesis occurs in membrane-

associated spherules, which are invaginations located on plasma membranes or virus-

induced cytopathic vesicles (155, 156). nsP2 then cleaves the bond between nsP1 and 

nsP2 in cis (152). This begins the synthesis of positive-sense RNA, but minus-sense 

replication is still ongoing. Importantly, no subgenomic RNA is being produced. Finally, 
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the nsP1-nsP2 cleavage reveals an activator sequence in the N-terminus of nsP2, resulting 

in the cleavage of nsP2-nsP3 in trans by nsP2, and the production of positive-sense 

genomic and subgenomic RNA (152). This entire process takes approximately 3-4 hours 

(109). 

ALPHAVIRUS GLYCOPROTEIN PROCESSING AND VIRUS EXIT 

As the subgenomic RNA is translated, the capsid protein is automatically cleaved 

via autoproteolysis (Illustration 1.5) (157). The free capsid proteins bind full-length virus 

RNA using conserved sequences in the 5’ end of the genome to form nucleocapsids 

(158).  

The remainder of the structural polyprotein (PE2-6k-E1), travels to the ER, 

guided by a signal sequence in E3 (158). This complex anchors in the ER using 

hydrophobic sequences in E2 (159), and is cleaved between PE2 (the precursor to E2) 

and 6k by a signal peptidase (157, 160). In the ER, the glycoproteins are folded by host 

chaperones (161, 162) and become heavily glycosylated in the ER lumen, which are 

modified as the glycoproteins mature (163, 164). Following the ER, pE2 and E1 form 

heterotrimers (165), and travel to the Golgi complex, where E3 cleavage occurs by the 

host protease, furin (166-168). The E2-E1 heterotrimer migrates to the cell surface, where 

it anchors in the cell membrane. Finally, nucleocapsids interact with the C-terminal E2 

glycoprotein tails (169), forming enveloped virions, which bud from the cell surface.  

VENEZUELAN EQUINE ENCEPHALITIS VIRUS 

VEEV is a mosquito-transmitted New World alphavirus found primarily in 

Mexico, Central America, and northern countries in South America (i.e. Colombia, 

Venezuela, etc.). It was first identified in the late 1930’s from the brains of encephalitic 

horses (170, 171), and immediately realized to be similar to eastern and western equine 

encephalitis viruses (171).  
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VEEV can cause a spectrum of disease in humans, ranging from asymptomatic to 

flu-like illness to encephalitis (172, 173). While equine mortality during epidemic cycles 

is high, ranging from 19-83%, VEEV causes death in less than 1% of humans. However, 

encephalitis occurs in 4-14% of cases, most commonly in children, resulting in 

neurologic sequelae that can necessitate life-long medical care (174). The only 

therapeutic care available for VEE is supportive, and vaccines are only approved for use 

in equids. 

VEEV is primarily found in swamps and forests, perpetuated in an enzootic cycle 

between rodents and enzootic mosquito hosts, the exact species of which are dependent 

upon the habitat (Illustration 1.6) (173). Spillover events from these enzootic cycles are 

common (175, 176), as has occurred in 1971 (177), 1995 (178), and 2003 (179). 

Occasionally, this spillover begins an epidemic, which is amplified between viremic 

horses and epizootic species of mosquitoes, resulting in a handful to hundreds-of-

thousands of infected humans per outbreak (173).  

Humans are believed to be dead-end hosts for VEEV (172). While equines 

usually only fall ill from epizootic strains (176), humans are equally susceptible to 

enzootic and epizootic strains (180). Spillover from the enzootic cycle is suspected to 

cause tens-of-thousands of human infections annually, but misdiagnosis with other 

circulating arboviruses (e.g. Zika virus, dengue virus) likely obscures the true incidence 

(180).  

Within the VEEV serocomplex, there are six main subtypes and several more 

varieties within each subtype (Table 1.1). These subtypes were designated decades ago 

using cross-neutralization serology that does not always agree with more recent genetic 

analyses (181, 182). However, most spillover events from enzootic cycles have been 

from the ID and IE subtypes, as well as Mucambo virus (180). Occasionally, a mutation 

arises in the E2 glycoprotein that increases the outer charge of the virion. Such mutations 

can increase virulence and viremia in horses (183-185), as well as enhance infectivity in 
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mosquito vectors (186, 187). Sequencing and phylogenetic approaches have shown that 

IAB and IC outbreak strains are closely related to and interspersed between ID strains 

(188), demonstrating that small mutations in E2 can change virus serology and act as the 

source of major epizootic outbreaks. 

Although VEEV causes many human infections using its natural transmission 

cycle, it can also be easily aerosolized, and is highly infectious via this route (189). This 

ease of aerosolization led to VEEV being developed as a biological weapon by the Soviet 

Union and United States during the Cold War (189). Due to this history, VEEV is 

categorized by the CDC and NIH as a class B agent, with epizootic VEEV strains further 

classified as select agents. Therefore, many vaccine candidates have been developed to 

protect against aerosol exposure. 

VEEV Microevolution 

VEEV, like other arboviruses, evolves more slowly over time than predicted by 

the error-prone nature of its RdRp (8). One hypothesis to explain this phenomenon is 

termed the trade-off hypothesis, which predicts that a two-host transmission cycle 

constrains fitness for a single host to permit the highest average fitness for both hosts, 

resulting in lack of frequent consensus sequence change (190, 191).  

Microevolution studies designed to examine the trade-off hypothesis in vitro have 

generally found that virus adaptation occurs when arboviruses are passaged in one cell 

type (i.e. vertebrate or mosquito cells), but usually at the expense of replication fitness in 

the other host (192-198). However, when arboviruses alternate between mosquito and 

vertebrate cells, fitness increases commonly occur, usually on par with the fitness 

increases observed during single-host passage. Thus, most in vitro passaging research 

suggests the trade-off hypothesis to be false.    

An interesting study examined the trade-off hypothesis in vivo using VEEV 

strains from the IC and ID subtypes (199). These two virus strains were passaged 10 
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times in Ae. aegypti mosquitoes, mice/hamsters, or alternating between the two hosts. As 

observed during in vitro passaging, no fitness gains occurred for mosquito-adapted 

VEEV in mice or hamsters, while fitness increased for murine-adapted virus. However, 

there was also no change in fitness for two-host passaged virus. In mosquitoes, VEEV IC 

and ID infectivity increased for mosquito-adapted virus, decreased for mouse-adapted, 

and exhibited no change during alternating passage. Importantly, this study evidenced the 

trade-off hypothesis to only be true during in vivo passaging, as these results were not 

repeatable in vitro. Giving further support to the trade-off hypothesis, few SNPs occurred 

during any of the passaging conditions, a common arbovirus host-cycling observation 

(192, 194, 197, 200), implying that all fitness gains were mediated by changes in the 

virus quasispecies. However, while this study supports the trade-off hypothesis, similar in 

vivo passaging studies with WNV and SLEV do not (200-202), suggesting the trade-off 

hypothesis is not universally applicable.  

More recently, studies using NGS have shown that fitness gains in arboviruses are 

commonly associated with increases in sequence diversity (198, 200, 201, 203), including 

a new VEEV study that demonstrated a link between increased virus diversity and 

dissemination in the mosquito (204). At odds with this, low-fidelity SINV is attenuated in 

vivo, suggesting that virus mutant swarm composition is important for fitness (82). 

However, increasing the diversity of high-fidelity PV by Ribavirin passaging also 

increases its virulence (68), and low-fidelity SINV has been shown to also produce high 

amounts of DI particles (64), which is highly likely to also play a role in its attenuation. 

Thus, the interplay between fidelity and recombination complicates the understanding of 

these evolutionary processes. 

Alphavirus family members display moderate levels of recombination. The most 

famous example is WEEV, which is a derivative of the nsPs, UTRs, and capsid of an 

EEEV-like ancestor combined with the remainder of the structural proteins from a SINV-

like ancestor (205), which likely occurred 1,300-1,900 years ago (206). Under laboratory 
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conditions, alphaviruses readily recombine when cells are electroporated or transfected 

using multiple RNAs, resulting in attenuated viruses characterized by deletions and 

insertions/duplications (64, 207-210). While these earlier experiments were not 

conducted with VEEV, vaccine studies of attenuated VEEV constructs used to display 

antigens from other viruses (i.e. Lassa fever glycoproteins), were shown to frequently 

recombine with helper constructs, producing VEEV titers as high as 2x10
5
 PFU/mL (211, 

212). Lastly, while not strictly recombination, DI particles (213-216) and other deletion 

mutants (217, 218) are frequently observed for alphaviruses, although the in vivo 

relevance of these is not well understood. However, a recent study found recombination 

to occur in vivo when Atlantic salmon were infected with an SPDV deletion mutant and 

helper plasmid, hinting at the ability of alphaviruses to recombine in a living system 

(219). 

Mouse Models for VEEV 

Rodents play a large role during enzootic VEEV transmission, so mice are an 

ideal model to use to investigate various aspects of VEEV infection. Although VEEV is 

not universally lethal for rodents (220, 221), the most commonly used mouse models are 

highly sensitive, with as little as 1 PFU resulting in lethal infection, making this model 

ideal for testing vaccine safety (189). The varieties that are most commonly used are the 

BALB/c, C3H/HeN, Swiss Webster, and CD-1 varieties, which have intact immune 

responses. Mice infected with VEEV quickly lose weight, exhibit tremors and paralysis, 

and appear hunched and lethargic. It is believed that the brain infection is the major cause 

of lethality in mice, but lymphoid tissue damage is also severe (189).  

When infected SC or ID, VEEV first infects dermal dendritic cells (222), which 

travel to the closest draining lymph node in as little as 4 HPI (223). From there, VEEV 

replicates and disseminates into the bloodstream at approximately 12 HPI, where the 

virus travels throughout the entire body. Most organs become infected with VEEV, but 
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titers are especially high in lymphoid tissues, such as the spleen and thymus, causing 

diffuse necrosis (223, 224). The most commonly infected cells in these tissues are 

mononuclear phagocytes (225). At approximately 24 HPI, VEEV enters the brain through 

the olfactory bulb and/or the trigeminal nerves (224, 226). Neurons are the main target in 

the brain (225), with infection causing necrotizing panencephalitis and myelitis (227). 

The virus is cleared from the serum by 3-4 DPI, but the permanent damage caused by 

VEEV results in death at 6-9 DPI (189).  

When mice are infected via the aerosol route, the first tissues to be infected are 

the olfactory bulb and trigeminal nerves (227, 228).  From there the virus is able to travel 

to the brain and cause lethal disease as it does following infection via the SC or ID routes. 

Because this infection route avoids the bloodstream, vaccines that stimulate a primarily 

IgG antibody response are not completely protective against aerosol challenge (229). To 

remedy this, some vaccines have been developed with the goal of increasing the 

proportion of IgA antibodies (230), which are found in the mucosa where aerosol 

infection first begins. 

NHP Models for VEEV 

Although mouse models are excellent tools for initial vaccine development, they 

do not accurately recapitulate the subtler VEEV disease observed in humans. For this, 

NHPs, most commonly cynomolgus and rhesus macaques, are much better, albeit less 

characterized, models.   

Unlike mouse models, most macaques are able to survive VEEV infection, with 

the exception of IC inoculation. The most thorough VEEV NHP study infected 67 rhesus 

macaques IP with the Trinidad Donkey strain (231). As in humans, early illness is 

characterized by viremia, followed by fever and leukopenia (189, 231, 232). The main 

targets for VEEV in NHPs are lymphoid tissues, with lymphocyte necrosis in the lymph 

nodes and spleen, and the brain, usually characterized by multifocal perivascular cuffs 
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but not neuronal damage (231). Occasionally, encephalitis occurs later in infection, 

usually beginning approximately 6 DPI, although the likelihood and timing of this 

depends on the animal species, age, virus, and route of infection (189, 231). In macaques 

infected IN or via aerosol, the rate of brain infection is much more rapid, with lesions 

beginning at 48 HPI, and an overall more severe infection (233, 234). 

Vertebrate Immune Correlates of Protection for VEEV 

The first line of defense encountered by an RNA virus is the IFN response, which 

is a non-pathogen specific response to infection. Spotts et al. found that resistance to 

interferon α and β in vitro was correlated with epizootic potential (235), although this is 

controversial(236), and confirmed this in vivo by infecting immunocompetent or IFN 

receptor KO mice with the TC-83 vaccine strain or its virulent parent, the VEEV IAB 

Trinidad Donkey strain. While the Trinidad Donkey strain caused much more severe 

illness in immunocompetent mice, there was no difference in illness severity in the IFN 

receptor KO mice. This study and others suggest that an ability to resist IFN is key for 

alphavirus infection (237-241).  

The innate immune system is not the only barrier to virus infection. It is well 

established that antibodies are the most important correlate of protection against 

alphavirus infection (242, 243), including VEEV (244). In fact, humans that do not 

produce antibodies against equine encephalitis viruses are at higher risk of succumbing to 

infection (245). These antibodies are typically directed against the envelope 

glycoproteins. E1 derived antibodies are usually non-neutralizing, while antibodies 

against E2 are neutralizing, but less cross-reactive (246). Additionally, passive transfer of 

antibodies is an effective means of protecting against VEEV SC and ID infection (244), 

but not aerosol (247, 248), demonstrating the importance of the antibody response, as 

well as its limitations against rapid-onset infections.     
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Lastly, the T-cell response for VEEV infection is not well understood. However, 

Th1 cells are found in high numbers post-vaccination with TC-83 (249), suggesting a 

predominately inflammatory response. Additionally, when αβ-T cell receptor KO mice 

were infected IN with TC-83, they became chronically infected and exhibited high virus 

titers in the brain, suggesting that T-cells are critical for virus clearance during VEEV 

aerosol infection (250). 

Mosquito Models for VEEV 

VEEV infection of the mosquito typically begins with infection of the posterior 

midgut epithelial cells (251). Dissemination into the hemocoel follows this, as well as 

infection of peripheral tissues, such as the salivary glands. Once the salivary glands are 

infected, VEEV accumulates in the apical cavities, awaiting transmission to a vertebrate 

host (173). A disseminated infection typically occurs over the course of 2-14 days, 

depending on the vector and the virus strain. Although a large number of mosquitoes 

have been confirmed as VEEV vectors, including Ps. confinnis (252), Ae. sollicitans 

(252, 253), and Ae. taeniorhynchus (253, 254) as epizootic vectors, and a large number of 

Cu. (Mel.) species of mosquitoes as enzootic vectors (255-259), few of these have been 

studied rigorously in the lab.  

The most commonly studied epidemic VEEV vector in the lab is Ae. 

taeniorhynchus. This mosquito is an aggressive feeder found on the eastern coasts of the 

Americas, particularly nearby salt marshes (260). It has been well established that 

epizootic mutations in the E2 glycoprotein greatly enhance VEEV infectivity for Ae. 

taeniorhynchus (185, 187). However, a tight bottleneck occurs during midgut infection, 

with only 28 cells infected on average with an epidemic strain of VEEV IC, 3908 (251). 

Another stringent bottleneck likely occurs during vertebrate infection as well, with 

approximately 10 PFU transmitted by mosquitoes during in vivo transmission (261).  
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Using a natural, endemic vector of VEEV greatly increases VEEV infectivity, as 

demonstrated by multiple experiments using Cu. (Mel.) taeniopus. Infection of Cu. (Mel.) 

taeniopus requires as few as 5 PFU of enzootic VEEV (262). Unlike Ae. taeniorhynchus 

infection by epizootic virus, most midgut cells from Cu. (Mel.) taeniopus are able to be 

infected with enzootic strains of VEEV, such as 68U201 (263). However, the midgut still 

acts as a strong bottleneck, as evidenced by a study using marked virus clones (264). 

The Mosquito Immune Response to VEEV 

The mosquito immune response is composed of a variety of innate immune 

pathways, some of these with the ability to retain memory of previous pathogens. 

Information about the antiviral response against VEEV in the mosquito is lacking, so the 

information in this subsection is derived from studies using other arboviruses. 

Undoubtedly, RNAi is the most important antiviral response in the mosquito. 

There are three RNAi pathways, which are best defined by the type of small RNA 

produced: small interfering RNA (siRNA), micro RNA (miRNA), and PIWI-interacting 

RNA (piRNA). The siRNA and miRNA pathways are stimulated by dsRNA. Dicer-1 

(miRNA) or Dicer-2 (siRNA) cleave dsRNA into 21-24bp fragments (265-267). A single 

strand of these small RNAs is loaded into the RNA-induced silencing complex (RISC) 

and is used to identify similar or identical RNA sequences. RISC cleaves matching RNA 

strands, which targets them for destruction (268, 269). Alternatively, the PIWI pathway 

generates 26-31bp piRNAs from single stranded RNA precursors. These are loaded into a 

homolog of RISC and, like the siRNA and miRNA pathways, used to identify matching 

RNAs for destruction (270, 271).  

Each small RNA pathway has been implicated in antiviral defense, but the clearly 

predominant small RNA antiviral pathway during acute viral infection is the siRNA 

pathway (265, 272). However, as the infection becomes chronic, or in the absence of an 

siRNA response (272-274), the number of piRNAs increase, and these appear to act to 
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control chronic arbovirus infections, likely through a virus-derived, circular DNA 

intermediate (275).  

While miRNAs do not target many areas of the virus genome, siRNA and piRNA 

targets are more diverse and tend to cover the entire genome, with variation in targeting 

intensity and strand polarity (276). Studies examining the role of RNAi in virus diversity 

have found increases in sequence diversity in areas most targeted by RNAi (277-281), 

however this has only been closely examined using WNV. A study using SFV suggests 

that these hotspots may be decoys for the siRNA response to target (282), indicating the 

ability of arboviruses to subvert the host’s antiviral response. However, more work is 

needed to better understand this balance. 

The RNAi pathways are not the only immune responses that can aid in antiviral 

control. For example, knockdown studies have suggested that the JAK/STAT (283) and 

Toll (284) pathways help to control DENV infection. Additionally, apoptosis has been 

correlated with decreasing WNV infection (285) and transmission (286), but inhibition of 

apoptosis was found to increase SINV infection (287). Further work is needed to address 

the knowledge gap of how the mosquito immune response interacts with New World 

alphavirus infection. 

Vaccines for VEEV 

Primarily due to biodefense concerns, multiple vaccine candidates have been 

developed to protect against VEEV. The first vaccines made were using formalin-

inactivated VEEV (288, 289). However, these vaccine preps were not always completely 

inactivated, resulting in many cases of vaccine-derived VEE in humans and animals (290, 

291). There were several attempts to produce a live-attenuated VEEV vaccine, but there 

was no success until 1961, when the precursor to TC-83 was developed. TC-83 and its 

formalin-inactivated version, C-84, are the only vaccines approved to protect against 

VEEV infection in equines, although TC-83 and C-84 are also approved for IND use in 
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humans. The limitations of TC-83 have spurred investigators to generate more modern 

vaccines, which are also discussed below. 

TC-83 

TC-83 is a LAV for VEEV that was developed by passaging the virulent Trinidad 

Donkey IAB strain in guinea pig heart tissue (292). After 80 passages, the virus still 

caused clinical reactions in 85% of vaccinated humans, so a substrain was derived by 

plaque purifying the 78
th

 passage in chicken embryo fibroblasts. After additional 

passaging in guinea pig heart tissue, a plaque-derived and mouse avirulent isolate was 

selected and termed TC-82 (i.e. tissue culture passage 82) (293). TC-82 served as the 

stock to prepare TC-83.  

TC-83 attenuation and efficacy has been studied in multiple animal models, and is 

a commonly used control to compare against new VEEV vaccine constructs. While TC-

83 is safe for adult mice and hamsters with few exceptions (294), the vaccine is lethal for 

suckling mice (295). TC-83 is able to protect mice and hamsters against subcutaneous 

exposure to VEEV, but protection against aerosol challenge is not always complete (296), 

likely because TC-83 predominately produces IgG, not IgA antibodies (297). When mice 

are exposed to TC-83 via the aerosol route, lesions occur in the brain, resulting in death 

in C3H/HeN mice, but not BALB/c (228), demonstrating incomplete neurological 

attenuation of the vaccine. Additionally, like wt VEEV, TC-83 is a teratogen in mice, 

resulting in an increased number of still births, as well as decreased litter sizes and infant 

survival post-birth (298). Interestingly, hamsters vaccinated with TC-83 exhibit early 

protection against VEEV, as well as some degree of heterologous protection against 

WEEV and EEEV, likely due to exclusion of the virus from cells as this protection 

vanished upon secondary challenge (299). In the macaque model, TC-83 was able to fully 

protect against SC challenge, but only protected approximately 40% of the monkeys post-

aerosol challenge as evidenced by fever and low titer viremia (300).  
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TC-83 is available under IND status for at-risk military and laboratory personnel 

in the United States. When humans are vaccinated with TC-83, approximately 40% 

develop adverse effects (e.g. fever, transient leukopenia, and flu-like illness) and 20% fail 

to seroconvert (293, 301). Additionally, the neutralizing antibody titers generated 

following vaccination do not equally protect against all subtypes, especially against 

enzootic strains, and these titers wane slightly over time (297, 302). In humans with 

absent or low neutralizing antibody titers, boosting with C-84 (i.e. formalin-inactivated 

TC-83) was effective at stimulating a more robust immune response in most individuals 

(303). While C-84 is an effective booster for TC-83, vaccination with C-84 alone requires 

boosters to maintain seroconversion. 

Although TC-83 is not available to the general public, it is still used as a vaccine 

for horses in some VEEV endemic countries. In horses vaccinated with TC-83, febrile 

illness and leukopenia can occur, but the majority seroconvert (304, 305). Some horses 

develop a low titer viremia post-vaccination, which may be enough to transmit the 

vaccine, as TC-83 has been isolated from field-caught mosquitoes (306).  

 The ability of TC-83 to potentially enter into a transmission cycle is concerning 

due to the instability of its attenuation. Mouse virulent isolates of TC-83 have been 

collected from vaccinated horses (295), and as few as two IC passages in infant mice can 

cause reversion of the attenuation (292). This instability is likely due to the reliance of 

TC-83 on only two attenuating point mutations, one in the E2 glycoprotein (nt position 

8922, amino acid position 120) and another at nt position 3 in the 5’UTR (307, 308).  

The E2 glycoprotein mutation is considered to be the primary determinant of TC-

83 attenuation (307), and is believed to act by increased binding to heparin sulfate, a 

ubiquitous protein and common cell culture adaptation, allowing for rapid clearance of 

the vaccine in vivo (118). The 5’UTR mutation alters the ratio of genomic to subgenomic 

RNA synthesis (309), which enhances virus replication in vitro. However, this 
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overproduction causes attenuation in vivo by overstimulating the innate immune 

response, resulting in increased IFN sensitivity (309, 310). 

In summary, TC-83 is a rather poor vaccine as evidenced by high levels of 

adverse events post-vaccination, subpar immunogenicity and protection, and unstable 

attenuation. 

MODERN LIVE-ATTENUATED VACCINES 

LAVs are typically cost-effective and protective after one dose, as all the below 

vaccines are. As the alphavirus lifecycle is better understood, this has allowed for 

rationally designed LAVs to become possible, of which there are several.  

V3526 is a mutant of the Trinidad Donkey strain that was designed to ablate the 

PE2 cleavage signal, resulting in an immature glycoprotein. To prevent reversion of the 

PE2 mutations, it also contains a mutation in the E1 glycoprotein (311). V3526 is a safe 

and effective vaccine for rodents and primates, and is less likely than TC-83 to revert or 

enter a transmission cycle (312). However, this vaccine was abandoned during a phase I 

trial due to adverse effects, such as fever and flu-like illness (313).  

A few LAV candidates have attenuated VEEV by mutating the subgenomic 

promoter sequence and inserting the IRES translation signal from encephalomyelocarditis 

virus into the genome to alter translation and replication, as well as to block mosquito 

infection (314-316). When this IRES was placed antecedent to the entire structural 

protein cassette of TC-83, attenuation was high, but immunogenicity was poor (314). 

However, when only the capsid gene was under IRES control, TC-83 (315) and VEEV IE 

strain 68U201 (316) IRES vaccines were fully protective against challenge. Infant mice 

infected SC with 68U201 IRES all succumbed to infection, while 100% of TC-83 IRES 

infected mice survived, suggesting that TC-83 IRES would be the safer IRES vaccine. 

Macaques vaccinated with 68U201 IRES tolerated the vaccine well, generated high 

neutralizing antibody titers, and were completely protected from aerosol-challenge, 
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demonstrating this to be a promising vaccine that should be further researched in humans 

(317).   

There have also been a few modern LAVs that have not been as well 

characterized. For example, a SINV chimera expressing the TC-83 structural genes 

generated slightly lower neutralizing antibody titers than TC-83, but was much less 

virulent and able to protect against challenge (318). More recently, TC-83 that was 

further attenuated using a mutated capsid and packaging signal that did not induce CPE 

but grew well in vitro and was highly attenuated in vivo. This vaccine was a potent IFN 

stimulator in BALB/c mice, and was able to generate high levels of neutralizing antibody 

titers resulting in full protection (319). 

INACTIVATED AND SUBUNIT VACCINES 

Inactivated or subunit vaccines are very safe vaccine platforms, but are usually 

poorly immunogenic and require boosters.  

As previously discussed, early vaccines for VEEV that inactivated the virus using 

formalin (288, 289) were unable to guarantee that each vaccine stock contained no live 

virus, resulting in multiple vaccine-produced infections (290, 291). It is believed that 

inactivated vaccines may have been the source of multiple epizootics during this period, 

as evidenced by later sequencing (320). Using inactivated LAVs has proven to be much 

safer. The two best characterized LAVs for VEEV, TC-83 and V3526, have both been 

inactivated using multiple mechanisms (303, 313, 321, 322). In BALB/c mice, there was 

no difference in efficacy between inactivated TC-83 and V3526 vaccines, but inactivation 

greatly reduced immunogenicity, so multiple boosters would be required for full 

protection from SC exposure. Additionally, these vaccines protect poorly against aerosol 

exposure (313). Formalin inactivated TC-83 (i.e. C-84) is currently approved for equines 

in the United States.  
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Subunit vaccines are used to present pathogen-specific antigens, either as a virus-

like particle or protein recombinant. Recombinant baculoviruses expressing most or all of 

the structural proteins from the Trinidad Donkey strain of VEEV were highly 

immunogenic in BALB/c mice and able to protect against challenge (323). 

Immunogenicity dropped sharply when individual glycoproteins were used, however, 

suggesting that subunit vaccines would require the entire VEEV glycoprotein if this 

construct was to be further developed. 

VECTORED AND REPLICON BASED VACCINES 

Unlike subunit vaccines, vectored and replicon based vaccines are able to 

replicate their RNA, thus providing a more robust immune response.  

The first replicon vaccine candidate developed for VEEV used the type 5 

adenovirus platform, which requires complementation from cells expressing E1a, an 

adenovirus structural protein. This vaccine incorporated the E3-E2-6k structural genes 

from the VEEV Trinidad Donkey IAB strain, and was poorly protective when 

administered IN, especially against the VEEV IC subtype (324). When this vaccine was 

optimized for mammalian codons, higher levels of antigen were expressed, resulting in 

higher IgG levels. Upon aerosol challenge, 90% of vaccinated BALB/c mice survived, a 

70% improvement upon the previous replicon vaccine.  

Formalin-inactivated vaccines for the encephalitic alphaviruses (i.e. VEEV, 

EEEV, and WEEV) are typically administered to horses as a trivalent vaccine. However, 

protection is not long lasting, requiring annual boosters. To remedy this, one research 

group constructed separate VEEV replicons to express the glycoprotein cassette from 

each encephalitic virus, which were also modified to delete the furin-cleavage site (232). 

In BALB/c mice, the VEEV replicon vaccine was able to protect the majority against SC 

or aerosol challenge, although efficacy was decreased when all three vaccines were given 

together. Macaques vaccinated using a prime-boost strategy with the VEEV replicon 
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alone produced neutralizing antibody titers for viruses from all VEEV subtypes, but when 

given with the other vaccines, the only strong and consistent response was against a IAB 

strain. This interference is not uncommon for alphavirus combination vaccines (299, 325, 

326). Macaques vaccinated with the VEEV replicon alone were not challenged, but 

monkeys vaccinated with all three replicons tolerated challenge well, with slightly lower 

fevers and only 1 of the 6 monkeys testing positive for viremia compared to 4 of the 6 

mock-vaccinated controls.  

The most recent vaccine candidate for VEEV replaced the structural genes of 

EILV, a mosquito-restricted alphavirus, with the structural genes of TC-83 (327). The 

resultant chimera, EILV-VEEV, was highly attenuated, with all infant mice surviving IC 

injection. Crucially, there was no evidence of lesions in the brain. CD-1 mice vaccinated 

using this construct generated high levels of neutralizing antibody and were fully 

protected post-challenge. Interestingly, EILV-VEEV was able to protect 40% of mice one 

day post-vaccination, whereas all TC-83 vaccinated mice perished. This may be due to 

the much higher doses of EILV-VEEV, which were 1,000-fold higher that the TC-83 

dose, possibly generating higher levels of interference. EILV-VEEV’s protective efficacy 

was reduced to 90% when delivered as a trivalent vaccine with other EILV chimeras. The 

high immunogenicity and safety of this vaccine warrant further studies in NHPs. 

DNA VACCINES 

The earliest DNA vaccine for VEEV encoded its structural genes under the 

control of a CMV promoter. This vaccine was delivered to the host via a gene gun, which 

uses pressurized helium to propel DNA into the host at high velocity (328). Post-

vaccination, BALB/c mice were entirely protected against SC challenge, while 80% were 

protected against aerosol challenge. In guinea pigs, the vaccine was fully protective 

against SC challenge, but this dropped to approximately 83% when the vaccine was given 

in a cocktail with other DNA vaccines, again likely due to interference. Some guinea pigs 
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became viremic post-challenge. Interestingly, neutralizing antibody titers were absent or 

very low in both animal models, suggesting that these are not necessarily required for 

survival. When macaques were vaccinated 4 times with this vaccine and then challenged 

via the aerosol route, fever was reduced and only 1 of the 3 vaccinated monkeys became 

viremic, whereas all mock-vaccinated animals were viremic (329).  

To improve upon this vaccine, multiple alternatives were designed. The first 

generated an array of CMV promoted DNA vaccines that were constructed using the 

envelope genes of various VEEV subtypes, as well as WEEV and EEEV (330). The only 

version that was able to fully protect BALB/c mice against a VEEV IAB strain challenge 

contained the E1 glycoprotein gene from a IAB strain and portions of the E2 

glycoproteins from a VEEV IE strain and WEEV. A more recent collection of DNA 

vaccines included multiple HLA T-cell epitopes from the structural proteins of Ebola 

virus, Sudan virus, and VEEV. HLA-DR3 vaccinated mice generated low neutralizing 

antibody titers, and were poorly protected against VEEV or Ebola virus challenge (331). 

Lastly, an alternative CMV promoted vaccine used codon optimized (i.e. virus with 

codons optimized for protein translation in mammals) VEEV structural genes and was 

delivered via IM electroporation. This stimulated an earlier, more robust immune 

response in BALB/c mice, rabbits, and macaques, and was fully protective post-aerosol 

challenge (332).  

Due to these promising results, the codon-optimized vaccine was granted a phase 

I clinical trial (333). Subjects were vaccinated once via ID (0.08mg or 0.3mg doses) or 

IM (0.5mg or 2mg doses) electroporation, and the vaccine was well tolerated with no 

severe adverse events. Neutralizing antibody titers appeared 40-70 days post-vaccination 

and correlated with dose, with all IM vaccinated subjects seroconverting, 83% of high 

dose ID vaccinated subjects, and 63% of low dose ID vaccinated subjects. These 

promising results suggest that further investigation of this vaccine, especially via the IM 

route, is warranted.    
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Finally, a more recent DNA vaccine used the entire TC-83 genome under the 

control of a CMV promoter (334). Termed an iDNA vaccine, when electroporated in 

vitro or in vivo, all of the TC-83 proteins are expressed, therefore beginning a self-

perpetuating TC-83 vaccine. Moderate levels of neutralizing titers were generated in 

BALB/c mice, and all were protected against challenge. 

IMPETUS FOR THIS PROJECT 

During the replication of all RNA viruses, there is a high probability of 

incorporating mutations that affect virulence or pathogenesis due to the lack of an 

exonuclease proof reading function in the RdRp. For LAVs that utilize the virus’ own 

replication machinery, this ability to incorporate mutations has implications for stability, 

as replication may result in mutations that either restore the wild-type phenotype via 

reversion or compensate for the attenuating mutations (pseudoreversion) by increasing 

virulence. There has been recent interest in increasing the safety of live-attenuated RNA 

virus vaccines by altering polymerase fidelity. Increasing virus fidelity results in a more 

clonal virus population that is less able to adapt to immune pressures or environmental 

changes. Alternatively, lowering virus fidelity results in an increased number of unfit 

progeny due to the higher number of mutations. Either way, altering RNA virus fidelity 

lowers virus population fitness, while also maintaining or increasing immunogenicity 

when used as a vaccine (69, 79, 99). However, this work has all been performed using 

virulent viruses, which are likely not attenuated enough for vaccine use.  

To address this gap, the goal of this proposal is to test RdRp mutants of the VEEV 

LAV strain, TC-83, for changes in fidelity, virulence, immunogenicity, and genetic 

stability relative to parent TC-83. As TC-83 is a rather poor LAV, we believe that TC-83 

is an excellent model to determine if altering fidelity can increase vaccine efficacy and 

safety. We hypothesize that TC-83 fidelity altering mutations will result in a safer, more 
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immunogenic LAV that is less able to enter and propagate itself using the VEEV 

transmission cycle. This will be examined using three aims. 

 

Aim 1: Identify VEEV TC-83 fidelity mutant. 

This aim will test the hypothesis that RdRp mutations identified during 5FU 

passaging of TC-83 will be fidelity-altering mutations, which will increase vaccine safety 

and immunogenicity in a vertebrate host.  

 

Aim 2: Determine if low-fidelity TC-83 is restricted in the mosquito vector. 

This aim will test the hypothesis that low-fidelity TC-83 is less fit than the 

original TC-83 in the mosquito. 

 

Aim 3: Determine the stability of low-fidelity TC-83 mutations. 

This aim will test the hypothesis that low-fidelity TC-83 is less able than the 

parent TC-83 to revert or pseudorevert attenuating mutations 
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Figure 1.1: RdRp structure of the FMDV 3D polymerase protein 

The FMDV RdRp structure (335) was downloaded from the RCSB PDB and visualized 

in PyMol v1.8.4.0 (336). Structure (A&B) and surface models (C&D) are depicted. The 

RdRp is color-coded with the fingers as orange, the palm as purple, and the thumb as 

green. Location of conserved RdRp motifs as visualized on a right hand diagram (E). 
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Illustration 1.1: RNA virus mutational spectrum. 

As RNA viruses mutate, the sequence space is sampled to find areas of higher fitness. 

This space is hypothesized to be changeable, so it is best for mutation-prone RNA viruses 

to exist in flatter areas of this space where decreases in fitness are slight. 
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Illustration 1.2: Recombination 

Homologous recombination occurs when the RdRp switches from one RNA template to 

another, homologous RNA template during replication. Non-homologous recombination 

occurs when the RdRp switches from one RNA template to a dissimilar RNA template 

during recombination. The “X” indicates where RdRp movement to a new RNA template 

occurred. 
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Figure 1.2: Fold-change in fidelity mutant mutation frequency relative to the parent 

virus. 

Most estimates are from TOPO cloning experiments, but if this information was not 

available fold-change NGS data was used. Mutations found outside the RdRp gene are 

indicated. Coronavirus data was excluded due to exceptional differences during RNA 

replication compared to the other RNA viruses. 
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Illustration 1.3: RdRp kinetics steps for NTP addition to an RNA chain. 

First, an NTP binds the RdRp, which causes a conformational change “*” (step 2) and 

activates the RdRp (step 3). The NTP is then added to the RNA chain, leading to another 

conformational change and translocation of the RNA (step 4). Finally, the PPi leaving 

group is released (step 5), allowing the cycle to begin again. 
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Figure 1.3: Alphavirus phylogeny. 

Bayesian alphavirus phylogenetic tree kindly provided by Naomi Forrester. 
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Illustration 1.4: Alphavirus genome. 
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Illustration 1.5: Alphavirus lifecycle. 

Alphaviruses enter the host cell via receptor-mediated endocytosis. The pH drops in the 

endosome, causing virion fusion with the endosome cell membrane. This allows for 

release of the virus genome, which is translated by host ribosomes to generate the 

nonstructural polyprotein. Due to a leaky stop codon between nsP3 and nsP4, nsP4 is 

only present in a fraction of these polyproteins. As the nsPs are processed to from various 

combinations of the replication complex, the virus genome is replicated. From the –RNA 

genome, the subgenomic (SG) RNA is transcribed and used to produce the structural 

proteins. The capsid protein is immediately cleaved and complexes with viral genomic 

RNA to form nucleocapsids. The remainder of the polyprotein is processed in the ER and 

Golgi complex, where it finally travels to the plasma membrane. Nucleosomes bind the 

cytoplasmic tails of the glycoproteins to complete virion formation, which bud and 

release from the cell surface.  
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Illustration 1.6: VEEV transmission cycle. 

VEEV is primarily transmitted in an enzootic cycle between Cu. (Mel.) spp. of 

mosquitoes and rodents. Occasionally, a mutation will arise in the E2 glycoprotein, 

causing high-titer viremia in equids. This begins an epizootic cycle, which occurs 

between equines and various epizootic mosquito species. Humans can be infected from 

both enzootic and epizootic cycles, but are believed to be dead-end hosts.  
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Virus Subtype Geographic 

Range 

Vertebrate 

Hosts 

Mosquito 

vector 

Human 

Disease 

Endemic/Epizootic 

VEEV IAB Trinidad, 

Peru, 

Colombia, 

Guatemala, 

Mexico, 

Texas 

Horses, 

humans 

Ae. and 

Ps. spp. 

Yes Epizootic 

IC Colombia, 

Venezuela, 

Peru 

Horses, 

humans 

Ae. and 

Ps. spp. 

Yes Epizootic 

ID South and 

Central 

America 

Rodents Cu. (Mel.) 

spp. 

Yes Endemic 

IE Central 

America 

Rodents, 

horses, 

humans 

Cu. (Mel.) 

taeniopus, 

Ps., and 

Ae. spp. 

Yes Endemic, Epizootic 

Everglades II Florida Birds Cu. (Mel.) 

spp. 

Yes Endemic 

Mucambo IIIA South 

America 

Unknown Culex 

portesi 

Yes Endemic 

Tonate IIIB South and 

Central 

America 

Unknown Unknown No Unknown 

71D252 IIIC South 

America 

Unknown Unknown No Unknown 

Pixuna IV South 

America 

Unknown Unknown No Unknown 

Cabassou V French 

Guiana 

Unknown Culex 

portesi 

No Unknown 

Rio Negro VI Argentina Unknown Unknown No Unknown 

Mosso das 

Pedras 

IF Brazil Unknown Cu. (Mel.) 

spp. 

No Unknown 

Table 1.1: VEEV serocomplex. 

Table adapted from Forrester et al. (182).  
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IDENTIFICATION OF A LOW-FIDELITY TC-83 MUTANT 

Chapter 2. Characterization of a Low-Fidelity Mutant of TC-83 and its 

Utility as a Live-Attenuated Vaccine1 

INTRODUCTION 

Due to the error-prone nature of the RdRp, RNA virus replication is characterized 

by a high mutation rate that results in increased genetic diversity of progeny viruses 

(337). This diversity can be utilized by the virus to evade and escape the immune system, 

as well as to adapt to new hosts. Maintaining the appropriate amount of virus diversity, 

which is typically approximately 1 mutation per genome (7) is of utmost importance to 

RNA virus survival within the host and during transmission. This is especially true for 

arboviruses, which utilize two distinct hosts to complete their transmission cycle. If the 

mutation rate of an RNA virus is too high, more unfit progeny will be produced due to 

the increased number of mutations, most of which are deleterious by chance. This results 

in a substantial decrease in viable genomes, and possible extinction of the viral 

population due to error catastrophe (338). Conversely, if the mutation rate is too low, 

little variation is produced, and the virus population becomes clonal and less able to adapt 

to diverse environments. Both scenarios reduce the overall fitness of the virus and can 

lead to extinction (50). This predicted lack of fitness with high or low-fidelity replication 

has been demonstrated experimentally with a number of viruses, including PV (66, 68), 

CHIKV (80, 82), WNV (83), SLEV (84), HEV 71 (72, 73, 339), FMDV (74-76, 78), 

                                                 
1 Content of this chapter has previously been published: Kautz TF, Guerbois M, Khanipov K, Patterson EI, 

Langsjoen RM, Yun R, et al. Low-fidelity Venezuelan equine encephalitis virus polymerase mutants to 

improve live-attenuated vaccine safety and efficacy. Virus Evolution, 4(1), vey004. Reproduced with 

permission. 
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SARS CoV (89, 90, 99), FLU (87, 88), NoV (86), and CBV3 (46, 70, 71). These viruses 

were all subjected to treatment with nucleoside analogs such as Ribavirin or 

5’Fluorouracil, which increase the mutation rate and can lead to virus extinction, or by 

the insertion of mutations found to change fidelity in other viruses. Virus populations 

circumvent extinction by developing resistance to the nucleoside analog, sometimes by 

developing mutations in the RdRp that either increase (high fidelity) or decrease (low-

fidelity/hypermutator) RdRp fidelity (i.e. the RdRp error-rate). When compared to 

unpassaged, wt viruses, fidelity mutants have similar growth kinetics in vitro, but are 

attenuated in vivo due to the alteration of diversity produced during replication, which 

hampers the ability of the virus to overcome bottlenecks in the host (67, 68).  

The alphavirus genus, family Togaviridae, contains a number of important 

arboviruses that are distributed worldwide. Alphaviruses are classified as either Old 

World or New World viruses depending on their distribution. VEEV is a New World 

encephalitic alphavirus that circulates continuously in an enzootic cycle in the forests and 

swamps of northern South America, Central America, and Mexico, typically between 

rodents and mosquitoes. Spillover from this cycle is believed to cause tens of thousands 

of dead-end human infections annually (180). Periodically, the virus emerges to cause 

epizootic cycles in equids, which can also spill over into humans, sometimes resulting in 

hundreds of thousands of infections (183, 185, 340-342).  Prior to the 1960’s, equine 

epizootics involving high fatality rates were frequently recorded in VEEV-endemic areas. 

Since horses remain important components of the local agricultural economies within 

these regions, VEEV has had a major impact on the economic output of at-risk areas 

(343). Recent outbreaks in both Venezuela and Mexico demonstrate the ability of VEEV 

to re-emerge periodically from its enzootic niche (176, 344, 345), and some earlier 

outbreaks spread as far north as Texas (340, 346). Independent of these natural cycles of 

infection, there is great concern for the use of VEEV as a biological weapon due to its 
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high infectivity via the aerosol route. To address this threat, multiple vaccines have been 

developed to protect against VEEV infection.  

The first human vaccine described for VEE, TC-83, was produced following 83 

serial passages of the Trinidad donkey VEEV strain (subtype IAB) in guinea pig heart 

cells (292). Sequencing of TC-83 revealed eleven nucleotide changes, but attenuation 

was attributed to only 2 of these mutations; one in the 5’ UTR and one in the E2 

glycoprotein gene (307, 308). The reliance of TC-83 on only two point mutations for its 

attenuation increases the potential for reversion during vaccination, as well as instability 

during manufacturing. This concern has been supported by passaging in infant mice, 

where TC-83 reverted in a little as three IC passages (293). The retention of mosquito 

infectivity adds another safety concern for transmission from vaccinees to humans or 

equids, and the isolation of TC-83 from wild-caught mosquitoes in 1971 during an equine 

vaccination campaign underscores this risk (306). Due to these concerns, as well its 

incomplete immunogenicity (293, 301, 347), TC-83 is only approved for equids, but it 

maintains investigational new drug status for at-risk military and laboratory personnel.  

The presence of a high mutation rate is thought to be one reason for the 

persistence of RNA viruses in the environment. However, high mutation rates also have 

implications for LAV’s such as TC-83, which typically generate long-lived immunity and 

are cost-effective. LAV replication has the potential to restore a virulent, wt phenotype 

via one or more reversions or pseudoreversions. Such events can lead to safety concerns 

and possible adverse events following immunization (348). However, further increasing 

the natural mutation rate is also hypothesized to decrease the ability of the virus to 

successfully revert or pseudorevert through Muller’s ratchet (51, 349), by the 

accumulation of deleterious mutations in asexual populations (e.g. viruses) during 

replication in the absence of efficient recombination. Additionally, deleterious mutations 

can also impair the ability of fitter viruses to replicate and increase in the population (49, 

50, 350). Thus, the RNA virus error rate is finely tuned to allow for optimal virus 
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population health while also allowing for the production of mutations, which are key for 

adaptation to new hosts and environments.   

The present aim was designed to determine whether mutations in the TC-83 RdRp 

that alter virus fidelity, i.e. increasing the mutational spectrum, can attenuate the virus 

further, without sacrificing vaccine stability or immunogenicity. This aim will test the 

hypothesis that RdRp mutations identified during 5FU passaging of TC-83 will be 

fidelity-altering mutations, resulting in increased vaccine safety and immunogenicity in a 

vertebrate host. In this aim, a virus containing 3 RdRp mutations was found to slightly 

decrease virus fidelity, while a mutant containing 4 RdRp mutations acted much like the 

low-fidelity mutant, but did not have altered fidelity. 

MATERIALS AND METHODS 

Cell cultures and viruses 

Vero (African green monkey kidney), HEK-293 (human embryonic kidney), and 

Baby Hamster Kidney (BHK) cells were obtained from the American Type Culture 

Collection (ATCC) (Bethesda, MD) and maintained in DMEM (Gibco) supplemented 

with 10% Fetal Bovine serum (FBS, Atlanta Biologicals), and 500μg/mL gentamycin 

(Corning) in a 37°C 5% CO2 incubator. C7/10 cells were maintained in DMEM 

supplemented with 10% FBS, 1% Minimal Essential Medium Nonessential Amino Acids 

(Gibco), 1% Trypose Phosphate Broth (Sigma), and 500μg/mL gentamycin in a 30°C 5% 

CO2 incubator. U4.4 cells were maintained in Mitsuhashi and Maramorosch media 

(Sigma) supplemented with 20% FBS, 2% Sodium Bicarbonate (7.5%) (Gibco), and 

500μg/mL gentamycin in a 30°C 5% CO2 incubator.  

Virus stock generation 

Viruses were rescued from a TC-83 infectious clone (307) by electroporation 

using BHK cells. First, 5μg of TC-83 or the other RdRp mutants was linearized using the 
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restriction enzyme MluI (NEB) in a 50μL volume. 5μL of each digestion was mixed with 

1μL 6x gel loading dye (NEB) and run on a 1% agarose (GeneMate) TAE (Fisherbrand) 

gel at ca. 100V for ca. 1 hour to confirm digestion. The remainder of the linearized 

product was purified using phenol-chloroform extraction. To do this, 50μL of nuclease-

free water (Ambion) was added to the linearized DNA, followed by the addition of 

100μL of phenol-chloroform (Fisherbrand). This was vortexed and centrifuged at 16.1 x g 

for 5 minutes and the aqueous phase was transferred to a new 1.5mL tube. To this, 2μL of 

5M NaCl (Ambion) and 100μL of chloroform (Fisherbrand) was added. This was 

vortexed and centrifuged again at 16.1 x g for 5 minutes. The aqueous phase was then 

transferred to a new 1.5mL tube, 250μL ethanol (Fisherbrand) was added, and this was 

stored overnight at -20°C. After the tube was centrifuged at 16.1 x g for 10 minutes, the 

ethanol was decanted and resulting pellet was washed with 300μL of 70% ethanol. Once 

a final 5 minutes centrifugation was complete, the ethanol was decanted and the pellet 

was allowed to dry for approximately 5 minutes before being reconstituted in 50μL of 

nuclease-free water.  

In vitro transcription of the linearized DNA was performed in a 26μL volume 

using 2.5μL DTT (Invitrogen), 5μL 10X transcription buffer (Ambion), 2.5μL 10mM cap 

(NEB), 2.5μL 10mM rNTP (Roche), 5μL linearized DNA, 7μL nuclease-free water, 

0.5μL RNaseOUT (Invitrogen), and 1μL of T7 (Ambion) (TC-83) or SP6 polymerase 

(Ambion) (RdRp mutants). This was incubated for 1 hour at 37°C and stored at -20°C 

overnight. 

BHK cells were grown overnight in a T-150 flask to approximately 95% 

confluency the next day using complete media (DMEM supplemented with 10% FBS, 

1% Minimal Essential Medium Nonessential Amino Acids, 1mM Sodium Pyruvate 

(Corning), and gentamycin. After one wash with PBS (Gibco), 0.05% trypsin-EDTA 

(Corning) was used to detach the cells from the flask. Once detached, 4mL of complete 

media was added to the cells, and this was transferred to a 15mL conical tube and 
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pelleted for 5 minutes at 125 X g. The media was decanted and the cells were 

resuspended in 7mL of cold PBS. This wash was repeated twice. Finally, the cells were 

resuspended in 450μL of cold PBS and stored on ice until added to 5μL of RNA from the 

in vitro transcription. This was gently mixed before being transferred to an EP cuvette 

with a 2mm gap (Fisherbrand). The sample was electroporated using a BTX 830 machine 

(Cole-Parmer) under the following conditions: 510V, 100μs pulse, 5 pulses, 184ms 

interval. The cuvette was left for 10 minutes at room temperature before the cells were 

transferred to a T-75 flask with 10mL of complete media and stored in a 37°C 5% CO2 

incubator. Every 24 hours, for 3 days, the supernatant from the flask was added to 2mL 

of FBS. The flask was then returned to the incubator after rehydrating the cells with fresh 

complete media. The supernatant was then clarified by centrifugation at 783 X g for 5 

minutes at 4°C before being transferred to new 1.5mL tubes and finally stored at -80°C. 

Titers of the electroporated stock virus were determined by plaque assay using Vero cells. 

Plaque assay 

One day prior to infection, 6-well or 12-well Vero plates were seeded using 

250,000 or 500,000 cells per well respectively to ensure approximately 90% confluency 

the following day. Virus stocks were serially diluted 1:10 8 times using 225μL DMEM 

(supplemented with 2% FBS and gentamycin) and 25μL virus. This dilution series was 

either performed using 1.5mL tubes (using vortexing to mix) or 96 well plates (using 

pipetting to mix). Media was then decanted from a cell culture plate and 100μL (12-well 

plate) or 200μL (6-well plate) of each dilution was added to a well. This was performed 

in duplicate. The infected monolayers were stored in a 37°C 5% CO2 incubator for 1 hour 

and were gently shaken every 15 minutes to ensure an even infection distribution. After 

this incubation, a 0.4% agarose overlay (1 part 2% agarose (Lonza) in filter-purified 

water to 4 parts DMEM supplemented with 2%FBS and gentamycin) was added to each 

well, and the plates were returned to the incubator. Following a 48-hour incubation, the 
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monolayers were fixed for 30 minutes using 10% formaldehyde (Fisherbrand) before the 

agarose plugs were removed and the monolayer was stained with 0.25% crystal violet 

solution (Fisherbrand). The plates were then washed with water and allowed to dry before 

plaques were counted.  

PFU per mL was calculated using the following formula: PFU/mL=(dilution X 

number of plaques) (1000/amount plated), with “dilution” equaling the dilution at which 

the plaques were counted and “amount plated” equaling the amount of virus added when 

infecting the cells (i.e. 100μL for 12-well plates and 200μL for 6-well plates). 

Nucleoside analog susceptibility 

One day prior to infection, 24-well Vero plates were seeded using 125,000 cells 

per well to ensure approximately 90% confluency the following day. Cells from one well 

were counted the following day using a hemocytomer for MOI calculations.  

Rescued viruses were tested for susceptibility to 5FU (Sigma) or Ribavirin 

(Sigma) in triplicate. Media was removed from the 24-well Vero plates, and replaced 

with 5FU or Ribavirin supplemented media (DMEM supplemented with 2% FBS, 

gentamycin, and 0, 10, 25, 50, 100, 200, or 300 µg/ml of 5FU or 0, 50, 100, 200, 300, or 

400 µM Ribavirin) for 2 hours. The cells were then infected with 0.01 MOI of TC-83 or 

an RdRp mutant in a volume of 100μL and stored in a 37°C 5% CO2 incubator. One hour 

post-infection, the inoculum was removed and media containing the pretreatment amount 

of 5FU or Ribavirin was added to the infected cells. The plates were then returned to the 

37°C 5% CO2 incubator. Cell supernatant was harvested 24 hours post-infection, 

supplemented with FBS to a final concentration of 20%, spun down at 3000 rpm for 5 

minutes to remove cellular debris, and transferred to a new tube. These samples were 

stored at -80°C. Virus was titrated in duplicate using standard plaque assays. 

Growth Curves – Vertebrate cells 
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To ensure that the inserted RdRp mutations did not interfere with viral replication, 

standard replication curves were conducted. One day prior to infection, 24-well Vero or 

HEK-293 plates were seeded using 125,000 cells per well to ensure approximately 90% 

confluency the following day. Cells from one well were counted the following day using 

a hemocytomer for MOI calculations.  

Cells were infected at an MOI of 10 or 0.01 in a volume of 100μL and incubated 

for one hour in a 37°C 5% CO2 incubator. After this, the cells were washed twice with 

PBS and overlaid with 0.5 mL of DMEM supplemented with 2% FBS and gentamycin. 

Virus was harvested by removing the entirety of the medium from three wells per time 

point. Harvested virus was supplemented with FBS to a final concentration of 20%, and 

clarified by centrifugation at 0.8 X g for 5 min. The supernatant was then moved to a new 

tube and stored at -80°C. Viral titers were determined by plaque assays. 

TC-83 and RdRp mutant in vitro passaging 

One day prior to infection, 6-well plates were seeded with 500,000 Vero cells or 

1,000,000 U4.4 cells. The day of the infection, one well of cells for each cell type was 

counted using a hemocytomer and used to determine the virus dilutions necessary for an 

MOI of 0.1. Once diluted, media was decanted from the 6-well cell plates and 200μL was 

used to infect each well. These infections were performed using two replicates per virus. 

Following the infection, the plate was transferred to a 37°C (Vero cells) or 30°C (U4.4 

cells) 5% CO2 incubator for 1 hour with occasional shaking. When the incubation was 

complete, the inoculum was removed and 2mL of DMEM supplemented with 2% FBS 

and gentamycin (vertebrate cells) or the standard mosquito cell media was added to each 

well. The plates were then returned to the appropriate 5% CO2 incubator for 48 hours. 

After the 48 hour incubation, the virus was transferred to a tube with FBS to a 

final concentration of 20% FBS. This was centrifuged for 5 minutes at 0.8 X g and 
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transferred to a new tube. These tubes were stored at -80°C. Plaque assays using Vero 

cells were used to determine virus titer. Three total passages were performed. 

Virulence assays in infant CD-1 mice  

To study virulence and attenuation, six-day-old CD-1 mice (Charles Rivers 

Laboratories, Wilmington, MA) were inoculated IC with 10
5

 

PFU of virus in a volume of 

20 μl, or SC with 10
5 PFU in a volume of 50 μl. Animals were weighed daily for two 

weeks and monitored for survival and clinical signs.  

Vaccine study 

7-week-old CD-1 mice were vaccinated SC with the original TC-83 virus or one 

of the RdRp mutants with 10
5
 PFU in a volume of 50 μl, or with PBS for unvaccinated 

controls (n=8 per cohort). Six weeks post-vaccination, animals were challenged SC with 

10
5
 PFU of wt epidemic VEEV strain 3908 (179), with daily monitoring for signs of 

illness, survival and weight loss.  

Blood samples were collected from alternating cages of vaccinated mice for 3 

days post-vaccination and 4 days post-challenge for viremia detection using plaque 

assays, as well as 5 weeks post-vaccination for antibody measurement by PRNT. Blood 

was collected via the retro-orbital route with capillary tubes (Fisherbrand), which were 

drained into 1.5mL tubes containing 225μl DMEM supplemented with 10% FBS and 

gentamycin. This was stored at 4°C overnight before being centrifuged at 783 X g for 5 

minutes. The serum was then transferred to a fresh 1.5mL tube and stored at -80°C. 

Plaque reduction neutralization test (PRNT80). 

One day prior to infection, 12-well Vero plates were seeded using 250,000 cells 

per well to ensure approximately 90% confluency the following day.  



 

 

60 

The following day, serum samples were heat inactivated for 1 hour at 56°C. 

Serum samples were then diluted 1:10 in 150μl of media (DMEM supplemented with 2% 

FBS and gentamycin) followed by 5 additional 2-fold dilutions. 75μL of each serum 

dilution was then added to a 96-well plate in duplicate, and an equal amount of TC-83 

diluted to 800 PFU/mL was added to this and mixed well by pipetting. A TC-83 only 

control (i.e. no serum) was also made to determine the un-neutralized number of plaques. 

The 96-well plates containing the virus/serum mixtures were then incubated for 1 hour in 

a 37°C 5% CO2 incubator. After this, 12-well Vero plates were decanted, and 100μl of 

virus/serum mixture was added to each well. These plates were incubated at 37°C in a 5% 

CO2 incubator for 1 hour. Following this, a 0.4% agarose overlay (see plaque assay 

protocol) was added to each well, and the plates were returned to the incubator for 48 

hours. Plates were then fixed and stained as in the plaque assay protocol.  

PRNT80 cutoff values were determined by counting the number of plaques from 

the virus-only well and multiplying this number by 0.2. Plaques were counted for each 

well, and titers were determined by the cutoff value (e.g. if no neutralization PRNT80 < 

1:20, if fully neutralized PRNT80 > 1:640).  

Virus Next Generation Sequencing 

VIRAL RNA EXTRACTION  

Viral RNA was extracted using the Qiagen viral RNA mini kit as per the 

manufacturer’s protocol.  

LIBRARY PREPARATION  

Illumina sequencing was performed by the UTMB next generation sequencing 

core. Viral RNA from cell culture extracts were fragmented by incubation at 94°C for 8 

minutes in 19.5 μl of fragmentation buffer (Illumina, San Diego, CA). First and second 

strand synthesis, adapter ligation, and amplification of the library were performed using 

the Illumina TruSeq RNA Sample Preparation kit as per the manufacturer’s protocol. 



 

 

61 

Products were fragmented using transposons, then adapter ligation and amplification of 

the library was performed using the Illumina TruSeq RNA Sample Preparation kit under 

conditions described by the manufacturer (Illumina, San Diego, CA). Samples were 

tracked using the “index tags” incorporated into the adapters as defined by the 

manufacturer. 

Sequence assembly and analysis 

Illumina sequencing analysis was performed by the Fofanov lab at UTMB. 

QUALITY AND FILTRATION  

The quality for each sample/dataset was assessed using FASTQC (351). The 

paired-end reads were merged for each sample and then filtered to exclude reads with 

unknown characters (anything other than A, T, C, G) and low quality (<15 quality score), 

so that only high quality reads were used during analysis. Additionally, the first 16 bases 

of each read were trimmed due to nucleotide bias.  

REFERENCE SEQUENCE  

The analysis was performed using VEEV strain TC-83, complete genome 

(GenBank accession #: L01443.1)(308).  

VIRUS DIVERSITY ANALYSIS  

To determine virus variants, each sample was run through a novel rare variant 

pipeline developed by the Fofanov lab. The pipeline first maps each read to the reference 

VEEV genome with perfect match, then unmapped reads are re-mapped with 1 mismatch 

and added to the final map. The 34 base long reads used in the analyses were validated as 

viral sequences and not host sequences by analysis of the longest subsequences shared 

explicitly (no mismatches allowed) and longest similar (1 mismatch allowed) between 

viral and host genomes. Positions in which the number of reads mapped with mismatches 

was higher than perfectly mapped reads or coverage was below 100 were excluded from 

diversity calculations. Positions with non-zero mutation frequency were considered to be 
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variant positions. Mutation frequency per sample was calculated by summing the per 

position diversities and normalizing by the number of positions for which diversity was 

calculated. Shannon Entropy was calculated using the equation -[Σ
s
i = plog(p)]/N, where p 

equals the probability of mutation and N equals the number of base calls that can happen 

at a position (i.e. A, G, C, T, insertion, or deletion).  

TC-83 3x and 4x backbone cloning 

To rule out any differences in fitness caused by TC-83 backbone differences, the 

3 or 4 RdRp mutations were inserted into the parent TC-83 plasmid. TC-83, TC-83 3x, 

and TC-83 4x were digested with SalI (NEB) and PspOMI (NEB) as per the 

manufacturer’s protocol. Digestion was validated by running the entire contents of the 

digestion on a 1% agarose TAE gel. Bands were cut out and purified using the QIAquick 

Gel Extraction kit (Qiagen) as per the manufacturer’s protocol. The RdRp mutations were 

ligated into the TC-83 plasmid using the T4 DNA ligase kit (NEB) as per the 

manufacturer’s protocol and using a 1:3 insert to vector ratio. 4μL of the ligation was 

transformed using TOP10 competent cells (Invitrogen) as per the manufacturer’s 

protocol, and 50μL of the transformation was plated on an LB-agar plate (Fisherbrand) 

supplemented with 100 μg/mL ampicillin (Sigma) and allowed to grow overnight in a 

37°C incubator.  

Colonies were picked the next morning and 8 were used to spike 5mL of LB 

supplemented with 100μg/mL ampicillin for miniprep processing (Clontech, as per the 

manufacturer’s protocol) and Sanger sequencing. The primers 7246V 

(5’CCGTAGGAACTTCCATCATAG) and 7800C (5’CGTGGTTCTTCTTCTTCTTCC) 

were used to determine RdRp mutation insertion. Of the colonies positive for the RdRp 

mutations, one was used to spike 250mL of LB supplemented with 100μg/mL ampicillin. 

This was allowed to grow overnight in a 37°C incubator at 250rpm. The next morning, 

the bacteria were pelleted by centrifugation for 15 minutes at 2003 X g, and the plasmid 
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was purified using the NucleoBond Xtra Maxi Plus kit (Clontech). The purified plasmid 

stock was stored at -80°C.  

Statistics 

GraphPad Prism was used to perform all statistical tests, which are described in 

the text. 

RESULTS 

RdRp mutant identification and cloning.  

Previous work in the lab identified three RdRp mutations during nucleoside 

analog passaging. Briefly, to identify mutations in the RdRp gene associated with 

changes in fidelity, TC-83 rescued from an infectious clone was previously used to 

initiate serial Vero cell passages in duplicate in the presence of Ribavirin, 5’Flurouracil 

(5FU), or Azacytidine (Aza). Viruses were titered using plaque assays following each 

passage, and diluted to an MOI of 1 plaque forming unit (PFU)/cell for each subsequent 

passage. Following passages 19 and 23, the RdRp gene (nsP4) was sequenced. Three 

mutations were identified in both 5FU passages, and all were located in the 5’ end of the 

RdRp gene: a G5724C mutation resulting in the amino acid change G14R, an A5794G 

mutation resulting in the amino acid change E37G, and a G5970A mutation resulting in 

the amino acid change A96T (amino acid numbers refer to nsP4 residues).  

The three mutations identified following the 5FU passages were cloned into the 

TC-83 backbone in conjunction with a high fidelity mutation that was previously 

identified in a related alphavirus, CHIKV (C483Y, which corresponds to position 488 in 

TC-83) (80). Six mutants were created (Figure 2.1A), four of which were individual 

mutants, and two with multiple mutations: a 3x mutant including G14R, E37G, and A96T 

and a 4x mutant including G14R, E37G, A96T, and C488Y. All clones were rescued by 

electroporation into BHK cells, and were titered using standard plaque assays on Vero 
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cells (352). All rescued mutants were viable, producing between 7-9 log10 PFU/ml 

following electroporation (data not shown). Due to variation in EP stock phenotypes, 

each figure contains information that directs to an appendix with information about the 

various TC-83, TC-83 3X, and TC-83 4X stocks. 

Replication kinetics  

As the mutants included amino acid changes in the RdRp of VEEV TC-83, the 

viruses were subjected to standard replication curves (Figure 2.1B-C) on Vero cells 

(Figure 2.1B, appendix 2 stocks 1-3). No mutants showed significant differences from 

TC-83 by repeated measures ANOVA. Since Vero cells are IFN-deficient, and a previous 

study found high fidelity PV to be attenuated in a primary cell line (67, 77), we used 

HEK-293 cells to examine the effects of IFN on the replication of fidelity-altered viruses. 

TC-83, the 3x mutant, and the 4x mutant were subjected to one-step replication curves 

(Figure 2.1C, appendix 2 stocks 1-3). As in Vero cells, no significant differences were 

observed between the viruses and their TC-83 parent.   

Resistance to nucleoside analog treatment 

To confirm the ability of the RdRp mutations to confer resistance to 5FU 

treatment (Figure 2.1D, appendix 2 stocks 8, 9, 13). Vero cells were treated with 0, 10, 

25, 50, 100, 200, or 300μg/ml of 5FU and infected with parent TC-83 or an RdRp mutant 

using an MOI of 0.01. Repeated measures ANOVA found no significant differences 

between the RdRp mutants and parent TC-83 when Vero cells were treated with 0-

25μg/ml 5FU. However, treatment with higher 5FU concentrations caused titers for all 

single RdRp mutants to drop compared to parent TC-83, demonstrating increased 

sensitivity to the treatment. Of note, E37G was significantly different from parent TC-83 

for all of the high 5FU concentrations (p<0.01 for the 50μg/ml treatment, p<0.0001 for 

the 100-300μg/ml treatments). A96T was slightly more resistant, with titers significantly 
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reduced compared to parent TC-83 when cells were treated with 100-300μg/mL 

(p<0.0001). G14R and C488Y were the most resistant to 5FU treatment of the single 

mutants. Titers were only significantly reduced compared to parent TC-83 for the 200-

300μg/mL treatments (p<0.5 for G14R 300μg/ml, p<0.0001 for all others). Due to the 

increased sensitivity of these mutants to 5FU, it was unlikely that these single mutations 

caused the resistance observed during the initial fidelity mutant selection.  

Unlike the single RdRp mutants, TC-83 3x and 4x generally had similar or 

slightly higher virus titers compared to parent TC-83, suggesting increased resistance to 

5FU treatment. TC-83 4x titers were significantly higher during the 50 and 100μg/mL 

treatments (p<0.01 and p<0.0001 respectively), and TC-83 3x titers were also 

significantly higher during the 100μg/mL treatment (p<0.05).  

To determine if the RdRp mutants reacted similarly upon exposure to another 

nucleoside analog, TC-83 and the RdRp mutants were exposed to various concentrations 

of Ribavirin (Figure 2.1E, appendix 2 stocks 8, 9, 13). No significant difference was 

observed, except for the G14R mutant, which displayed increased sensitivity (p<0.01 for 

100 and 300μM, p<0.001 for 400μM).  

Virulence in infant mice 

To assess virulence, individual TC-83 mutants were injected IC into 6-day-old 

CD-1 mice at a titer of ca. 5 log10 PFU (backtiters ranged from 1.9x10
4
-2.4x10

5
 per 

dose). Mice were weighed daily and the time of death was recorded (Figure 2.2A, 

appendix 2 stocks 1-3). The TC-83 3x mutant was significantly more virulent than the 

parent virus, with all animals succumbing by day 2 compared to TC-83, where mice 

began succumbing at day 3 (p0.05, Kaplan-Meier test). The mean time to death for 

parent TC-83 and all mutants except TC-83 3x was 5.36-5.54 days after infection, 

whereas TC-83 3x showed a mean time to death of 3.91 days.  
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Fidelity mutants have an impaired ability to overcome host bottlenecks, which 

results in reduced mortality and titer in certain organs (67-69, 99). To test this, individual 

mutants were injected SC into 6-day-old CD-1 mice to measure their ability to cause 

mortality (backtiters ranged from 6.2x10
3
-1.35x10

5
 per dose). TC-83 3x and TC-83 4x 

exhibited significantly reduced mortality as reflected in survival (Kaplan-Meier test, 

p0.05) when injected SC, compared to the original TC-83, and compared with IC 

injection in 6-day old CD-1 mice (Figure 2.2B, appendix 2 stocks 1-3). The remaining 

mutants caused similar mortality to original TC-83, suggesting no change in their ability 

to traverse bottlenecks to cause fatal disease.   

Illumina sequencing for virus population variants 

EP STOCK 

EP stock was sequenced using Illumina NGS to determine early differences in 

virus diversity. TC-83 3x and 4x were the only RdRp mutants chosen for this analysis, 

because they were most likely to have altered fidelity as measured by a preliminary 

Illumina sequencing analysis measuring the diversity of one replicate of each RdRp 

mutant (data not shown), as well as the phenotypic tests depicted in figures 2.1-2.2. Due 

to low EP stock titers (appendix 2 stock 13 was used due to the depletion of stock 12) 

TC-83 4x coverage was low, so it was not analyzed. Mann-Whitney U tests showed no 

significant differences in virus diversity for TC-83 3x when using either mutation 

frequency (Figure 2.3A) or Shannon Entropy (Figure 2.3B) as a measure of diversity 

(Appendix 2, stocks 8, 11, 12).  

Interestingly, diversity hotspots (Figure 2.3 C-D) were very similar. When using a 

cutoff of 0.2, 18 of the 22 TC-83 variants that were above this threshold were identical to 

TC-83 3x, which shared 18 of its 20 most common variants with TC-83. However, while 

the magnitude of these hot spots was well conserved between replicates, there was some 
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variation between TC-83 and TC-83 3x. For example, the peaks for C10371U and 

C10743G were much more prominent for TC-83 than TC-83 3x.   

PASSAGE 1 STOCK 

To examine how different hosts in the arbovirus transmission cycle may alter 

virus diversity, TC-83, as well as the 3x and 4x mutants, were passaged once using 

primate (Vero or HEK-293) or mosquito (C7/10 or U4.4) cells (Figure 2.4, appendix 2, 

stocks 7, 9, 12).). Illumina sequencing showed that the 3x mutant produced a 

significantly higher amount of genetic diversity than parental TC-83, independent of the 

cell type used (Figure 2.4A). This, along with the previously discussed results, indicated 

that the 3x mutant is a low-fidelity variant. Interestingly, the 4x mutant did not 

demonstrate a significant increase or decrease in diversity compared to TC-83. Cell type 

had no significant effect on virus diversity, at least not after one passage. When the 

number of nucleotide positions containing diversity was examined (Figure 2.4B), the 3x 

mutant trended towards producing an increased number of positions with diversity, while 

the 4x mutant, again, looked much like the parent TC-83. 

When examining peaks of diversity across the virus genome, some hotspots were 

conserved between the parent virus and RdRp mutants (Figure 2.5). These included nsP2 

C2627A (Asp-Glu) and A2634Del (Met-stop), E2 U9561G (minus strand, Val-Gly), 6k 

C9978A (Ala-Asp), and E1 C11009A (minus strand, Arg-Ser). The parent TC-83 and, to 

a reduced extent, TC-83 4x both produced diversity hotspots in E1, but generally in 

different positions. In TC-83 4x, these consisted of C10032U (Ala-Val), U10356C (Val-

Leu), and C11009A (Ala, minus strand, synonymous), while TC-83 had E1 hotspots at 

C10141U (Val, synonymous), C10371U (Ala-Gly), C10743G (Ala-Gly), C11009A (Ala, 

minus sense, synonymous), and U11269C (Asn, synonymous). Additionally, while there 

was no significant difference in diversity when different cell types were used (Figure 
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2.4), TC-83 3x appeared to have an increased number of diversity hotspots in C7/10 cells 

than the other cell types.  

Furthermore, because TC-83 3x and 4x only appear to be resistant to one of the 

two nucleoside analogs tested (Figures 2.1 D-E), it was important to determine if this 

resistance is due to an alteration in the types of mutations being made by these RdRp 

mutants (Figure 2.4C). Indeed, both TC-83 3x and 4x produced  fewer U-C mutations. As 

5FU is a uracil analog and Ribavirin is not, this may explain the difference in nucleoside 

analog susceptibility.   

PASSAGE 3 STOCK 

As passage 3 stock is commonly used to decide whether an RdRp mutant is or is 

not a fidelity mutant (46, 68, 69, 77, 79, 89), due to the belief that the mutation rate has 

stabilized by this passage number (353), passage 1 stock from Vero and U4.4 cells were 

passaged two more times to determine changes in virus diversity (Appendix 2, stocks 7, 

9, 12). While mutation frequency was significantly higher for the 3x and 4x RdRp 

mutants in U4.4 cells, there was no difference in Vero cells (Figure 2.6A). Additionally, 

while TC-83 3x exhibited consistently higher diversity as exhibited by Shannon Entropy, 

there was no significant difference compared to TC-83 (Figure 2.6B), likely to due to 

lack of statistical power. The mutation frequency of certain mutations had also changed 

(Figure 2.6C-D). While U-C mutations were still suppressed in the RdRp mutants in Vero 

cells (Figure 2.6C), after 3 passages, there was no longer any difference in U4.4 cells 

(Figure 2.6D). Additionally, for both cell types, U-G mutations became more frequent 

with TC-83 3x than the other viruses.  

By passage 3, the number of high frequency variants (0.02 or higher) for all 

viruses had decreased (Figure 2.7), and approximately 50% of the high frequency 

variants were unique to the virus and passage series (40 unique variants of the 77 total 

variants, data not shown). Interestingly, the other 50% of the high frequency variants 
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were all conserved between TC-83, TC-83 3x, and TC-83 4x, with only one exception, 

U3559G (Val-Gly), which was found in both TC-83 3x passage series. 

Immunogenicity and protection against VEEV challenge 

Immunogenicity of the mutants was tested in an adult murine model previously 

used to test the efficacy of TC-83 (315). Adult CD-1 mice, 7 weeks of age, were 

vaccinated with 5 log10 PFU in a 50μl volume via the subcutaneous route (Appendix 2, 

stocks 1-3). Animals were bled on days 1-3 after vaccination and weighed daily for 1 

week and then again on days 11 and 14 (Figure 2.8A). Animals exhibited no weight loss 

and viremia was sporadic with no significant differences among any of the viruses 

(repeated measures ANOVA, Table 2.1). Four weeks post-vaccination, the animals were 

bled to assay neutralizing antibody titers (Figure 2.8B). All vaccinated mice exhibited a 

strong immune response as determined by a plaque reduction neutralization test 

(PRNT80). The 3x and 4x mutants produced significantly higher mean neutralizing 

antibody titers compared to TC-83 (one-way ANOVA, p=0.0049 and 0.0012, 

respectively). Following challenge at 6 weeks post-vaccination with VEEV subtype IC 

strain 3908, which was used previously for similar experiments (315, 316), animals were 

weighed daily and monitored for survival (Figure 2.8C-D). All vaccinated animals 

showed complete protection from weight loss and death, whereas the sham-vaccinated 

animals all succumbed by day 9 post-challenge.  

Variation in attenuation of low-fidelity TC-83 3x EP stocks  

It was recently discovered that the infectious clones for TC-83 3x and TC-83 4x 

were made using a combination of two different TC-83 infectious clones, resulting in 3-6 

synonymous differences between these RdRp mutants and the control TC-83 used for 

comparison (Table 2.2). Therefore, it was important to determine that these extra 

mutations did not affect virus fitness. The 3 or 4 RdRp mutations were inserted into the 
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control TC-83 backbone, and differences in replication kinetics were measured using a 2-

step Vero cell growth curve (Figure 2.9A, Appendix 2 stocks 14-16). Repeated measures 

ANOVA found TC-83 3x to replicate slightly higher than TC-83 at 6 HPI (p<0.0001), 

but there was no difference in replication after this time point. However, TC-83 4x had 

slightly, but significantly reduced growth at all time points (p<0.0001 for 6 and 12 HPI, 

p<0.01 for 24 and 48 HPI).  

To ensure that the changes in infant mouse virulence were repeatable when the 3x 

and 4x RdRp mutants were in the same backbone as the control TC-83 (Figure 2.2A-B), 

6-day-old CD-1 mice were injected IC or SC with 10
5
 PFU of TC-83 3x or 4x mutants in 

the original (Appendix 2 stocks 8-9, 13, designated “old”), or control (Appendix 2 stocks 

14-16, designated “new”) TC-83 backbone, as well as the control TC-83 (Figure 2.9B-C).  

IC survival curves (Figure 2.9B) were similar to those in Figure 2.2A, with most 

mice succumbing 5-7 days post-infection. Backtiters of the inocula ranged from 4.8-

8.8x10
4 

PFU per dose. As before (Figure 2.2A), neither the “old” or “new” RdRp mutants 

were significantly more or less virulent than TC-83 as measured by Kaplan-Meier test. 

This suggests that regardless of the TC-83 backbone that these RdRp mutations do not 

alter virulence when administered intracranially, and that the significant difference in 

lethality observed in Figure 2A for TC-83 3x is likely dependent on the mutant spectrum 

produced post-electroporation or due to host variation.  

SC survival curves (Figure 2.9C) were significantly different compared to Figure 

2.2B. Instead of half of the 3x and 4x mutants surviving SC inoculation, all individuals 

succumbed by 12 days post-infection, regardless of TC-83 backbone. Inoculum back 

titers ranged from 3.5x10
4 

to 1.1x10
5 

PFU per dose. Although all mice succumbed, there 

was slight variation between the cohorts. For example, while the “old” TC-83 3x cohort 

survived an almost identical length of time compared to the TC-83 control group, the 

“new” TC-83 3x cohort survived an average of 9.6 days (Kaplan-Meier, p=0.0361). The 

4x RdRp mutants were similar, with the “old” backbone acting slightly more attenuated 
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than TC-83 (Kaplan-Meier, p=0.0054) and the “new” backbone showing no significant 

difference. More important than the differences in the RdRp mutant backbones was the 

difference between the initial SC survival curve (Figure 2.2B) and this repeat. While the 

“old” TC-83 3x and 4x mutants contained the same sequence and starting titer, the 

viruses were from different EP stocks. This and the IC survival curve results suggest that 

differences in the post-EP minority populations can result in variation in fidelity mutant 

attenuation.  

 

DISCUSSION 

Infectious diseases transmitted by arthropod vectors are difficult to control, and 

protecting the population via vaccination tends to be more effective than trying to control 

or eradicate the vector population. While LAVs tend to be cost-effective and 

immunogenic, LAVs have a significant Achilles’ heel: the potential for reversion to wt 

virulence. This risk is particularly acute for RNA viruses, which replicate without 

proofreading, resulting in an increased ability to revert to the wt sequence or restore 

virulence via compensatory mutations (pseudoreversion). However, altering virus fidelity 

can theoretically overcome this major drawback. This approach has only been examined 

with fidelity mutants of poliovirus and a low-fidelity ExoN mutant of SARS-CoV (69, 

99). While the high fidelity poliovirus (69) and SARS-CoV ExoN (99) mutants both 

demonstrated increased immunogenicity and an improved safety profile compared to the 

parent viruses, this was not observed for the low-fidelity poliovirus (79). However, 

fidelity mutants have only been generated using wt virus strains, which are unlikely to be 

sufficiently attenuated for vaccine use. We hypothesized that increasing the attenuation of 

a live-attenuated RNA virus vaccine by altering the RdRp fidelity would further improve 

its safety and efficacy. We addressed this by validating a series of low-fidelity mutations 

in a model system using the VEEV vaccine strain TC-83 to determine how this affects 
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the stability and attenuation. Serial passaging of TC-83 in the presence of 5FU identified 

3 mutations in the RdRp, and validation showed that all three mutations were required to 

decrease virus replication fidelity. Additionally, we identified a 4x mutant that acted 

much like TC-83 3x, but showed no difference in diversity.  

At present, there is no atomic resolution structure for an alphavirus RdRp, which 

limits our understanding of their mechanisms of fidelity alteration. However, all the 

mutations in the 3x mutant (G14R, E37G and A96T) were at the 5’ end of the nsP4 gene, 

similar to the placement of the poliovirus (PV) high fidelity G64S and low-fidelity 

H273R substitution, which are both on the periphery of the RdRp protein rather than near 

the active site (67, 79, 354). For PV, the presence of the G64S mutation does not 

significantly alter the structure of the polymerase, but it does decrease the incorporation 

rate of new nucleotides (97, 355). In fact, the current theory is that this substitution 

simply stabilizes the polymerase rather than altering the active site. Alternatively, low-

fidelity H273R PV decreases fidelity by favoring an open state of the RdRp, which 

decreases the duration of this fidelity checkpoint, thus increasing the likelihood of NTP 

misincorporation (98). The presence of the low-fidelity mutations outside of the predicted 

active domain of the TC-83 nsP4 gene suggests similar mechanisms might be at play, but 

confirmation will require an atomic resolution structure.   

There are two manners in which low-fidelity mutants have been isolated, either by 

mutating residues found to alter fidelity in other viruses or by passaging virus in the 

presence of a nucleoside analog. Of the latter, three low-fidelity mutants have been 

identified that are resistance to at least one nucleoside analog (74, 83, 88). Our 3x and 4x 

fidelity mutants appear to act similarly to these low-fidelity viruses, with resistance to 

5FU, but not ribavirin. When examining the mutation frequency of different mutations, 

the fidelity mutants produced a much lower amount of U to C transition mutations during 

passage 1, which would be one of the mutations expected to be selected against during 

5FU passaging. This also may explain why the mutants are most resistant to 5FU when 
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using moderate amounts of the nucleoside analog, but then increase in susceptibility 

again at higher concentrations, as there is no difference in the other uracil mutation 

frequencies. It would be interesting to test the passage 3 U4.4 and Vero viruses to re-

examine 5FU resistance, as the frequency of U to C mutations increased during U4.4 cell 

passaging, but not Vero cell passaged. If the decreased U-C mutation frequency is 

playing a role in 5FU resistance, the U4.4 passaged virus is likely to have lost any 5FU 

resistance.  

TC-83 3x is likely a low-fidelity mutant, as evidenced by the phenotypic tests, as 

well as the increased genetic diversity observed using Illumina sequencing during 

passages 1 and 3. The 4x mutant, while exhibiting phenotypic similarities with other 

altered fidelity mutants, had no significant difference in virus diversity compared to the 

TC-83 parent, even after multiple cell culture passages. Attenuation for this RdRp mutant 

may be due to slightly reduced growth kinetics (Figure 2.9A), but this slight reduction is 

commonly observed for fidelity mutants (67, 72, 74, 76, 77, 82, 85), suggesting another 

mechanism. This mutant needs to be further explored to determine mechanisms of 

attenuation. 

Also of interest is the C488Y substitution that increased replication fidelity in 

CHIKV, but did not affect TC-83 fidelity, although it did attenuate TC-83 in the infant 

mouse model. This finding is the opposite of the outcome for SINV, which exhibited 

low-fidelity features when a low-fidelity CHIKV mutation was inserted (82). However, 

SINV is more closely related to CHIKV than VEEV, so this may explain why the effects 

did not transfer to TC-83 even though the residue is highly conserved among 

alphaviruses (80).  

As the TC-83 3x virus stock was passaged, differences in diversity became more 

apparent, suggesting that the low-fidelity phenotype is slight, but stable for this virus and 

increases over multiple growth cycles. Interestingly, when total genome diversity was 

analyzed for each construct after 1 cell culture passage, there was no significant 
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difference in diversity when comparing cell types. This is in contradiction to the low-

fidelity CHIKV mutants, which only showed increased diversity in vertebrate, but not in 

mosquito cells (82). However, while no significant difference was observed in overall 

diversity between the cell types, TC-83 3x produced much higher peaks in diversity in 

C7/10 cells than was observed in other cell types or viruses. This is intriguing, because it 

is hypothesized that mosquitoes are drivers of diversity, likely due to the sequence 

specificity of the mosquito antiviral RNAi response (i.e. siRNAs), although this has only 

been demonstrated for West Nile virus (277, 356-358). This hypothesis does not appear 

to explain the increased diversity observed during the TC-83 3x C7/10 passages, because 

these cells lack a functional siRNA response. Additionally, no increased hotspots were 

observed for U4.4 cells, which do produce antiviral siRNAs. Further work is needed to 

determine how these diversity hotspots correspond to small RNA targeting in mosquito 

cells and examine the effects of the host immune response on virus populations.  

Illumina sequencing uncovered many noteworthy effects during RdRp mutant 

growth in vitro. In particular, many of the minority variant hotspots were conserved for 

TC-83 and the 3x and 4x mutants, although the amplitude of each peak was not. 

Interestingly, this mutation conservation was generally conserved up to 3 passages PE, 

although genetic drift likely accounted for approximately 50% of the high frequency 

minority variants by the third passage, suggesting that further passage would lead to 

further diversification. Also of interest were the E1 diversity peaks identified in TC-83, 

but to a much less extent for the RdRp mutants. These peaks were also found in the EP 

stock, but greatly increased after 1 passage, and then decreased again by 3 passages. The 

E1 glycoprotein is responsible for the uncoating of the virus particle and escape of the 

genome into the cytosol. Some substitutions in the CHIKV E1 glycoprotein have been 

found to increase vector infectivity and transmission (28, 129, 359). Diversity in this 

region may be important for increased vector fitness and/or host jumps.   
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As our study was designed to evaluate the effectiveness of RdRp mutations that 

decrease fidelity in vaccines, the mutants were put through a standard challenge model 

previously used for different VEEV vaccines (315, 316). Mice showed no adverse effects 

from vaccination, viremia was consistent with that expected for TC-83, and all mice were 

protected against lethal challenge. Additionally, the mutants induced higher antibody 

titers than TC-83. Our current hypothesis for this observation is that the low-fidelity 

RdRp creates an increased number of defective interfering (DI) virus particles, which are 

well known to be strong immune stimulators (360-363). As VEEV first replicates in the 

draining lymph node (222), the presence of these DI particles may restrict dissemination 

from the draining lymph node, allowing for a greater opportunity for antigen presentation 

and therefore an increased immune response. This needs to be explored in future work, 

perhaps by labeling each virus with luciferase and imaging infected mice to determine if 

delayed dissemination occurs, as well as where this delay occurs. 

Finally, as previous studies have shown that high fidelity PV mutations cause 

attenuation in mouse models by reducing dissemination to the CNS (67-69), we tested 

our mutants in a lethal mouse model for TC-83. The 3x and 4x RdRp mutants initially 

displayed equivalent virulence to parent TC-83 when injected into a single tissue that can 

cause lethal damage (brain) and reduced virulence when injected via a multi-tissue model 

(SC). However, when this experiment was repeated with virus rescued from different EP 

stocks, using slightly different TC-83 backbones, the 3x and 4x mutants displayed greatly 

increased in virulence compared to the initial SC outcome. As in vitro transcription is 

known to be error-prone (101), this suggests that minority variants randomly generated 

during the transcription preceding EP can have large effects on the overall virus 

population health, and thus virulence. Importantly, the RdRp mutants were never 

significantly more virulent than TC-83 when injected SC. While TC-83 is not lethal in an 

adult mouse model, it would be interesting to determine if the 3x and 4x mutants have 

consistently delayed and/or decreased dissemination compared to wt virus. This would 
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allow for a greater understanding of how a low-fidelity TC-83 vaccine would operate in a 

fully immunocompetent host.  

Here, we demonstrated that the presence of low-fidelity mutations in a LAV 

resulted in reduced or equal virulence in an infant mouse model and increased 

immunogenicity in an adult mouse model, both of which are desirable properties for 

LAVs. However, we also observed different outcomes in low-fidelity mutant attenuation 

in vivo when different pools of virus stock were used, suggesting that the low-fidelity 

virus population might not be initially stable. This demonstrates that there is great need to 

understand the role that minority variants play in phenotypic changes in vaccine 

development, as changes in the mutant spectrum may significantly alter the phenotype of 

vaccines.  
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Figure 2.1: In vitro characterization of the TC-83 RdRp mutants. 

A schematic of the TC-83 genome showing the placement of the four mutations in the 

RdRp gene (A). Growth curves of TC-83 and the RdRp mutants in interferon negative 

Vero cells (B) or interferon competent HEK-293 cells (C). Experiments were performed 

in triplicate and titers were determined by standard plaque assay. Two-way ANOVA was 

used to determine statistical significance, and bars indicate standard deviation. Resistance 

of TC-83 mutants to treatment by 5FU (D). Cells were treated with 0, 10, 25, 50, 100, 

200, or 300 µg/ml of 5FU and infected using an MOI of 0.01; all experiments were 

performed in triplicate. Samples were titered by standard plaque assay. Statistical 

differences were determined by two-way ANOVA, and significance is detailed in the 

text. Resistance of TC-83 mutants to treatment by Ribavirin (E). Cells were treated with 

0, 50, 100, 200, 300, or 400 µM Ribavirin and infected using an MOI of 0.01; all 

experiments were performed in triplicate. Samples were titered by standard plaque assay. 

Statistical differences were determined by two-way ANOVA, and significance is detailed 

in the text. 
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Figure 2.3: Illumina sequencing virus mutation frequency analysis of TC-83 and TC-83 

3x PE using BHK cells. 

Overall mutation frequency for each cell type (A). Overall Shannon Entropy for each cell 

type (B). Mann-Whitney U test was used to determine statistical significance,p>0.05 is 

represented by ns. Illumina sequencing virus diversity hotspots for the coding regions of 

TC-83 3x (C) and TC-83 (D) PE using BHK cells. A representative replicate is pictured 

for each virus isolate. Genome organization is color-coded using the following: nsP1: 

blue, nsP2: red, nsP3: green, nsP4: purple, capsid: orange, E3: black, E2: gold, 6k: navy 

blue, and E1: maroon.  
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Figure 2.2: TC-83 and RdRp mutant attenuation in vivo. 

Survival curves for theTC-83 and the RdRp mutants in 6-day old CD-1 mice following 

IC injection (A) and SC injection (B) of 10
5
 PFU. Statistical differences were determined 

using Kaplan-Meier tests, and significance is detailed in the text. 
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Figure 2.4: Illumina sequencing virus mutation frequency analysis of TC-83, 3x, and 4x 

after 1 passage on Vero, HEK-293, C7/10, or U4.4 cells. 

Overall mutation frequency for each cell type (A). Number of genomic positions with 

minority variants present above a frequency of 0.001 (B). Mutation frequency of different 

mutations (C). Two-way ANOVA was used to determine statistical significance, p<0.05 

is represented by *, p<0.01 is represented by **, p<0.001 is represented by ***, and 

p<0.0001 is represented by ****.  

 

  



 

 

81 

 

Figure 2.5: Illumina sequencing virus diversity hotspots for the coding regions of TC-

83, 3x, and 4x genomes after 1 passage on Vero, HEK-293, C7/10, or U4.4 

cells. 

A representative replicate is pictured for each virus isolate from each cell type. TC-83 (A, 

D, G, J), TC-83 3x (B, E, H, K), and TC-83 4x (C, F, I, L). Vero (A, B, C), HEK-293 (D, 

E, F), C7/10 (G, H, I), and U4.4 (J, K, L). Genome organization is color-coded using the 

following: nsP1: blue, nsP2: red, nsP3: green, nsP4: purple, capsid: orange, E3: black, 

E2: gold, 6k: navy blue, and E1: maroon.  
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Figure 2.6: Illumina sequencing virus mutation frequency analysis of TC-83, 3x, and 4x 

after 3 passages on Vero or U4.4 cells. 

Overall mutation frequency for each cell type (A). Overall Shannon Entropy for each cell 

type (B). Mutation frequency of different mutations in Vero (C) and U4.4 (D) cells. TC-

83 3x: blue; TC-83 4x: green; TC-83: red. Two-way ANOVA was used to determine 

statistical significance, p<0.05 is represented by *, p<0.01 is represented by **, p<0.001 

is represented by ***, and p<0.0001 is represented by ****. 
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Figure 2.7: Illumina sequencing virus diversity hotspots for the coding regions of TC-

83, 3x, and 4x genomes after 3 passages on Vero or U4.4 cells. 

A representative replicate is pictured for each virus isolate from each cell type. TC-83 (A, 

B), TC-83 3x (C, D), and TC-83 4x (E, F), U4.4 (A, C, E), Vero (B, D, F). Genome 

organization is color-coded using the following: nsP1: blue, nsP2: red, nsP3: green, nsP4: 

purple, capsid: orange, E3: black, E2: gold, 6k: navy blue, and E1: maroon.  
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Figure 2.8: Weight change, immunogenicity, and survival following vaccination and 

challenge. 

Five-week old mice were injected with 10
5
 PFU of TC-83, 3x, 4x, or mock in a 50ul 

volume (n=8 per vaccine treatment). Mice were monitored daily for percent weight 

change from the original weight at D0 (A). The effectiveness of the vaccine was 

determined by neutralizing antibody titer using serum from 6 weeks post-vaccination (B), 

and statistical differences were determined by two-way ANOVA, where p<0.01 is 

represented by **. Mice were challenged with 10
5
 PFU of VEEV strain 3908 and were 

monitored for percent weight change from the original weight at D0 (C) and survival (D).  

 

  



 

 

85 

 

 

Table 2.1: Viremia titers following vaccination with TC-83, TC-83 3x, TC-83 4x, or 

mock. 

Different cages of vaccinated mice (n=5) were bled on alternating days. 

 

  

 

 

Day 1 

 

Day 2 

 

Day 3 

 

No. 
positive 

Average Titer 
(± standard 
deviation) 

No. 
positive 

Average Titer  
(± standard 
deviation) 

No. 
positive 

Average Titer       
(± standard  
deviation) 

TC-83 3x 5/5 2.68 (± 0.52) 2/5 2.28 (±0.21) 3/5 2.12 (± 0) 

TC-83 4x 3/5 2.59 (± 0.41) 0/5 0 3/5 2.61 (± 0.59) 

TC-83 4/5 2.94 (± 0.57) 1/5 2.73 (± 0) 2/5 2.47 (± 0.49) 

PBS 0/5 0 0/5 0 0/5 0 
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TC-83 767 TC-83 pVE IC-92 TC-83 3X TC-83 4X 

401G 401C 401G 401G 

1613A 1613G 1613G 1613G 

1616C 1616A 1616A 1616A 

1619T 1619C 1619C 1619C 

8032A 8032C 8032A 8032C 

9760T 9760T 9760G 9760T 

10356C 10356T 10356C 10356C 

11404T 11404T+T 11404T 11404T 

 

Table 2.2: RdRp mutant TC-83 clone chimerization. 

TC-83 3x and 4x were found to be chimeras of two different TC-83 clones in the lab: TC-

83 767 and TC-83 pVE IC-92. The blue and red highlights indicate the mutations each 

RdRp mutant shares with one of the TC-83 clones. Mutations were synonymous, except 

for the T10356C mutation, which changes the amino acid from alanine to valine. For all 

of the experiments in this dissertation, TC-83 pVE IC-92 was used as the control TC-83. 
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Figure 2.9: Low-fidelity TC-83 3x variation in attenuation. 

2-step growth curve in Vero cells using virus stock from clones containing the RdRp 

mutations in the control TC-83 backbone (A). Statistical differences were determined 

two-way ANOVA and are detailed in the text. Survival curves for the TC-83 mutants in 

6-day old CD-1 mice following IC injection (B) and SC injection (C) of 10
5
 PFU from 

RdRp EP stocks. “Old” denotes the original RdRp mutant clone, while “New” denotes 

RdRp mutants in the same backbone as the control TC-83. Statistical differences were 

determined using Kaplan-Meier tests and are detailed in the text.  
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LOW-FIDELITY TC-83 FITNESS IN THE MOSQUITO VECTOR 

Chapter 3: Low-fidelity TC-83 is attenuated in the mosquito 

INTRODUCTION 

VEEV has been isolated from many species of mosquito, with confirmed enzootic 

vectors including various species of Cu. (Mel.) (255-259), as well as Ps. confinnis (252), 

Ae. sollicitans (252, 253), and Ae. taeniorhynchus (253, 254) during epizootic 

transmission. During epizootic infection, decades-old studies have found equine viremia 

titers to range from 10
5
 – 10

8
 SMicLD50/mL (364-366). SMicLD50/mL is estimated to be 

approximately 50-850 times more sensitive than plaque assays for virulent VEEV strains 

(341, 365), although there is very little difference between PFU/mL and SMicLD50/mL 

for TC-83 (365, 366). In horses vaccinated with TC-83, approximately 60-100% of 

horses produce low titer viremia, ranging from trace amounts (i.e. some suckling mice 

become sick but recover) to 3.7 SMicLD50/mL (364-366). 

Although these titers are low, TC-83 has been isolated from field-caught 

mosquitoes (306), suggesting that the vaccine is able to enter a transmission cycle. This is 

especially concerning due to the high levels of TC-83 reversion and pseudoreversion 

(292, 295), which could potentially initiate an epizootic outbreak. As our low-fidelity 

TC-83 3x mutant produces identical viremias post-vaccination of mice in comparison to 

TC-83, it is important to know if this mutant is more restricted in the mosquito vector 

than the original TC-83. As other arbovirus fidelity mutants are attenuated in vitro and in 

vivo in the mosquito (80, 82, 83), we hypothesize that TC-83 3x will be more attenuated 

than TC-83 in the mosquito vector. 

METHODS 

Cell cultures  
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Vero (African green monkey kidney) cells were obtained from the American 

Type Culture Collection (Bethesda, MD) and maintained in DMEM (Gibco) 

supplemented with 10% Fetal Bovine serum (FBS, Atlanta Biologicals), and 500μg/mL 

gentamycin (Corning) in a 37°C 5% CO2 incubator. C7/10 and C6/36 mosquito cells 

were maintained in DMEM supplemented with 10% Fetal Bovine serum, 1% Minimal 

Essential Medium Nonessential Amino Acids (Gibco), 1% Trypose Phosphate Broth 

(Sigma), and 500μg/mL gentamycin in a 30°C 5% CO2 incubator. U4.4 cells were 

maintained in Mitsuhashi and Maramorosch media (Sigma) supplemented with 20% 

FBS, 2% Sodium Bicarbonate (7.5%) (Gibco), and 500μg/mL gentamycin in a 30°C 5% 

CO2 incubator.  

Plaque assay 

One day prior to infection, 6-well or 12-well Vero plates were plated using 

250,000 or 500,000 cells per well respectively to ensure approximately 90% confluency 

the following day. Virus stocks were diluted 1:10 8 times using 225μL DMEM 

(supplemented with 2% FBS and gentamycin) and 25μL virus. If no plaques were 

observed for an isolate, then the plaque assay was repeated using 100 μL of undiluted 

sample, resulting in a limit of detection of 10 PFU/mL. This dilution series was either 

performed using 1.5mL tubes (using vortexing to mix) or 96 well plates (using pipetting 

to mix). Media was then decanted from a cell culture plate and 100μL (12-well plate) or 

200μL (6-well plate) of each dilution was added to a well. This was performed in 

duplicate. The infected monolayers were stored in a 37°C 5% CO2 incubator for 1 hour 

and were gently shaken every 15 minutes to ensure an even infection distribution. After 

this incubation, a 0.4% agarose overlay (1 part 2% agarose (Lonza) in filter-purified 

water to 4 parts DMEM supplemented with 2%FBS and gentamycin) was added to each 

well, and the plates were returned to the incubator. Following a 48 hour incubation, the 

monolayers were fixed for 30 minutes using 10% formaldehyde (Fisherbrand) before the 
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agarose plugs were removed and the monolayer was stained with 0.25% crystal violet 

solution (Fisherbrand). The plates were then washed with water and allowed to dry before 

plaques were counted.  

PFU per mL was calculated using the following formula: PFU/mL=(dilution X 

number of plaques) (1000/amount plated), with “dilution” equaling the dilution at which 

the plaques were counted and “amount plated” equaling the amount of virus added when 

infecting the cells (i.e. 100μL for 12-well plates and 200μL for 6-well plates). 

Mosquito infections 

F1 generation Ae. taeniorhynchus mosquitoes were infected with TC-83 or TC-83 

3x mixed 1:1 with defibrinated sheep blood (Colorado Serum Co.) to a final titer of 10
5
 

PFU/mL in 4mL total. Ae. sollicitans mosquitoes also from a UTMB insectary colony 

were infected with TC-83 or TC-83 3x mixed 1:1 with defibrinated sheep blood to a final 

titer of 10
7
 PFU/mL in 4mL total.  

2-3 mL of the virus/blood mixture was pipetted into a Hemotek reservoir enclosed 

in mouse skin. Two cohorts of 50 mosquitoes per virus were allowed to feed for 30 

minutes before being transferred to a -20°C freezer until paralyzed. Mosquitoes that had 

failed to feed were discarded. Those that fed were incubated for 9 (Ae. sollicitans) or 10 

(Ae. taeniorhynchus) days at 27°C before being harvested. Heads and bodies were 

removed and stored in separate tubes containing a steel bead as well as 125μl DMEM 

supplemented with 10% FBS, gentamycin, and 0.25μg/mL fungizone (Gibco). 

Mosquitoes were homogenized using a TissueLyser II (Qiagen) for 5 minutes at 26 

beats/second, and then centrifuged for 5 minutes at 3.3 X g. Supernatant was transferred 

to a fresh tube and stored at -80°C. Plaque assays were used to determine virus titer.  

Growth Curves 
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The day of the infection, U4.4 or C7/10 mosquito cells were counted using a 

hemocytomer and diluted to 10
6
 cells/mL. Depending on the number of samples needed 

for each experimental condition, a certain volume of the cells was aliquoted into a 50mL 

tube with a single tube for each condition.  

The cells were centrifuged for 2 minutes at 783 X g and 4°C. Media was decanted, 

and the cells were infected with an MOI of 10 or 0.01 by resuspension in 500μL of the 

appropriate media for the cell type (see “cell cultures”). The infected cells were incubated 

for one hour in a 30°C 5% CO2 incubator with gentle mixing every 10 minutes. After 

this, the cells were centrifuged for 2 minutes at 783 X g and 4°C and the inoculum was 

aspirated from the pellet and discarded. Following this, the cells were resuspended in 

5mL of PBS and centrifuged for 2 minutes at 783 X g and 4°C. After this wash step was 

repeated, the cells were resuspended in the initial volume of media and 0.5mL/well was 

aliquoted into a 24-well plate and returned to the 30°C 5% CO2 incubator. 

Virus was harvested by removing the entirety of the medium from three wells per 

time point (independent measures). During the dependent measures growth curve, media 

was replaced after each harvest. Harvested virus was supplemented with FBS to a final 

concentration of 20%, and clarified by centrifugation at 0.8 X g for 5 min. The 

supernatant was transferred to a new tube and stored at -80°C. Viral titers were 

determined by plaque assays on Vero cells, as described above. 

Enoxacin treatment of mosquito cells 

The day of the infection, media was removed from T-150 flasks of U4.4 or C6/36 

mosquito cells and replaced with the 15mL of the appropriate media for the cell type (see 

“cell cultures”) supplemented with 25 or 50μM Enoxacin (Sigma). After a 2 hour 

incubation in a 30°C 5% CO2 incubator, the cells were counted using a hemocytomer and 

diluted to 10
6
 cells/mL. Depending on the number of samples needed for each 
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experimental condition, a certain volume of the cells was aliquoted into a 50mL tube with 

a single tube for each condition.  

The cells were centrifuged for 2 minutes at 783 X g and 4°C. Media was decanted, 

and the cells were infected with an MOI of 10 or 0.01 by resuspension in 500μL of the 

appropriate media for the cell type. The infected cells were incubated for one hour in a 

30°C 5% CO2 incubator with gentle mixing every 10 minutes. After this, the cells were 

centrifuged for 2 minutes at 783 X g and 4°C and the inoculum was aspirated from the 

pellet and discarded. Following this, the cells were resuspended in 5mL of PBS and 

centrifuged for 2 minutes at 783 X g and 4°C. After this wash step was repeated, the cells 

were resuspended in the initial volume of media supplemented with 25 or 50μM 

Enoxacin. 0.5mL of this cellular suspension was aliquoted into a 24-well plate and 

returned to the 30°C 5% CO2 incubator. 

Virus was harvested by removing the entirety of the medium from three wells per 

time point. Harvested virus was supplemented with FBS to a final concentration of 20%, 

and clarified by centrifugation at 0.8 X g for 5 min. The supernatant was transferred to a 

new tube and stored at -80°C. Viral titers were determined by plaque assays. 

Sanger sequencing of TC-83 RdRp mutations 

To determine if the TC-83 3x virus that was able to grow well during the 2-step 

mosquito cells growth curve may have reverted any of the RdRp mutations, sequencing 

was performed.  

Virus RNA was extracted from the positive virus samples using the QIAamp 

Viral RNA Minikit as per the manufacturer’s protocol and stored at -80°C. Using 3μl of 

this RNA, the Superscript III RT PCR kit (Invitrogen) was used to generate cDNA by 

adding 5μl nuclease-free water, 1μl dNTPs (NEB), and 1μl random hexamers. This was 

incubated at 65°C for 5 minutes and placed on ice for 2 minutes. Following these 

incubations, 4μl MgCl2, 2μl 10X RT buffer, 2μl DTT, 1μl RNase OUT, and 1μl SSIII 
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enzyme was added to the first tube and incubated for 10 minutes at room temperature, 

followed by 43°C for 90 minutes, and finally 50°C for 10 minutes. This was stored at -

20°C.  

High fidelity Phusion PCR (NEB) was used to generate approximately two, 1.5kb 

amplicons that encompassed the RdRp mutations. In a PCR tube, 2.5μl of cDNA was 

added to 10μl 5X buffer, 1μl dNTPs, 1μl forward primer (20μM), 1μl reverse primer 

(20μM), 32μl nuclease-free water, 2μl MgCl2, and 0.5μl Phusion polymerase. The 

amplicon primers were as follows: 4937V+6579C and 6207V+7800C. The PCRs were 

amplified using a 98°C hot start for 30 seconds, followed by 35 cycles of a 10 second, 

98°C denaturation, a 10 second 60°C anneal, and a 1.5 minute elongation at 72°C.  

Following PCR amplification, amplicons were visualized by running the entire 

contents of the reaction on a 1% agarose gel in TAE buffer. The bands were excised and 

purified using the QIAquick Gel Extraction kit as per the manufacturer’s protocol. DNA 

was eluted into 35μl of nuclease-free water and stored at -20°C. 

Sequencing reactions were prepared by adding 1μL of a 2μM primer (4937V, 

5200C, 5500V, 5750C, 6000V, or 6579C for the first amplicon and 6207V, 6750V, 

7000C, 7250V, or 7800C for the second amplicon) (Table 3.1) to 5μL DNA, 2μL 5X 

sequencing buffer, and 2μL BigDye (Applied Biosystems). The sequencing reactions 

were amplified using a 96°C hot start for 2 minutes, followed by 30 cycles of a 10 second 

96°C denaturation, a 5 second 50°C anneal, and a 4 minute elongation at 60°C. Following 

this, sequencing reactions were purified using Performa spin columns (EdgeBio) as per 

the manufacturer’s protocol, and loaded onto the Applied Biosystems 3500 Genetic 

Analyzer sequencer. Sequences were analyzed using Sequencher version 5.0.1.     

RESULTS 

Mosquitoes are refractory to TC-83 infection 
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Although TC-83 was previously isolated from a pool of field-caught Ps. confinnis 

mosquitoes (306), these mosquitoes were not available for infection. Instead, other VEEV 

vectors were tested for susceptibility to TC-83.  

First, Ae. taeniorhynchus mosquitoes were allowed to feed on a blood meal spiked 

with 10
5
 PFU/mL of TC-83 or TC-83 3x (Appendix 2, stocks 1-2). Of the 100 

mosquitoes allowed to feed per virus, approximately half of these mosquitoes became 

engorged. After a 10-day incubation, however, none of the mosquitoes that survived were 

positive for infection as measured by CPE assay on Vero cells (data not shown). 

Later, Ae. sollicitans mosquitoes were allowed to blood feed using a higher dose 

of 10
7
 PFU/mL (Appendix 2, stocks 4-5). Of the approximately 100 mosquitoes that were 

allowed to feed per virus (Table 3.2), roughly half of the mosquitoes became engorged, 

and 23 (TC-83) or 18 (TC-83 3x) survived the 9-day incubation period. Of these, only 4 

mosquitoes became infected per virus, with one or two mosquitoes experiencing a 

disseminated infection. There was no significant difference in the body or head titers of 

the TC-83 or TC-83 3x infected mosquitoes (Figure 3.1). 

Attenuated growth of low-fidelity TC-83 in vitro 

Due to the high number of mosquito infections that would be required to further 

study infection in vivo, as well as the unnaturally high titers required for infection, in 

vitro studies were carried out to further determine differences in the mosquito host 

between TC-83 and the low-fidelity TC-83 3x.  

One-step growth curves were performed in various mosquito cells to determine 

differences in the single-cell life cycle kinetics of the viruses (Figure 3.2). As expected, 

TC-83 was able to grow to higher titers in C6/36 and C7/10 cells, which lack a functional 

siRNA pathway, than in U4.4 mosquito cells, which produce antiviral siRNAs (272) 

(Figure 3.2 A-D). We hypothesized that these siRNAs would play a role in attenuating 

low-fidelity TC-83 due to the sequence specificity of RNAi. Interestingly, TC-83 3x was 
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attenuated in all of the tested mosquito cells. These results were repeatable (Figure 3.2A-

B (Appendix 2, stocks 1-2) versus Figure 3.2C-D (Appendix 2, stocks 1-2). The observed 

attenuation of TC-83 3x was not due to the RdRp mutations altering temperature 

sensitivity, as Vero cells infected with TC-83 or TC-83 3x at 30°C showed no significant 

differences in virus titer (Figure 3.2 E-F, Appendix 2 stocks 8-9). 

During 2-step growth curves, which measure differences in growth kinetics that 

may need several lifecycles to become apparent, TC-83 growth was slightly, but not 

significantly attenuated in U4.4 versus C7/10 mosquito cells. The low-fidelity mutant, 

however, struggled to produce infectious virus, with many isolates measuring completely 

negative by standard plaque assay. Independent samples were taken for each time point, 

so samples negative for infectious virus resulted in very large error bars (Figure 3.3A, 

Appendix 2 stocks 1-2). When these virus negative samples were removed (Figure 3.3 

B), the growth kinetics more closely reflected the 1-step growth curve results (Figure 3.2 

A&C). Sanger sequencing of successful TC-83 3x virus showed that none of fidelity-

altering mutations reverted. 

To determine if the virus extinction results in Figure 3.3 were due to fluctuating 

release of the virus or an overall failure of the infecting virus to cause a productive 

infection, 2-step growth curves were performed in parallel using 10 replicates of TC-83 

3x per cell type. For this experiment, media was collected and replaced at every time 

point. In C7/10 cells (Figure 3.4A, Appendix 2 stocks 4-5), 4 of the 10 replicates did not 

produce any infectious virus as measured by plaque assays, while the remainder of the 

replicates all grew at a normal rate once virus began to be produced. The U4.4 replicates 

acted similarly to the C7/10 cell infection (Figure 3.4B). Interestingly, at 24 HPI the titer 

dipped for many of the U4.4 replicates, with the lowest-titer replicate driven to extinction 

by 48 HPI.  

Unfortunately, efforts to better understand this attenuation were stalled when a 

new TC-83 3x EP stock failed to exhibit this attenuation phenotype, even after multiple 



 

 

96 

infections (data not shown, Appendix 2 stocks 9-10). As two prior EP stocks exhibited 

this attenuated phenotype (Appendix 2 stocks 2 and 5), this suggests that the in vitro 

mosquito cell attenuation results from the most EP recent stock are the exception rather 

than the norm.   

Enoxacin treatment has no effect on TC-83 growth in vitro 

Mosquito cells were treated with enoxacin, a fluoroquinolone shown to enhance 

the RNAi response (367, 368), to determine if enhancement of RNAi would further 

attenuate the low-fidelity TC-83 mutant. No effect was observed when cells were treated 

with 50 or 100μM enoxacin and infected with an MOI of 10 (Figure 3.5, Appendix 2 

stocks 1-2).  

When treated with 50μM enoxacin and infected with an MOI of 0.01 (Appendix 

2, stocks 1-2), no difference was observed for untreated cells infected with TC-83 (Figure 

3.6 A&C). The extreme differences in virus titer observed during low MOI TC-83 3x 

infection also occurred when cells were treated with enoxacin (Figure 3.6 A&C), with 

enoxacin perhaps contributing to a lack of virus growth in U4.4 cells (Figure 3.7).  

 

DISCUSSION 

For a mosquito to be considered an arbovirus vector, it must be known to interact 

with and take blood meals from the vertebrate host in question, have multiple mosquito 

isolates from nature that are positive for virus infection, and be experimentally 

demonstrated to be competent for infection and transmission (369, 370). Based upon this 

definition, TC-83 has not been proven to be transmissible by a mosquito vector, as it has 

only been isolated once in the wild (306) and mosquitoes are only easily infected via IT 

injection (371). Our in vivo results suggest that the probability of a natural mosquito 

infection with TC-83 is low. For example, although Ae. sollicitans mosquitoes typically 
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exhibit high VEEV infection rates (253), these mosquitoes were difficult to infect with 

TC-83 even when using bloodmeal titers 10,000-fold higher than those expected from a 

vaccinated horse (304, 366). 

However, on the off chance that a mosquito does become infected with TC-83, 

our in vitro results suggest that the low-fidelity TC-83 mutant will be more attenuated in 

the vector than the original vaccine. This is not surprising as other fidelity arbovirus 

mutants are also attenuated in the mosquito vector (80, 82, 83). However, the 

mechanisms behind this attenuation are not well understood. A recent paper found low-

fidelity SINV to be attenuated in Drosophila due to the increased number of defective 

viral genomes being produced during infection, causing increased stimulation of the 

RNAi response (372). Due to the similarities between this mutant and ours, it is likely 

that our low-fidelity mutant is also attenuated in a similar fashion. 

Because RNAi does not play a significant antiviral role in the vertebrate host, 

where no difference between fidelity mutants and parent virus is observed in vitro, this 

suggests that RNAi is playing the predominant role in fidelity mutant attenuation in 

mosquito cells. As altering the virus fidelity changes the RNA sequences produced 

during virus replication, we hypothesized that the antiviral RNAi response in the 

mosquito was decreasing low-fidelity TC-83 3x replication fitness. To better understand 

if this response is why fidelity mutants are attenuated in vitro in mosquito cells, we 

attempted to enhance the RNAi response using the fluoroquinolone, enoxacin. In our 

hands, enoxacin did not appear to have any effect on virus growth for either TC-83 or 

TC-83 3x. This may be because enoxacin has only been previously examined in 

mammalian cells (367, 368), suggesting that the mechanism of action for this drug is not 

conserved in mosquitoes. Future work examining the small RNA repertoire in mosquito 

cells is needed to better understand the interaction of our low-fidelity virus with the 

RNAi response.  
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Primer name Primer sequence (5’ to 3’) 

4937V TACTGGTGTGCAGAAGATCC 

5263C GATGCRTGAGGAATGGACC 

5538V ATTWCTAGGGAGGAGCTCGAGG 

5637C CTCRAACTCCTCTCTTGTAATCAC 

6579C TTGTTCCTGGAGTCACTTTCAC 

6474V AAATTAAAAGGACCAAARGCTG 

6980V GATGAAATCYGGGATGTTCC 

7037C TCTCTTAACACTCTGCTTGCG 

7203V GCGCCYTATTTYTGTGGAG 

7800C CGTGGTTCTTCTTCTTCTTCC 

Table 3.1: PCR and sequencing primers. 

 “V” designates primer sequences complementary to the virus sequence (i.e. positive-

sense), while “C” designates primer sequences that bind to the minus-sense strand. 
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Table 3.2: Ae. sollicitans mosquito infection. 

Ae sollicitans mosquitoes were allowed to feed on an infectious blood meal containing 

10
7
 PFU of TC-83 or TC-83 3x. Mosquitoes were harvested after 10 days, and CPE 

assays were used to determine infection status. 

 

  

	 TC-83	 TC-83	3X	
Number	Fed/Total	 47/96	 57/101	

Number	Survived	 23	 18	
CPE	+	Bodies	 4	 4	
CPE	+	Heads	 2	 1	
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Figure 3.1: Ae. sollicitans body and head titers. 

Ae. sollicitans mosquitoes were allowed to feed on an infectious blood meal containing 

10
7
 PFU of TC-83 or TC-83 3x. Mosquitoes were harvested after 10 days, and plaque 

assays were used to determine the body (A) and head (B) titers of CPE+ mosquitoes. 

Student’s t-test found no significant differences in body titers.  
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Figure 3.2: Mosquito cell 1-step growth curves. 

C6/36 and U4.4 mosquitoes cells were infected with an MOI of 10 of TC-83 or TC-83 3x 

(A, B). Repeat infection of C7/10 and U4.4 mosquito cells infected with an MOI of 10 of 

TC-83 or TC-83 3x (C, D). Vero cells infected with at MOI of 10 at 30C (E, F). 

Infections were performed in triplicate and plaque assayed in duplicate. Error bars show 

standard deviation. Two-way ANOVA was performed. Significance is displayed in B, D, 

and F. p<0.05 designated by *, p<0.01 designated by **, . p<0.001 designated by ***,  

p<0.0001 designated by ****. 
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Figure 3.3: Mosquito cell 2-step growth curves. 

U4.4 (A, B, C, D) and C7/10 (A, B, E, F) mosquito cells were infected with TC-83 or 

TC-83 3x using an MOI of 0.01. Many of the isolates were negative for infectious virus, 

resulting in large error bars (A, C, E). To better visualize the infectious titers produced, 

isolates negative for virus were removed (B, D, F). Plaque assays were performed in 

duplicate. Error bars show standard deviation.  
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Figure 3.4: Repeated measure TC-83 3x mosquito cell infection. 

To determine how the virus titer changes over time in mosquito cells, C7/10 (A) and 

U4.4 (B) were infected in replicates of 10 using an MOI of 0.01. Plaque assays were 

performed in duplicate. Error bars show standard deviation.  
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Figure 3.5: Enoxacin does not protect mosquito cells against high MOI TC-83 infection. 

C6/36 cells infected with TC-83 (A) or TC-83 3x (B). U4.4 cells infected with TC-83 (C) 

or TC-83 3x (D). Mosquito cells were treated with enoxacin or mock, and infections were 

performed in triplicate using an MOI of 10. Plaque assays were performed in duplicate. 

Repeated measures ANOVA found no significant difference. Error bars show standard 

deviation.  
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Figure 3.6: Enoxacin treated mosquito cells during a low MOI infection. 

U4.4 (A, B) and C7/10 (C, D) mosquito cells were treated with enoxacin or mock and 

infected with TC-83 or TC-83 3x using an MOI of 0.01. Many of the isolates were 

negative for infectious virus, resulting in large error bars (A, C). To better visualize the 

infectious titers produced, isolates negative for virus were removed (B, D). Plaque assays 

were performed in duplicate. Error bars show standard deviation.  
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Figure 3.7: Percentage of virus extinctions in mosquito cells. 

During 2-step C7/10 and U4.4 mosquito cell growth curves, a significant number of TC-

83 3x infected cells failed to produce infectious virus.  
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VACCINE STABILITY 

Chapter 4: Low-fidelity TC-83 genetic and phenotypic stability2 

INTRODUCTION 

Although LAVs are immunogenic and relatively easy to manufacture, there is the 

potential for reversion and restoration of virulence. Unfortunately, due to their error-

prone RdRp (7), RNA virus LAVs carry the highest risk of reversion or pseudoreversion. 

For example, the global eradication of PV is nearly complete, largely due to the success 

of the live-attenuated Sabin vaccine (373). However, this vaccine has also been the 

source of sporadic cases of vaccine-derived polio, which occasionally result in outbreaks 

(373-376). Recombination with other enteroviruses (374, 376) and back-mutations (374, 

375) of the attenuating mutations have both been described as mechanisms for this 

reversion, with low vaccination coverage increasing this risk (373). Due to stability issues 

such as these, as well as the ever-increasing threshold for what constitutes a safe vaccine, 

it is highly important to test LAVs for their genetic and phenotypic stability. As our 

RdRp mutant is low-fidelity, it is even more critical to closely examine and determine if 

this vaccine candidate is at higher risk of reversion compared to TC-83, which itself is 

notoriously unstable and known to rapidly increase in virulence (292, 295).  

While some previously described low-fidelity mutants, such as the alphaviruses 

CHIKV and SINV, have been shown to be prone to reversion (82), other low-fidelity 

mutants, such as the ExoN mutant of SARS-CoV are quite stable (99). The mechanisms 

behind this difference in stability are unknown, although it may be due to the number of 

                                                 
2 Content of this chapter has previously been published: Kautz TF, Guerbois M, Khanipov K, Patterson EI, 

Langsjoen RM, Yun R, et al. Low-fidelity Venezuelan equine encephalitis virus polymerase mutants to 

improve live-attenuated vaccine safety and efficacy. Virus Evolution, 4(1), vey004. Reproduced with 

permission. 
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fidelity altering mutations; CHIKV and SINV are only one mutation away from 

reversion, while the SARS-CoV ExoN mutant is six mutations away. As low-fidelity TC-

83 exhibited unstable phenotypes in the studies described in the previous two chapters, 

we hypothesize that the likelihood of reversion or pseudoreversion is rather high, much 

like the low-fidelity CHIKV and SINV mutants. During this aim, genetic stability (i.e. 

reversion of the TC-83 attenuating mutations and/or low-fidelity mutations) was 

measured in vitro and in vivo, while changes in virulence were assessed in vivo. 

METHODS 

Cell culture 

Vero (African green monkey kidney), HEK-293 (human embryonic kidney), 

MRC-5 (human fetal lung fibroblast), and Baby Hamster Kidney (BHK) cells were 

obtained from the American Type Culture Collection (ATCC) (Bethesda, MD) and 

maintained in DMEM (Gibco) supplemented with 10% Fetal Bovine serum (FBS, Atlanta 

Biologicals), and 500μg/mL gentamycin (Corning) in a 37°C 5% CO2 incubator. C7/10 

cells were maintained in DMEM supplemented with 10% Fetal Bovine serum, 1% 

Minimal Essential Medium Nonessential Amino Acids (Gibco), 1% Trypose Phosphate 

Broth (Sigma), and 500μg/mL gentamycin in a 30°C 5% CO2 incubator. U4.4 cells were 

maintained in Mitsuhashi and Maramorosch media (Sigma) supplemented with 20% 

FBS, 2% Sodium Bicarbonate (7.5%) (Gibco), and 500μg/mL gentamycin in a 30°C 5% 

CO2 incubator.  

Virus stock generation 

Viruses were rescued from a TC-83 infectious clone (307) by electroporation 

using BHK cells. First, 5μg of TC-83 or the other RdRp mutants was linearized using the 

restriction enzyme MluI (NEB) in a 50μL volume. 5μL of each digestion was mixed with 

1μL 6el loading dye (NEB) and run on a 1% agarose (GeneMate) TAE (Fisherbrand) gel 
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at ca. 100V for ca. 1 hour to confirm digestion. The remainder of the linearized product 

was purified using a NucleoSpin PCR Clean-up and Gel Extraction kit (Clontech) as per 

the manufacturer’s protocol. 

In vitro transcription of the linearized DNA was performed in a 26μL volume 

using 2.5μL DTT (Invitrogen), 5μL 10X transcription buffer (Ambion), 2.5μL 10mM cap 

(NEB), 2.5μL 10mM rNTP (Roche), 250ng linearized DNA, XμL nuclease-free water up 

to a final volume of 26μL, 0.5μL RNaseOUT (Invitrogen), and 1μL of T7 (Ambion) (TC-

83) or SP6 polymerase (Ambion) (RdRp mutants for mouse passaging and in vitro 

transmission cycle passaging). This was incubated for 1 hour at 37°C and stored at -20°C 

overnight. 

BHK cells were grown overnight in a T-150 flask to approximately 95% 

confluency the next day using complete media (DMEM supplemented with 10% FBS, 

1% Minimal Essential Medium Nonessential Amino Acids, 1mM Sodium Pyruvate 

(Corning), and gentamycin. After one wash with with PBS (Gibco), 0.05% trypsin-EDTA 

(Corning) was used to detach the cells from the flask. Once detached, 4mL of complete 

media was added to the cells, and this was transferred to a 15mL conical tube and 

pelleted for 5 minutes at 125 X g. The media was decanted and the cells were 

resuspended in 7mL of cold PBS. This was wash repeated twice. Finally, the cells were 

resuspended in 450μL of cold PBS and stored on ice until added to 5μL of RNA from the 

in vitro transcription. This was gently mixed before being transferred to an 

electroporation cuvette with a 2mm gap (Fisherbrand). The sample was electroporated 

using a BTX 830 machine under the following conditions: 510V, 100μs pulse, 5 pulses, 

184ms interval. The cuvette was left for 10 minutes at room temperature before the cells 

were transferred to a T-75 flask with 10mL of complete media and stored in a 37°C 5% 

CO2 incubator. To collect, the supernatant from the flask was added to 2mL of FBS. The 

flask was then returned to the incubator after rehydrating the cells with fresh complete 

media. The supernatant was then clarified by centrifugation at 783 X g for 5 minutes at 
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4°C before being transferred to new 1.5mL tubes and finally stored at -80°C. Titers of the 

EP stock virus were determined by plaque assay using Vero cells. 

Plaque assay 

One day prior to infection, 6-well or 12-well Vero plates were plated using 

250,000 or 500,000 cells per well respectively to ensure approximately 90% confluency 

the following day. Virus stocks were diluted 1:10 8 times using 225μL DMEM 

(supplemented with 2% FBS and gentamycin) and 25μL virus. This dilution series was 

either performed using 1.5mL tubes (using vortexing to mix) or 96 well plates (using 

pipetting to mix). Media was then decanted from a cell culture plate and 100μL (12-well 

plate) or 200μL (6-well plate) of each dilution was added to a well. This was performed 

in duplicate. The infected monolayers were stored in a 37°C 5% CO2 incubator for 1 hour 

and were gently shaken every 15 minutes to ensure an even infection distribution. After 

this incubation, a 0.4% agarose overlay (1 part 2% agarose (Lonza) in filter-purified 

water to 4 parts DMEM supplemented with 2%FBS and gentamycin) was added to each 

well, and the plates were returned to the incubator. Following a 48 hour incubation, the 

monolayers were fixed for 30 minutes using 10% formaldehyde (Fisherbrand) before the 

agarose plugs were removed and the monolayer was stained with 0.25% crystal violet 

solution (Fisherbrand). The plates were then washed with water and allowed to dry before 

plaques were counted.  

PFU per mL was calculated using the following formula: PFU/mL=(dilution X 

number of plaques) (1000/amount plated), with “dilution” equaling the dilution at which 

the plaques were counted and “amount plated” equaling the amount of virus added when 

infecting the cells (i.e. 100μL for 12-well plates and 200μL for 6-well plates). 

Illumina NGS for EP stock generation and mouse passaging 
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VIRAL RNA EXTRACTION  

Viral RNA was extracted using the Qiagen viral RNA mini kit as per the 

manufacturer’s protocol.  

LIBRARY PREPARATION  

Illumina sequencing was performed by the UTMB sequencing core. Viral RNA 

from cell culture extracts were fragmented by incubation at 94°C for 8 minutes in 19.5 μl 

of fragmentation buffer (Illumina, San Diego, CA). First and second strand synthesis, 

adapter ligation, and amplification of the library were performed using the Illumina 

TruSeq RNA Sample Preparation kit as per the manufacturer’s protocol. For virus 

isolates from animals, PCR was first done using sequence-specific primers tiled across 

the VEEV genome to provide amplified products of approximately 1.5kb in size that 

were used for library generation. Products were fragmented using transposons, then 

adapter ligation and amplification of the library was performed using the Illumina TruSeq 

RNA Sample Preparation kit under conditions described by the manufacturer (Illumina, 

San Diego, CA). Samples were tracked using the “index tags” incorporated into the 

adapters as defined by the manufacturer. 

Sequence assembly and analysis 

Illumina sequencing analysis was performed by the Fofanov lab at UTMB. 

QUALITY AND FILTRATION 

The quality for each sample/dataset was assessed using FASTQC (351). The 

paired-end reads were merged for each sample and then filtered to exclude reads with 

unknown characters (anything other than A, T, C, G) and low quality (<15 quality score), 

so that only high quality reads were used during analysis. Additionally, the first 16 bases 

of each read were trimmed due to nucleotide bias.  
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REFERENCE SEQUENCE 

The analysis was performed using VEEV strain TC-83, complete genome 

(GenBank accession #: L01443.1) (308).  

VIRUS DIVERSITY ANALYSIS  

To analyze the variant hotspots, each sample was run through a novel rare variant 

pipeline (available upon request). The pipeline first maps each read to the reference 

VEEV genome with perfect match, then unmapped reads are re-mapped with 1 mismatch 

and added to the final map. The 34 base long reads used in the analyses were validated as 

viral sequences and not host sequences by analysis of the longest subsequences shared 

explicitly (no mismatches allowed) and longest similar (1 mismatch allowed) between 

viral and host genomes. Positions in which the number of reads mapped with mismatches 

was higher than perfectly mapped reads or coverage was below 100 were excluded from 

diversity calculations. Mutation frequency per sample was calculated by summing the per 

position diversities and normalizing by the number of positions for which diversity was 

calculated. Shannon Entropy was calculated using the equation -[Σ
s
i = plog(p)]/N, where p 

equals the probability of mutation and N equals the number of base calls that can happen 

at a position (i.e. A, G, C, T, insertion, or deletion). 

Cloning 

TC-83 GFP  

TC-83 containing GFP under the control of a second subgenomic promoter was 

provided by the Weaver lab at UTMB (Figure 6.1C). TC-83 GFP and TC-83 3x were 

digested using the restriction enzymes PspOMI (NEB) and PpuMI (NEB) as per the 

manufacturer’s protocol. The digestion was validated by running the entire contents of 

the digestion on a 1% agarose TAE gel. Bands were cut out and purified using the 

QIAquick Gel Extraction kit (Qiagen) as per the manufacturer’s protocol. The TC-83 
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GFP genome containing the GFP gene was ligated with the TC-83 3x genome containing 

the RdRp mutations using a T4 DNA ligase kit (NEB) as per the manufacturer’s protocol 

at a 1:3 insert to vector ratio. 4μL of the ligation was transformed using TOP10 

competent cells (Invitrogen) as per the manufacturer’s protocol, and 50μL of the 

transformation was plated on an LB-agar plate supplemented with 100μg/mL ampicillin 

and allowed to grow overnight in a 37°C incubator.  

Colonies were picked the next morning and tested for GFP insertion using the 

GoTaq green PCR master mix (Promega) as per the manufacturer’s protocol, with the 

primers 6705V (5’GCHGTCCTGCTTCCGAAC) and 7800C 

(5’CGTGGTTCTTCTTCTTCTTCC) used to determine GFP insertion. Of the colonies 

positive for the insert, one was used to spike 250mL of LB supplemented with 100μg/mL 

ampicillin. This was allowed to grow overnight in a 37°C incubator at 250rpm. The next 

morning, the bacteria were pelleted by centrifugation for 15 minutes at 2003 X g, and the 

plasmid was purified using a Plasmid Maxi kit (Qiagen). The purified plasmid stock was 

stored at -80°C.  

TC-83 RT-QPCR CONTROL PLASMID 

To determine RNA copy number, a control plasmid containing a portion of TC-83 

complementary to the real time PCR primers was needed. TC-83 plasmid DNA and the 

pBluescript II (SK+) plasmid (Stratagene) were digested with XBaI (NEB) and BamHI 

(NEB) as per the manufacturer’s protocol, generating an approximately 1.6kb fragment 

of TC-83 for insertion. The digestion was validated by running its entire contents on a 1% 

agarose TAE gel. Bands were cut out and purified using the QIAquick Gel Extraction kit 

(Qiagen) as per the manufacturer’s protocol. The 1.6kb TC-83 genome fragment was 

ligated with the pBluescript II (SK+) plasmid using the T4 DNA ligase kit (NEB) as per 

the manufacturer’s protocol and using a 1:3 insert to vector ratio. 4μL of the ligation was 

transformed using TOP10 competent cells (Invitrogen) as per the manufacturer’s 
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protocol, and 50μL of the transformation was plated on an LB-agar plate (Fisherbrand) 

supplemented with 100μg/mL ampicillin (Sigma) and allowed to grow overnight in a 

37°C incubator.  

Colonies were picked the next morning and tested for TC-83 fragment insertion 

using the GoTaq green PCR master mix (Promega) as per the manufacturer’s protocol. 

The primers M13 forward (5’GTAAAACGACGGCCAGT) and M13 reverse 

(5’CAGGAAACAGCTATGAC) primers were used to determine TC-83 insertion. Of the 

colonies positive for the insert, one was used to spike 250mL of LB supplemented with 

100μg/mL ampicillin. This was allowed to grow overnight in a 37°C incubator at 

250rpm. The next morning, the bacteria were pelleted by centrifugation for 15 minutes at 

2003 X g, and the plasmid was purified using the NucleoBond Xtra Maxi Plus kit 

(Clontech). The purified plasmid stock was stored at -80°C.   

RT-qPCR for TC-83 RNA copy number 

COPY NUMBER STANDARD 

To prepare the copy number standard (see “TC-83 RT-qPCR control plasmid”), 

1μg of the plasmid was digested using SphI (NEB) according to the manufacturer’s 

protocol. The digested plasmid was cleaned using the ClonTech PCR-cleanup kit as per 

the manufacturer’s protocol, and transcribed using the MaxiScript T7 kit (Ambion), also 

using the manufacturer’s protocol. Once transcribed, the plasmid DNA was digested 

using the DNA-free DNA removal kit (Invitrogen) and the RNA was further purified 

using the RNAqueous total RNA isolation kit (Ambion), both according to the 

manufacturer’s protocol. Finally, linearization, transcription, DNase I treatment, and 

further purification of the copy number standard were visualized for confirmation of each 

step using a 1% agarose TAE gel. Copy number was calculated using a DS-11 

spectrophotometer (DeNovix) to quantify the amount of RNA per microliter. An online 

calculator (http://endmemo.com/bio/dnacopynum.php) used this and the transcript length 

http://endmemo.com/bio/dnacopynum.php
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(1,723bp) to determine the RNA copy number per microliter. Following this, the RNA 

was diluted to 2x10
10

 copies per μL in 20μL aliquots and stored in a cold block at -20°C. 

RNA was only freeze-thawed once before being discarded.  

RT-QPCR 

Viral RNA was extracted using the ZR Viral RNA minikit (Zymo) as per the 

manufacturer’s protocol and eluted in 15μL nuclease free water. This was stored on ice as 

the rest of the reaction was prepared.  

A standard curve of the above RNA standard was made to total 8, 10-fold 

dilutions in nuclease-free water (5μL RNA mixed with 45μL nuclease-free water). 

Pipetting was used to mix between each dilution. This was stored on ice while the master 

mix was prepared.   

Real time PCR primers were designed to amplify a portion of the nsP3 gene. The 

forward (4840F 5-ATG CCA TGA CTC CAG AAA GAG-3) and reverse (4981R 5-GGT 

GAG AAC AAT ATA GGC TGG G-3) primers were diluted to 20μM stocks in nuclease-

free water, whereas the FAM tagged probe (4926P 5- /56-FAM/ ACT TCG GCA ATG 

GAA AGG ATG AGC A/3BHQ_1/ -3) was diluted to a 5μM stock, also in nuclease-free 

water. A master mix of reagents was made using 0.5μL of the 40X TaqMan RT enzyme, 

10uL 2X RT-PCR mix, 0.9μL 4840F stock primer, 0.9μL 2981R stock primer, 1uL 

4840F stock probe, and 1.7μL nuclease-free water per sample (TaqMan RNA-to Ct 1-

Step kit, Applied Biosystems). This was vortexed to mix and stored on ice.  

To set up the PCR, 10μL of viral RNA, standard, or nuclease-free water (as a non-

template control) was added to each well in every other column of a 96-well Real Time 

PCR plate (Applied Biosystems). To this, 30μL of the above master mix was added, and 

a multichannel pipet was used to mix. After thorough mixing, 20μL from each well was 

transferred to the adjacent well and the plate was sealed with optical tape (Applied 

Biosystems). After the plate was centrifuged at 125 X g for 1 minute, it was loaded into 
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the QuantStudio 6 Flex Real Time PCR System (Applied Biosystems), which was run 

using a 15 minute RT step at 48°C, followed by a 10 minute hot start at 95°C, and lastly 

40 cycles consisting of a 15 second denaturation at 95°C and 1 minute annealing and 

elongation step at 60°C. Following the run, the copy number calculated using the RNA 

standard was converted to RNA copy number per mL.  

TC-83 in vitro passaging: GFP 

One day prior to infection, a 6-well plate was seeded with 500,000 Vero cells. 

The day of infection, TC-83 GFP or TC-83 3x GFP (low-fidelity TC-83) was diluted 

10,000-fold for an MOI of approximately 0.5. Once diluted, media was decanted from the 

6-well Vero cell plate and 200μL of diluted virus was used to infect each well. These 

infections were performed using three replicates per virus. After this, the plate was 

transferred to a 37°C 5% CO2 incubator for 1 hour with occasional shaking. When the 

incubation was complete, the inoculum was removed and 2mL of DMEM supplemented 

with 2% FBS and gentamycin was added to each well. The plates were then returned to 

the 37°C 5% CO2 incubator. 

After a 24 hour incubation, the cell supernatant was removed and transferred to a 

tube with FBS to a final concentration of 20% FBS. This was centrifuged for 5 minutes at 

0.8 X g and transferred to a new tube. These tubes were stored at -80°C. Plaque assays 

were used to determine virus titer. Ten total passages were performed. 

To determine PFU:GFP, plaque assays were performed as per the usual protocol. 

After 48 hours, the cells were visualized under a fluorescent microscope and florescent 

plaques were counted. Following this, the cells were fixed and stained following the 

standard plaque assay protocol, and the number of plaques were counted. The number of 

GFP to PFU plaques was then calculated as a ratio to determine the amount of GFP 

florescence lost over the course of passaging. 

Illumina NGS for GFP passaging 
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VIRAL RNA EXTRACTION  

Viral RNA was extracted using the Zymo Direct-zol RNA mini kit as per the 

manufacturer’s protocol. 100ng of RNA was used for each ClickSeq library. 

CLICKSEQ LIBRARY PREPARATION 

ClickSeq (65) was used instead of the traditional Illumina library procedures to 

avoid the errant recombination that frequently occurs during the typical fragmentation 

and ligation steps. Instead of RNA fragmentation, SSIII RT-PCR (Invitrogen) is 

performed using random hexamers attached to an Illumina p7 adapter sequence. In 

addition to this, azido-NTPs, which cause chain-termination, are added to the NTPs at a 

1:35 ratio. In a manner similar to Sanger sequencing, this results in cDNA strands of 

various sizes. Following this, a modified 5’-hexynyl Illumina sequencing adapter was 

click-ligated onto the N-terminus of the cDNA strands using a copper-catalyzed azide-

alkyne cycloaddition. The cDNA was then purified using a Zymo DNA clean column and 

amplified using 18 cycles of OneTaq (NEB) PCR, resulting in the removal of the triazole 

group linking the cDNA fragment to the 3’ Illumina sequencing adapter. Following 

another Zymo DNA clean column purification, the samples were visualized on an 

agarose gel. cDNA libraries between 400-700bp were excised and purified using the 

Zymo Research Gel Recovery kit. Sequencing was performed by the UTMB sequencing 

core using an Illumina NextSeq 550. 

Sequence assembly and analysis 

Illumina ClickSeq sequencing analysis was performed by the Routh lab at UTMB. 
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QUALITY AND FILTRATION  

Cutadapt was used to remove adaptor sequences. Following this, FASTX toolkit 

was used to remove the random hexamer sequences generated during cDNA synthesis, as 

well as sequences with a PHRED score below 20.  

REFERENCE SEQUENCE  

The analysis was performed using VEEV strain TC-83 GFP, complete genome.  

VIRUS RECOMBINATION ANALYSIS  

Bowtie was used to align the virus sequences to the reference genome, with up to 

one allowed mismatch. Those sequences that did not align using Bowtie were processed 

using ViReMa, a recombination mapper, to determine the incidence of recombination. 

These reads were normalized to the average number of reads aligning to the virus 

genome. 

Infant mouse passaging and virulence 

Six-day-old CD-1 mice (Charles Rivers, Wilmington, MA) were inoculated IC 

with 10
4

 

PFU of virus in a volume of 20μl. After 48 hours, brains were removed, 

weighed, and transferred to a tube with a steel bead. Media (DMEM supplemented with 

10% FBS and gentamycin) was added to a produce final concentration of 10% weight to 

volume. Brains were homogenized using a TissueLyser II (Qiagen) for 5 minutes at 26 

beats/second, and then spun down for 5 minutes at 3.3 X g. Supernatant was transferred to 

a fresh tube and stored at -80°C. Plaque assays were used to determine virus titer. This 

information was used to dilute the virus for the next passage. 10 passages were performed 

in total. 
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Following passages 5 and 10, 6-day-old CD-1 mice were challenged SC with 10
5 

PFU or PBS in a volume of 50 μl. Animals were weighed daily for two weeks and 

monitored for survival. 

Virus full genome Sanger sequencing 

Virus RNA was extracted from the homogenized mouse brains using the QIAamp 

Viral RNA Minikit as per the manufacturer’s protocol and stored at -80°C. Using 3μl of 

this RNA, the Superscript III RT PCR kit (Invitrogen) was used to generate cDNA by 

adding 5μl nuclease-free water, 1μl dNTPs (NEB), and 1μl random hexamers. This was 

incubated at 65°C for 5 minutes and placed on ice for 2 minutes. Following these 

incubations, 4μl MgCl2, 2μl 10X RT buffer, 2μl DTT, 1μl RNase OUT, and 1μl SSIII 

enzyme was added to the first tube and incubated for 10 minutes at room temperature, 

followed by 43°C for 90 minutes, and finally 50°C for 10 minutes. This was stored at -

20°C.  

High fidelity Phusion PCR (NEB) was used to generate approximately 1.5kb 

amplicons that tiled the entire TC-83 genome. In a PCR tube, 2.5μl of cDNA was added 

to 10μl 5X buffer, 1μl dNTPs, 1μl forward primer (20μM), 1μl reverse primer (20μM), 

32μl nuclease-free water, 2μl MgCl2, and 0.5μl Phusion polymerase. The amplicon 

primers were as follows: 1V+1512C, 1210V+2874C, 2440V+4014C, 3725V+5263C, 

4937V+6579C, 6207V+7800C, 7246V+9047C, 8443V+10281C, and 9883V+11422C. 

The PCR reactions were amplified using a 98°C hot start for 30 seconds, followed by 35 

cycles of a 10 second 98°C denaturation, a 10 second 60°C anneal, and a 1.5 minute 

elongation at 72°C.  

Following PCR amplification, amplicons were visualized by running the entire 

contents of the reaction on a 1% agarose gel in TAE buffer. The bands were excised and 

purified using the QIAquick Gel Extraction kit as per the manufacturer’s protocol. DNA 

was eluted into 35μl of nuclease-free water and stored at -20°C. 
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Sequencing reactions were prepared by adding 1μL of a 2μM primer (Table 4.1) 

to 5μL DNA, 2μL 5X sequencing buffer, and 2μL BigDye (Applied Biosystems). The 

sequencing reactions were amplified using a 96°C hot start for 2 minutes, followed by 30 

cycles of a 10 second 96°C denaturation, a 5 second 50°C anneal, and a 4 minute 

elongation at 60°C. Following this, sequencing reactions were purified using Performa 

spin columns (EdgeBio) as per the manufacturer’s protocol, and loaded onto the Applied 

Biosystems 3500 Genetic Analyzer sequencer. Sequences were analyzed using 

Sequencher version 5.0.1.     

Statistics 

GraphPad Prism was used to perform all statistical tests, which are described in 

the text. 

RESULTS 

Phenotypic variation in EP stock 

Work in previous chapters suggested that differences in virus EP stock led to 

differences in phenotypes, both in vivo (Chapter 2) and in vitro (Chapter 3). To further 

examine this, EP stocks of TC-83 and TC-83 3x were generated independently in 

triplicate (Illustration 4.1). The TC-83 3x that was used for this experiment only 

contained the three low-fidelity RdRp mutations. After each clone was linearized, 

purified, and transcribed, virus RNA was electroporated into BHK cells and collected at 

32 and 56 HPE. 

At 32 HPE (Figure 4.1 A&B) and 56 HPE (not shown), no significant differences 

in CPE were observed between the two viruses or EP replicates. The titers from 56 HPE 

was slightly higher for all virus stocks, so these were selected for further characterization. 

There was no significant difference in virus titer as measured by plaque assay (Figure 
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4.1C) or RT-qPCR (Figure 4.1D), and thus no significant difference in specific infectivity 

(i.e. the ratio of infectious virus to virus RNA copy number).  

In the prior studies described in chapter 3, TC-83 3x was attenuated in mosquito 

cells at a low MOI when using two different EP stocks, but this attenuation was lost when 

using a third stock. However, the control TC-83 was always infectious when using this 

MOI. To determine if there were differences in mosquito cell attenuation for these new 

EP stocks, mosquito cells were infected using an MOI of 0.01 using 10 replicates, and 

supernatant collected at 24HPI was tested for infectious virus using a CPE assay. In stark 

contrast to the results described in chapter 3, all EP stocks generated for this experiment 

were attenuated, regardless of fidelity (Figure 4.1E). Additionally, there was no 

significant difference in the percentage of replicates negative for infectious virus.  

Illumina sequencing for virus variants during EP stock generation 

To determine the changes in virus diversity and minority variants that occurred 

when preparing clone-derived TC-83 and TC-83 3x, Illumina NGS was used to sequence 

each step of the EP procedure (Illustration 4.1). Equal amounts of linearized and purified 

virus clone DNA were used for each in vitro transcription, with 5μL of the transcription 

product used for EP, as per standard protocol. There was no significant difference in virus 

diversity for TC-83 and TC-83 3x during any EP step. However, TC-83 3x trended 

towards producing higher EP stock diversity, with p-values approaching the 0.05 

significance cut-off (Figures 4.2 A&C). Strikingly, however, the amount of virus 

diversity produced by the EP replicates varied enough to cause overlap in the diversity 

observed for individual TC-83 and TC-83 3x replicates.  

Overall diversity at one EP procedure step did not correlate with diversity at a 

later step (Figures 4.2 B&D). In contrast to this, the number of high frequency minority 

variants grew during each sequencing step (Figures 4.2 E&F). There was no difference in 

the number of high frequency minority variants between TC-83 and TC-83 3x until the 
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EP step, where TC-83 3x generated significantly more variants (Mann-Whitney U, 

p<0.01) (Figure 4.2E). Additionally, while high conservation in the location and 

amplitude of mutation hotspots for the DNA and in vitro transcription stocks was 

observed in Figures 4.3-4.4, there was clearly more variation in the EP stocks, especially 

for TC-83 3x.  

Interestingly, while 13-66% of high frequency DNA minority variants were later 

found in the in vitro transcription stocks, 80-93% of high frequency in vitro transcription 

minority variants were also found in the EP virus stock (Tables 4.2-4.3). These variants 

were almost entirely conserved between each EP stock, regardless of RdRp fidelity. 

However, these conserved mutations only comprised 67% of the high frequency TC-83 

3x EP mutations and 76% of those identified for TC-83. Of the remaining mutations, the 

majority were unique to each stock, with only 22% of TC-83 and 10% of TC-83 3x high 

frequency mutations found in another EP stock. Additionally, some variants were only 

found in high amounts in one step, but not another. For example, A7653C was found at a 

high frequency in all DNA stocks, but was not found in high amounts during 

transcription and EP. Additionally, T2507+T or T2507A was found in all transcription 

stocks at high levels, but not during EP.   

Illumina sequencing of EP stocks to determine mechanisms of in vitro mosquito 

attenuation 

As all of the EP stocks generated during this chapter were attenuated in mosquito 

cells when using a low MOI (Figure 4.1E), these stocks were compared to the TC-83 and 

TC-83 3x EP stocks that were not attenuated in Chapter 3. There was no significant 

difference in overall virus diversity between attenuated and unattenuated EP stocks 

(Figure 4.5 A-B) or in the number of high frequency mutations (Figure 4.5 C). Of these 

diversity hotspots, 62% of the variants were shared between attenuated and unattenuated 

virus stocks (data not shown). The remainder of these variants was diverse, with no high 
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frequency variants specific to either in vitro phenotype. Additionally, while some small 

differences were observed in the mutation frequencies of the attenuated versus 

unattenuated stocks, none were severe enough to explain the phenotypic changes (Figure 

4.5 D-E). Thus, no clear differences in virus diversity or the variants required for a 

successful infection of mosquito cells at a low MOI were found.  

Rapid loss of GFP florescence during low-fidelity TC-83 passaging 

To examine reporter gene stability, three independent replicates of TC-83 and 

low-fidelity TC-83 3x GFP were passaged 10 times on Vero cells using an approximate 

MOI of 0.5. Over the course of this passaging, reduced GFP expression for low-fidelity 

TC-83 3x was observed beginning at passage 4 (Figure 4.6B). In contrast, GFP loss was 

not observed for the TC-83 replicates until passage 8 (Figure 4.6A).  

To quantify this loss, the number of fluorescent plaques was compared to the 

number of plaques for passages 5-10 (Figure 4.7). Until passage 10, almost every TC-83 

plaque was fluorescent, and the largest PFU:GFP difference was approximately 1:30, 

which was only observed for one replicate during the final passage. On the other hand, all 

low-fidelity TC-83 replicates experienced an approximately 500-1500-fold decrease in 

fluorescence by passage 10, orders of magnitude higher than the ratios observed for the 

TC-83 GFP passaging replicates. As a low-fidelity SINV mutant was found to produce 

DI particles at high rates (64, 372), we hypothesized that low-fidelity TC-83 was also 

recombining at higher rates than TC-83, resulting in rapid GFP gene removal.  

Low-fidelity TC-83 GFP gene removal is enhanced 

 ClickSeq was used to generate Illumina sequencing libraries, allowing the 

frequency of virus deletion mutants to be quantified. All three TC-83 GFP replicates 

contained minority deletion variants that were able to selectively remove the GFP 

reporter gene by passage 10 (Figure 4.8). Deletion inside the GFP gene was higher than 
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for any other gene, even as soon as passage 1. In support of our hypothesis, low-fidelity 

TC-83 GFP was much more efficient at removing the GFP gene, as the frequency of 

deletions within GFP gene were far higher than those of TC-83 GFP (Figure 4.9).  

The first replicate of each virus was chosen for further analysis, as these both had 

median levels of decreased GFP florescence in Figure 4.7. Interestingly, for both viruses, 

peak recombination appeared in the middle of the GFP gene, and slowly spread out over 

the course of passaging to the entire gene (Figure 4.10). TC-83 3x was efficiently 

removing the entire GFP fragment by passage 3, while TC-83 needed until passage 8 to 

reach similar levels of GFP removal. This clearly demonstrated that TC-83 3x is much 

more efficient at recombination than TC-83.  

Genetic stability in vivo 

The low-fidelity TC-83 3x mutant and TC-83 were subjected to 10 serial 

intracranial passages in infant mice to determine if compensatory mutations accumulated 

in vivo (Appendix 2, stocks 1-2). To assess changes in virulence during passaging, 

passage 5 and 10 virus was injected subcutaneously into 6-day-old mice. TC-83 and TC-

83 3x both gained virulence by passage 5 compared to their unpassaged counterparts in 

Figure 2.2 (Kaplan-Meier test, p0.0001) (Figure 4.11A). Figure 2.2 was chosen for 

statistical comparison, as the same stocks were used for both of these experiments. At 

passage 5, the 3x mutant reached virulence equivalent to that of the original, unpassaged 

TC-83 with no significant difference in time to death. Interestingly, no significant 

changes in virulence occurred between passage 5 and 10 for either virus. This indicates 

that TC-83 3x can only reach virulence equivalent to unpassaged TC-83 and is unable to 

increase in virulence past that point.  

Illumina sequencing for virus variants following in vivo passaging 
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Illumina sequencing following mouse brain passage 5 showed an increase in 

diversity for the low-fidelity mutant relative to previous in vitro results (Figure 4.11B). 

Curiously, while diversity hotspots increased for TC-83 3x, the 6k hotspot observed after 

cell culture passage in Chapter 2 (Figures 2.3, 2.5 & 2.7) was greatly reduced for both 

passage 5 viruses (Figure 4.11 D&E). Although a different EP stock was used for infant 

mice passaging than the stock used to determine virus diversity during Chapter 2 (Figures 

2.3-7), TC-83 3x still exhibited fewer U-C mutations (Figure 2.4), suggesting that this 

may be a stable phenotype for low-fidelity TC-83.  

While TC-83 3x was more diverse than the parent TC-83 as measured by Illumina 

virus sequencing, fewer revertents occurred at the E2 mutation required for TC-83 

attenuation (Figure 4.11C) (307). Due to the position of the 5’UTR attenuation mutation, 

coverage was too low to assess true differences in the potential for this site to also revert, 

but no reads contained the revertent mutation for either virus. Following passage 10 in 

mouse brains, Sanger sequencing was used to identify several SNPs (Table 4.4). TC-83 

and TC-83 3x each produced 2 SNPs following 10 infant mouse passages. None of these 

SNPs reverted the TC-83 mutations that cause attenuation or the inserted RdRp 

mutations. Additionally, no convergent mutations were found in all passage series.   

DISCUSSION 

To ascertain the genetic and phenotype stability of our low-fidelity variant, we 

subjected TC-83 and TC-83 3x to various tests designed to examine stability when the 

viruses are first generated, as well as after multiple in vitro and in vivo growth cycles. 

Contrary to our initial hypothesis, the genetic stability of TC-83 3x is quite stable, with 

no evidence of reversion in any of our genetic stability assays. However, some variation 

was discovered.  

Errors are generated during each step of the Illumina NGS procedure and form up 

to 1% of detected variants (377). To correct for these errors, numerous biological controls 
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(e.g. CirSeq (378), DNA clone controls (379), primer IDs (380)) as well as in silico 

programs (e.g. DeepSNV (379), ShoRAH (381), PredictHaplo (382), etc.) have been 

developed. These methods are not perfect. For example, while some biological controls 

account for PCR errors, these also fail to control for errors generated during the error-

prone RT-step (i.e. infectious DNA clone controls (379), primer IDs (380)). 

Unfortunately, protocols that are able to control for RT errors also require high amounts 

of input RNA, making widespread use of these techniques unrealistic (378). Additionally, 

even when coverage is high and mapping is accurate, in silico approaches can either be 

too conservative, causing true variants to be missed, or too lax, resulting in a lack of 

precision (377). Variant callers can balance these two extremes by using various 

statistical models to predict expected variant error. However, unknown biases commonly 

result in greater than expected fluctuations in variants.   

The EP sequencing data summarized in Tables 4.2-4.3 suggest that our rare virus 

variant pipeline is liberal when identifying these variants, which due to the difficulty of 

calling rare virus variants accurately is not surprising. For example, all of the high 

frequency DNA variants were biased towards either the negative or positive sense 

strands, which is indicative of sequencing artifacts (379). This was true even when only 

reads with a quality score of 30 or above were used (data not shown). Interestingly, some 

of these sequencing artifacts, such as T9988A-G, were also found in high proportions in 

the transcription and EP stock, suggesting that there was high Illumina sequencing bias 

for these variants or that, indeed, these are true variants. While there was a link in the 

variants identified during all three EP stock steps, the variants in the transcription step 

were positively correlated with those that appeared in the EP. These may also be 

sequencing artifacts. However, as in vitro transcription is known to be error-prone, 

generating approximately the same error as an RdRp (101), and because these variants 

were much less common in the plasmid stock, this suggests that the errors that occur 

during in vitro transcription are largely carried over into the EP virus stock population. 
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Intriguingly, the errors generated during in vitro transcription largely form the common 

high frequency variants found in the different EP stocks. As this experient only examined 

T7 promoted clone sequences, it would be interesting to use different RNA polymerases 

during in vitro transcription to examine how this might alter the variants that occur during 

EP, as well as the effects this may have on virus fitness.  

Continuing the trend of inconsistency, all EP stocks generated during this subaim 

were sensitive to low MOI mosquito cell infection, regardless of RdRp fidelity. These 

attenuated stocks were compared to previously generated stocks that grew well in 

mosquito cells at a low MOI. However, no differences were identified. This suggests that 

factors beyond those measured here are responsible for the mosquito cell phenotype 

instability observed here and in chapter 3. Importantly, however, each EP stock exhibited 

slightly different amounts of overall diversity and was composed of a unique repertoire of 

high frequency virus variants, especially for low-fidelity TC-83, showing that EP stocks 

are not the same. In the future, it would be interesting to test these different EP stocks for 

variation in growth kinetics and/or in vivo (i.e. infant mice LD50) to determine differences 

in virulence, as it is not well understood how specific minority variants may contribute to 

different phenotypes.   

Previous research using a low-fidelity variant of SINV found that it also produced 

an overabundance of DI particles relative to the original virus when passaged using a 

high MOI (64). To determine if this was also true for our fidelity mutant, we passaged 

TC-83 GFP and TC-83 3x GFP ten times in Vero cells. However, a low MOI was used 

for a more accurate representation of virus recombination. Until recently, it was not 

feasible to observe recombination variants that naturally occur in virus populations due to 

the high amounts of recombination artifacts generated by typical Illumina sequencing 

library procedures (65). However, due to the ClickSeq method of generating libraries 

(65), it has now become possible to observe the regions in the virus genome most prone 

to recombination. It is important to understand where virus recombination occurs, not 
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only to understand the role of recombination in virus evolution, but also to comprehend 

how RNA viruses remove inserted genes, such as reporter genes used to visualize or 

quantify virus infection (i.e. GFP, luciferase). Reporter gene instability is a common 

phenomenon for RNA viruses, resulting in rapid loss of the reporter gene both in vitro 

(383-387) and in vivo (383, 385, 386). Understanding the frequency of reporter gene 

removal, as well as where removal is most likely to occur, at the level of the entire virus 

population will aid in the design of reporter genes with increased stability.  

We found conserved regions of recombination in the genome, as well as a slow, 

but persistent removal of GFP that was highly specific to only the inserted gene. 

Additionally, low-fidelity TC-83 3x was much more efficient at removing the extraneous 

GFP gene, suggesting recombination and fidelity for low-fidelity alphavirus RdRp 

mutants may be closely entwined (64). This also implies that experiments requiring 

reporter genes may not be very stable when using these low-fidelity constructs. Future 

experiments need to examine recombination differences in an unaltered genome to better 

understand the subtle changes in recombination that naturally occur. 

Finally, to ensure that our observations from the in vitro data were consistent with 

virus behavior in vivo, TC-83 and TC-83 3x were passaged IC in infant mice. Perhaps 

counterintuitively, the 3x hyper mutator variant, while undergoing an initial increase in 

virulence during in vivo passaging, only reverted to the same level of virulence as 

unpassaged TC-83. This is likely due to an increased amount of unfit virions (e.g. 

defective interfering particles), which hamper wt virus virulence, as well as the inability 

of the 3x mutant to revert the inserted RdRp mutations. Also, the passage 10 results for 

each virus were very similar to the passage 5 data, which demonstrates that the low-

fidelity mutant exhibits decreased risk of reversion to wt virulence compared to the 

original TC-83. While promising, this experiments bears repeating in the future to ensure 

that these results are consistently observed. 
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Overall, we have shown our TC-83 3x mutant to be genetically stable, with no 

reversion of the RdRp or TC-83 attenuating mutation, although not always 

phenotypically stable. Importantly, TC-83 3x was much less prone to reversion in vivo, 

which has always been problematic for TC-83 (292, 295), suggesting that our low-fidelity 

mutant is still an improvement over the original vaccine. 
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Primer name Primer sequence (5’ to 3’) 

1V ATGGGCGGCGCATGAG 

510C TAGAGGCTWGTCGGTCCGTCAAC 

722V CATTCTTAGGAAGAAGTATTTGAAAC 

1263C ACTGTCTRTCTCGTAGTCCTAGTGG 

1512C ATCGGCTGCGCACTTAGC 

1210V AGGCRTTTGCTAGGTGGG 

1671V GGYTTGATAAAGGTTACCAGC 

1779C CACTATGACTTGTTCAGCGAG 

2265C TTTYTTGGCGCTYACCAC 

2520C CGTGGTTAAAATGCACTTTCAG 

2814C TTGTACCGAACGGCATACAC 

2240V CGCTCATAGCCATYATAAGAC 

3024C TCMGGTCTCTCCAAGATGTG 

3207V TGCGTKAGGTTCTTTGGAC 

3525C TGCCCTTCAGTTTGCTGAC 

3768C GGATTCAGATGCAGRCAAGC 

4014C CAWCCGGCTTCGTGGAG 

3725V GTGTGAAGATCATGCTATTAAGC 

4192V AAGCGCGRCTGGTCAAAG 

4515C TCDGAKATGCATATCTCCTCCAC 

4689V GAAATTAATGCCATGTGGC 

5263C GATGCRTGAGGAATGGACC 

4937V TACTGGTGTGCAGAAGATCC 

5226V TGTTGCAAGTCGAGGCAG 

5538V ATTWCTAGGGAGGAGCTCGAGG 

5793C GGCATACGAAATCTCCAATTC 

5966V GAAGGCAGAMGGAAAAGTGG 

6579C TTGTTCCTGGAGTCACTTTCAC 

6207V CGCAGYTTTCCAAAGAAAC 

6705V GCHGTCCTGCTTCCGAAC 

7037C TCTCTTAACACTCTGCTTGCG 

7203V GCGCCYTATTTYTGTGGAG 

7800C CGTGGTTCTTCTTCTTCTTCC 

7426V CCGTAGGAACTTCCATCATAG 

7701V ACCTGACGTTCAAGCAACG 

8049C TTCTTCGTCTTRAGTGCGG 

8204V GGTGCCGAAAGGAGTTGG 

8763C GTTCCGTGCATGTCATACC 

9047C TGCATCTCGACATABGCTCC 

8443V ACCAATTTGCTAYGACAGAAAAC 

8954V TTTAATCCTGTAGGCAGAGAAC 

9581C GGGTGCTGTTTCCTGTGC 

9885V TCTGGATTCAATTGCTGATCC 

10281C TTCTCAGTGTCGCARAAGC 
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10215V ACAGGCCTGATGAACAGTG 

10794C AGTTTTCGGCGCGAATGG 

11422C GAAATATTAAAAACAAAATCCGATTYG 

Table 4.1: Sequencing primers. 

Primers used during the PCR amplification and sequencing of virus isolated TC-83 or 

TC-83 3x infected infant mice brain. “V” designates primer sequences complementary to 

the virus sequence (i.e. positive-sense), while “C” designates primer sequences that bind 

to the minus-sense strand.  
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Illustration 4.1. EP stock variability experiment. 

To test differences in EP stocks, three independent EP replicates were each generated for 

TC-83 and TC-83 3x. First, 5μg of TC-83 or TC-83 3x was linearized using the 

restriction enzyme MluI. After purification, 250ng of this DNA was used to generate 

RNA copies of the virus genome. 5μL of this RNA was then electroporated into BHK 

cells to generate infectious virus. The linearized DNA, in vitro transcribed RNA, and EP 

stock RNA were sequenced using an Illumina NextSeq 550 to test for differences in 

diversity and minority variants. To test for differences in EP stock phenotypes, C7/10 

mosquito cells were infected at an MOI of 0.01 using 10 replicates of each EP stock. 

Following a 24-hour incubation, the supernatant of the infected C7/10 cells was collected, 

clarified, and used to infect Vero cells. If Vero cell CPE was observed for all 10 

replicates of an EP stock, the stock was considered to be unattenuated. However, if any of 

the 10 replicates failed to produce CPE in Vero cells, the EP stock was considered to be 

attenuated. In this illustration, blue represents replicate 1, red represents replicate 2, and 

black represents replicate 3.  
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Figure 4.1: Variation in EP stock phenotype. 

BHK cells were EP in triplicate with TC-83 or TC-83 3x. At 32 HPE there was no 

difference in the CPE produced by TC-83 (A) or TC-83 3x (B). Using an unpaired t-test, 

no significant difference in virus titers as measured using plaque assay (C) or RNA copy 

number using RT-qPCR (D). Mosquito cells were infected with an MOI of 0.01 using 

TC-83 or TC-83 3x from the electroporation stocks (E). No significant difference in low 

MOI mosquito cell infectivity was observed using an unpaired t-test.  
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Figure 4.2: Illumina sequencing virus mutation frequency analysis of TC-83 and TC-83 

3x PE using BHK cells. 

Differences in overall mutation frequency between TC-83 and TC-83 3x after DNA 

linearization, in vitro transcription, and EP (A). Changes in the mutation frequency of 

each replicate after DNA linearization, in vitro transcription, and EP (B). Differences in 

overall Shannon Entropy between TC-83 and TC-83 3x after DNA linearization, in vitro 

transcription, and EP (C). Changes in the Shannon Entropy of each replicate after DNA 

linearization, in vitro transcription, and EP (D). Number of high frequency mutations 

(cut-off=0.02) for TC-83 and TC-83 3x after DNA linearization, in vitro transcription, 

and EP (E). Number of high frequency mutations (cut-off=0.02) of each replicate after 

DNA linearization, in vitro transcription, and EP (F).  Mann-Whitney U test was used to 

determine statistical significance, p<0.01 is represented by **. TC-83 3x data points are 

in red, while TC-83 data points are in black.  



 

 

135 

 

Figure 4.3: Illumina sequencing virus diversity hotspots for the coding regions of three 

TC-83 3x replicates. 

Purified, linearized DNA replicate 1 (A), Purified, linearized DNA replicate 2 (B), 

Purified, linearized DNA replicate 3 (C). In vitro transcription replicate 1 (D), In vitro 

transcription replicate 2 (E), In vitro transcription replicate 3 (F). EP stock replicate 1 

(G), EP stock replicate 2 (H), EP stock replicate 3 (I). Genome organization is color-

coded using the following: nsP1: blue, nsP2: red, nsP3: green, nsP4: purple, capsid: 

orange, E3: black, E2: gold, 6k: navy blue, and E1: maroon.  

  



 

 

136 

 

Table 4.2: High frequency variants (≥0.02) for the coding region of TC-83 3x. 

If a variant was found to be present in more than one EP step (i.e. DNA, TX, or EP) for a 

replicate, this nt position was highlighted. R1: replicate 1, R2: replicate 2, R3: replicate 3, 

TX: in vitro transcription, del: deletion, +: insertion. Genome strand bias: positive (+), 

minus (-), or both (+/-) is indicated in the parentheses.  
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Figure 4.4: Illumina sequencing virus diversity hotspots for the coding regions of three 

TC-83 replicates. 

Purified, linearized DNA replicate 1 (A), Purified, linearized DNA replicate 2 (B), 

Purified, linearized DNA replicate 3 (C). In vitro transcription replicate 1 (D), In vitro 

transcription replicate 2 (E), In vitro transcription replicate 3 (F). EP stock replicate 1 

(G), EP stock replicate 2 (H), EP stock replicate 3 (I). Genome organization is color-

coded using the following: nsP1: blue, nsP2: red, nsP3: green, nsP4: purple, capsid: 

orange, E3: black, E2: gold, 6k: navy blue, and E1: maroon.  
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Table 4.3: High frequency variants (≥0.02) for the coding region of TC-83. 

If a variant was found to be present in more than one EP step (i.e. DNA, TX, or EP) for a 

replicate, this nt position was highlighted. R1: replicate 1, R2: replicate 2, R3: replicate 3, 

TX: in vitro transcription, del: deletion, +: insertion. Genome strand bias: positive (+), 

minus (-), or both (+/-) is indicated in the parentheses.  
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Figure 4.5: Correlation of genetic and phenotypic differences in EP stocks. 

EP stock from chapter 2, which was not attenuated in mosquito cells, was compared to 

TC-83 and TC-83 3x EP stock that was attenuated to determine differences between the 

EP stocks. Differences in overall mutation frequency between attenuated and 

unattenuated TC-83 and TC-83 3x stocks (A). Differences in overall Shannon Entropy 

between attenuated and unattenuated TC-83 and TC-83 3x stocks (B). Number of high 

frequency mutations (cut-off=0.02) for TC-83 and TC-83 3x after DNA linearization, in 

vitro transcription, and EP (E). Differences in the number of high frequency mutations 

(cut-off=0.02) between attenuated and unattenuated TC-83 and TC-83 3x stocks (C). 

Mann-Whitney U test was used to determine statistical significance for A-C. Mutation 

frequency of different mutations for unattenuated (D) and attenuated (E) TC-83 and TC-

83 3x. Two-way ANOVA was used to determine statistical significance for D-E. TC-83 

3x data points are in red, while TC-83 data points are in black. p>0.05 is represented by 

ns, p<0.05 is represented by *, p<0.01 is represented by **, p<0.001 is represented by 

***.  
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Figure 4.6: Loss of GFP fluorescence during passage. 

Vero cells were infected with TC-83 GFP (A) or low-fidelity TC-83 GFP (B) over the 

course of 10 virus passages. A representative replicate for each virus is depicted. Upper 

panels show brightfield microscopy images, while lower panels show GFP florescence. 

P: passage. Genome schematic of TC-83 GFP (C). 
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Figure 4.7: Loss of GFP fluorescence during passage. 

The ratio of PFU:GFP foci was determined to estimate the loss of GFP florescence for 

TC-83 GFP (A) and low-fidelity TC-83 GFP (B). Replicate 1: circle, replicate 2: square, 

replicate 3: triangle.  
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Figure 4.8: ViReMa recombination results for TC-83 GFP. 

Passages 1, 5, and 10 are shown for each TC-83 GFP replicate. The x-axis shows genome 

position, while the y-axis shows the recombination frequency (i.e. normalized to the total 

reads that map to TC-83 GFP). Below the recombination charts, a schematic shows the 

approximate location of the nsP, GFP, and structural genes.  
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Figure 4.9: ViReMa recombination results for TC-83 3x GFP. 

Passages 1, 5, and 10 are shown for each TC-83 3x GFP replicate. The x-axis shows 

genome position, while the y-axis shows the recombination frequency (i.e. normalized to 

the total reads that map to TC-83 3x GFP). Below the recombination charts, a schematic 

shows the approximate location of the nsP, GFP, and structural genes.  
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Figure 4.10: ViReMa recombination results for TC-83 GFP and TC-83 3x GFP. 

Each passage of the first replicate of TC-83 GFP and TC-83 3x GFP was sequenced 

using ClickSeq libraries and analyzed using ViReMa. The x-axis shows genome position, 

while the y-axis shows the recombination frequency (i.e. normalized to the total reads 

that map to TC-83 3x GFP). Below the recombination charts, a schematic shows the 

approximate location of the nsP, GFP, and structural genes. “P” represents passage. 
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Figure 4.11: In vivo genetic and phenotypic stability. 

Survival of 6-day old CD-1 mice following SC injection with 10
5
 PFU in a 50ul volume 

of passage 0, 5, or 10 TC-83 or TC-83 3x from infant mouse intracranial passages (A). 

Statistical differences were determined using Kaplan-Meier tests, and significance is 

detailed in the text. Illumina sequencing diversity analysis was used to determine changes 

in virus diversity of passage 5 TC-83 or TC-83 3x in infant mice (B). Mutation reversion 

frequency of the E2 8922 mutation required for TC-83 attenuation (C). Illumina 

sequencing virus diversity hotspots for the coding regions of TC-83 (D) and TC-83 3x 

(E) genomes after 5 intracranial passages. Genome organization is color-coded using the 

following: nsP1: blue, nsP2: red, nsP3: green, nsP4: purple, capsid: orange, E3: black, 

E2: gold, 6k: navy blue, and E1: maroon.  



 

 

146 

  Amino Acid 

Change 

TC-83 3X TC-83 

nsP2 C3179T  X  

nsP4 T7208C   X 

E2 A8805T D-L X  

3’UTR C11386T   X 

Table 4.4: Changes in nucleotide sequence following p10 in mouse brains as verified 

by Sanger sequencing. 
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WHAT IS A FIDELITY MUTANT? 

Chapter 5. Discussion 

In this dissertation, a low-fidelity TC-83 was found to improve upon the unaltered 

TC-83 in a variety of ways. For example, this mutant enhanced the neutralizing antibody 

response when used as a vaccine, decreased virulence in an infant mouse model, 

decreased replication in vitro in mosquito cells, was genetically stable, and was unable to 

increase in virulence on par with TC-83 when passaged in infant mice. However, when 

some of these assays were repeated, such as the infant mouse virulence experiments and 

low MOI mosquito cell infections, phenotypes were not reproduced, likely due to 

differences in EP stocks. While frustrating, this is a common problem in science, referred 

to as the replication crisis (388). This is especially concerning for the vaccine candidate 

described in this dissertation, as these inconsistent outcomes represent a significant 

barrier against the development of fidelity mutants as live-attenuated vaccine. These 

inconsistencies necessitate further consideration of the putative characteristics of a virus 

fidelity mutant.  

DEFINING A FIDELITY MUTANT 

The most basic definition of a RNA virus fidelity mutant is a virus that produces 

more or less error when replicating relative to unaltered virus. While identifying a fidelity 

mutant may appear straightforward, it can be difficult to link certain mutations to changes 

in fidelity. Additionally, questions arise that are difficult to answer. For example, is a 

virus a fidelity mutant if it is not high or low-fidelity for all mutation types? For half of 

the mutation types? As long as the overall balance is consistently higher or lower than the 

control virus? While this may be less of a concern for fidelity mutants that are resistant to 



 

 

148 

multiple types of nucleoside analogs, this is important to know for fidelity mutants that 

only display resistance to one type (78).  

As the low-fidelity TC-83 discussed during this dissertation displays inconsistent 

changes in the frequency of certain mutations, these questions must be asked. The answer 

likely depends on the purpose of the project. For example, if the goal is to cause further 

attenuation of a vaccine, this is not likely to be important as long as the attenuation is 

stable. However, this knowledge is important if a vaccine phenotype is not stable or when 

asking basic science questions. Unfortunately, the frequency of different mutations is not 

available for most fidelity mutants, and the majority of those mutants for which this is 

available either find an imbalance in different types of mutation (74, 79, 83) or do not 

provide enough information to determine this (63, 88).  

ARE SOME FIDELITY MUTANTS ACTUALLY KINETIC MUTANTS? 

Theoretically, fidelity mutants should not be attenuated in vitro, because changes 

in fidelity should not be detrimental to virus replication (353). The lack of a growth 

defect is a desirable characteristic for a LAV, as this is one less barrier against production 

of the vaccine. This is especially true for a vaccine such as TC-83, which grows to very 

high titers. However, many fidelity mutants do grow slightly slower than wt virus (72, 76, 

82, 85, 389), especially in primary vertebrate cells (67, 77) and mosquito cells (82-84). 

While the mechanisms behind this slight attenuation are not well understood, this 

suggests that in a more complex environment, such as those found in vivo, that fidelity 

mutants may essentially behave as kinetics mutants (67). As fidelity mutants commonly 

display lower titers and tissue restriction in vivo (46, 68, 69, 73, 80, 82, 86, 339), perhaps 

the lower titers produced by fidelity mutants act as a bottlenecks, producing a virus 

population without the correct mutant spectrum to infect the same number of tissues as wt 

virus. Additionally, a drop in the virus titer due to slightly lower replication kinetics 

likely makes the infection easier for the host to control, which could be a confounding 
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factor in the attenuation commonly observed for fidelity mutants. This begs the question 

of whether fidelity and kinetics can ever truly be separated. 

Newer technologies may aid in determining the differences between fidelity and 

replication, if they do indeed exist. For example, measuring the incorporation of 1-2 nt, as 

is common in sym/sub replication kinetics experiments, is not an accurate depiction of 

virus replication, which requires the RdRp to replicate not one, but thousands of nts. A 

new technique, known as magnetic tweezers, addresses this by attaching a coverslip to 

one strand of an approximately 3kb dsRNA molecule and a magnetic bead to the other 

(390, 391). As the RdRp replicates the RNA, this releases the beaded RNA strand from 

the anchored RNA strand, allowing the magnetic bead to migrate upwards towards a 

magnet. The longer the distance between the coverslip and the magnet, the more efficient 

the RdRp is at replication. Sym/sub replication studies have shown low-fidelity viruses to 

be fast, but inaccurate nt incorporators (18, 46, 77, 83). However, magnetic tweezers 

have shown that low-fidelity PV H273R also displays an increased number of pause 

events, which are associated with the incorporation of incorrect nts (390). This suggests 

that low-fidelity polymerases are prone to stuttering when replicating, which may have 

impacts on other polymerase-associated events, such as recombination. Understanding 

the role of processivity and its ties to fidelity is one step towards closing the gap of 

knowledge between what is observed during very simple measures of virus replication, 

such as sym/sub replication, and what is observed in cell culture and animals. 

For some viruses, such as those in the alphavirus genus, the RdRp is unstable, and 

thus fine measurements of RdRp replication kinetics are not possible. Single-cell 

sequencing presents an exciting alternative, while also offering a better understanding of 

the fate of each virus-infected cell (392-394). Interestingly, when low-fidelity H273R PV 

was examined using this technique, it was found to cause a reduced number of infections 

compared to wt virus, as well as delayed replication initiation (392). However, H273R 

was able to replicate quickly enough to reach peak titer at the same time at wt PV. This 
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experiment confirmed what had been measured using the sym/sub system (79), 

suggesting that some of the measurements that once required cell-free systems to assay 

can now be performed in cells. This also improves upon the more standard biochemical 

and growth curve kinetics assays by allowing for the measurement of thousands of 

infections at the same time in replicate, instead of only examining a composite. However, 

as these techniques are relatively new, this type of analysis is not yet widely available. 

FIDELITY MUTANT STABILITY  

As John Allen Paulos once said, “uncertainty is the only certainty there is,” (395) 

which seems to be especially true of RNA virus fidelity mutants. While fidelity mutants 

exhibit certain trends, like attenuation in one environment versus another, these do not 

appear to always be stable. During studies described in chapters 2-4 of this dissertation, 

there were multiple in vivo and in vitro examples of inconsistent TC-83 phenotypes with 

no clear explanation as to the reason for this instability. This is not entirely surprising, as 

RNA virus fitness landscapes are hypothesized to be turbulent (20, 22), and there is a 

paucity of methods to aid in the prediction of these landscapes. When examining the 

literature, most fidelity mutants have only been characterized in the paper showcasing 

their discovery, and those that have appeared in more than one publication are used to 

examine something novel. Occasionally, however, assays are repeated, and these 

commonly show inconsistent fidelity and/or phenotypes, as described below. 

The high-fidelity HEV71 mutants were first described by Sadeghipour et al. in a 

pair of concurrent papers (72, 339). While G64R, G64T, and S264L RdRp mutations 

were all able to increase HEV71 fidelity in vitro (72), only S264L caused attenuation in 

vivo when using 5-day-old BALB/c mice, which have an intact IFN response (339). 

However, when these mutants were later examined in a slightly different virus backbone 

that was not murine-adapted, G64R was approximately 3-fold less virulent than S264L 

when using 10-day-old AG129 mice (IFN-receptor deficient), which itself was 37-fold 
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less virulent than the control virus (73). This is odd, because these results suggest that 

small changes to the HEV71 backbone can cause dramatic changes in virulence. 

However, if the highly conserved PV G64 residue is able to increase fidelity in a distantly 

related enterovirus such as HEV71, this is not likely to be the cause of differences in 

virulence. Alternatively, changing the mouse model may have resulted in decreased 

G64R virulence in AG129 mice. However, as PV G64S (67, 68) and other fidelity 

mutants (46, 71, 75-80, 82, 86, 87) are attenuated in mice with intact IFN, it would 

therefore be predicted that the HEV71 G64R mutant would also be attenuated in the 

BALB/c model. Thus, there is no clear explanation for why the HEV71 G64R mutant 

would behave so differently in the hands of different labs. 

The most famous and highly studied fidelity mutant, high-fidelity PV G64S, is not 

immune to incongruent results. The first study to examine PV G64S in vivo infected 

cohorts of 10-week-old PVR mice IM with 5x10
6
 PFU of G64S or wt PV (67). Of the 25 

mice per cohort, approximately 10 G64S PV mice exhibited no symptoms over the course 

of infection, while only 5 of the mice infected with wt PV exhibited no symptoms. While 

it was stated that fewer deaths were recorded for G64S infected mice, this data was not 

shown. In contrast to this, Vignuzzi et al. (68) found that 100% of 8-week-old PVR mice 

infected IM with 10
7
 PFU of G64S were able to survive infection, suggesting that this 

G64S was more attenuated than it was in the initial in vivo virulence study (67). Vignuzzi 

et al. also used this experiment to calculate LD50 values, which were 1.2x10
6
 PFU for wt 

PV and 3.9x10
8 

PFU
 
for G64S, a 325-fold difference. These are the exact same LD50 

values published in a later paper also by the Vignuzzi lab (69). This alone would not be 

too concerning as both papers demonstrated that G64S PV was more attenuated in vivo 

than wt PV. However, a recent dissertation (396) reported complete hind limb paralysis 

in all mice (which mice cannot recover from) when 4-6-week-old PVR mice were 

infected IM with 10
7
 PFU of G64S, as well as no difference in the LD50 values for G64S 

versus wt PV. Intriguingly, for this group, G64S was only more attenuated than wt PV 
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when 5-week-old mice were infected IP. This report was further reinforced by the most 

recent paper to examine G64S virulence, which also found 5-week-old PVR mice 

infected IM with 10
7
 PFU of this mutant or wt PV to succumb to infection at identical 

rates (63). There was also no difference in the LD50 values. Xiao et al. suggested that this 

difference may be due to age, as the wt PV LD50 for 8-week old mice in this study was 

10
7 

PFU versus 5x10
5
 PFU for 5-week-old mice. However, it is unknown how this 

translates to high-fidelity G64S PV, and does not explain why the LD50 values would be 

so similar for wt PV and G64S. Again, as seen for HEV71, fairly large differences in 

phenotypes were observed when different labs examined this fidelity mutant. 

The inconsistency observed for in vivo attenuation with HEV71, PV, and our TC-

83 mutant suggest that this is a prevalent occurrence for fidelity mutants. This is 

concerning, as one of the best pieces of evidence for the theory of virus quasispecies is 

the original high-fidelity PV study by Vignuzzi et al., which demonstrated that it was the 

overall diversity of the quasispecies that caused virulence, not any one mutation (see 

“Poliovirus” in the introduction). Perhaps it is not surprising that in vivo attenuation is 

inconsistent, as it is hypothesized that high fidelity viruses will be less likely, not entirely 

unable, to produce the mutants necessary for different tasks (e.g. IFN evasion, host 

switching). This is supported by recent studies that have correlated specific minority 

variant mutations to increases in virus fitness (204, 397). Additionally, while low-fidelity 

viruses are hypothesized to overproduce deleterious, interfering mutants, perhaps some 

stocks harbor more interfering mutants than others, while others may generate high 

fitness mutations due to random chance, leading to differences in attenuation.  

While the mechanism(s) behind this variation in attenuation in vivo have yet to be 

determined, a study by Xiao et al. hints that PV is able to overcome increased fidelity by 

using recombination, suggesting that recombination may be playing a compensating role 

for other fidelity mutants (91). Additionally, as suggested by Xiao et al., the age of the 

mouse could explain the severe changes in attenuation, although this may be specific to 
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PV G64S. If so, this is of large concern for vaccine development, as this suggests that, at 

best, only certain human populations would benefit from the increased vaccine 

attenuation, or at worst, that there would be no discernable difference between vaccines 

with or without altered fidelity. This needs to be examined closely to determine exactly 

what is causing these changes in virulence and if these mechanisms are conserved 

between different fidelity mutants. At minimum, this suggests that separate LD50s should 

be performed for each altered fidelity mutant stock to ensure consistent attenuation. 

Additionally, the diversity of fidelity mutants can be somewhat inconsistent. For 

example, the mutation frequency of high-fidelity CHIKV C483Y was initially determined 

to be approximately 1.4-fold higher than wt virus (80). Five independent EP stocks for 

each virus were used to determine these mutation frequencies, and, interestingly, there 

was large overlap of the mutation frequency error bars between the two viruses, similar to 

our EP results in Chapter 4. Later publications that used C483Y as a control found no 

difference in the mutation frequencies generated by C483Y or wt CHIKV (81, 82), which 

may explain why the TC-83 C488Y mutant examined in Chapter 2 had no effect on virus 

fidelity. Interestingly, the mutation frequency per 10
4
 nt was slightly higher for wt 

CHIKV in the initial study compared to more recent papers (5.1 versus 4.4 and 4.4), as 

well as slightly lower for C483Y (3.6 versus 4.1 and 4.2), suggesting that slight 

fluctuations in both the wt and RdRp mutant stock can reduce or entirely ablate 

significant differences in replication fidelity. Alternatively, this change in the CHIKV 

C483Y mutation frequency is perhaps explained by an nsP2 mutation, G641D, which was 

found during the initial high-fidelity CHIKV identification (80) and later shown to also 

increase CHIKV fidelity (81). It would be interesting to determine the occurrence of this 

nsP2 mutation in different CHIKV C483Y EP stocks, and whether the appearance of this 

mutation in the minority variant population is correlated with decreased mutation 

frequencies. Importantly, while the flux in this CHIKV mutant’s replication fidelity is 

likely one of the more egregious examples, some degree of mutation frequency flexibility 
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is probably to be expected due to differences in mutation frequency measurements, 

random chance, and other unknown variables (Figure 5.1). 

Unfortunately, for many fidelity mutants we may never know what aspects are or 

are not repeatable, as the majority of fidelity mutants have not been closely and 

repeatedly examined. This is problematic, as outcomes from experiments using putative 

fidelity mutants are being used to draw significant conclusions regarding RNA virus 

evolution (37, 372). Without a thorough understanding of the shortcoming of each 

proposed fidelity mutant, however, their use is likely to lead to ambiguous and 

misrepresentative results. Thus, it is now important for the fidelity mutant field to take a 

step backwards to truly assess what it means for a virus to display altered fidelity. 

USING FIDELITY MUTANTS AS VACCINES 

As described above, the inconsistent attenuation observed with fidelity mutant 

viruses suggests that fidelity mutants are not yet ready for mainstream use as vaccine 

candidates. If the outcome of virus recovery is variable and leads to major shifts in the 

observed phenotype for a fidelity mutant, despite the same consensus level mutations 

being present, this creates a significant barrier for developing a controlled manufacturing 

process. At minimum, correlates of attenuation need to be developed by generating many 

pools of virus stock, establishing a correlate of protection (e.g. a significantly lower LD50 

in a mouse model), and sequencing these stocks to determine minority sequences 

associated with attenuation or virulence. It would also be important to passage these 

stocks to guarantee stability of the vaccine genotype and phenotype and reduce adverse 

events following vaccination.  

Perhaps our low-fidelity TC-83 vaccine candidate could be further improved upon 

by further attenuation beyond the E2 and 5’UTR mutations responsible for its initial 

attenuation. For example, inserting our low-fidelity mutations into a closely related 

VEEV vaccine candidate (e.g. V3526 (311)) could result in a more consistently 
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attenuated vaccine candidate. It may also be interesting to explore differences in vaccine 

attenuation caused by different methods of preparing virus stocks. As shown in chapter 4, 

minority variants created during in vitro transcription are largely retained in the EP stock. 

Different plasmid promoters (e.g. T7, SP6, CMV) and the repercussions of these on virus 

stock genotypes and phenotypes should be explored in future work. Using a CMV 

promoter would be especially interesting, because this would allow for the delivery of the 

vaccine candidate as a plasmid via a gene gun, as described in the overall introduction. 

This method of vaccine delivery would eliminate the errors generated during the in vitro 

transcription step necessitated by our EP virus stocks and would streamline the 

manufacturing process.  

While using fidelity mutants as vaccines held such large promise during the initial 

high fidelity poliovirus studies, the work described in this dissertation and elsewhere 

suggests that this method of virus attenuation is only workable if attenuated viruses are 

used as the backbones for these mutants. There is some historical evidence for this, as the 

vaccine for yellow fever, 17D, is believed to be a safe and effective vaccine based upon 

multiple attenuation mutations as well as a high fidelity polymerase. Perhaps in the future 

the instability exhibited by our low-fidelity vaccine candidate, as well as other fidelity 

mutants, will be overcome, allowing for these fidelity mutants to be used as vaccines. 

Until then, however, fidelity mutants will remain as a tool for basic science, at least when 

used in a well-controlled setting.  
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Figure 5.1: Variation in fidelity mutant mutation frequencies. 

Variation in the mutation frequency of unaltered virus versus: high-fidelity PV G64S (68, 

69, 79), high-fidelity CHIKV C483Y (80-82), or low-fidelity CHIKV C483G (81, 82). 

Dashed lines indicate equal levels of mutation frequency for control and fidelity mutant 

viruses.  
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APPENDIX 1.  VEEV TRANSMISSION CYCLE IN VITRO 

No work has examined genetic/phenotypic stability of arbovirus fidelity mutants 

in a transmission cycle. To better understand how TC-83 and the low-fidelity mutant 

adapt when confronted with alternating animal and vector environments, these viruses 

were serially passaged in duplicate using mosquito cells, vertebrate cells, or cycling 

between the two. Also, to determine if any adaptive changes occurred while virus was 

passaged in cells with functional cellular immunity, interferon competent (MRC-5) or 

incompetent (Vero) vertebrate cells were used alongside siRNA competent (U4.4) or 

incompetent (C7/10) mosquito cells (Illustration 6.1).  

METHODS 

Cell culture 

Vero (African green monkey kidney), HEK-293 (human embryonic kidney), 

MRC-5 (human fetal lung fibroblast), and Baby Hamster Kidney (BHK) cells were 

obtained from the American Type Culture Collection (ATCC) (Bethesda, MD) and 

maintained in DMEM (Gibco) supplemented with 10% Fetal Bovine serum (FBS, Atlanta 

Biologicals), and 500μg/mL gentamycin (Corning) in a 37°C 5% CO2 incubator. C7/10 

cells were maintained in DMEM supplemented with 10% Fetal Bovine serum, 1% 

Minimal Essential Medium Nonessential Amino Acids (Gibco), 1% Trypose Phosphate 

Broth (Sigma), and 500μg/mL gentamycin in a 30°C 5% CO2 incubator. U4.4 cells were 

maintained in Mitsuhashi and Maramorosch media (Sigma) supplemented with 20% 

FBS, 2% Sodium Bicarbonate (7.5%) (Gibco), and 500μg/mL gentamycin in a 30°C 5% 

CO2 incubator.  

Plaque assay 
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One day prior to infection, 6-well or 12-well Vero plates were plated using 

250,000 or 500,000 cells per well respectively to ensure approximately 90% confluency 

the following day. Virus stocks were diluted 1:10 8 times using 225μL DMEM 

(supplemented with 2% FBS and gentamycin) and 25μL virus. This dilution series was 

either performed using 1.5mL tubes (using vortexing to mix) or 96 well plates (using 

pipetting to mix). Media was then decanted from a cell culture plate and 100μL (12-well 

plate) or 200μL (6-well plate) of each dilution was added to a well. This was performed 

in duplicate. The infected monolayers were stored in a 37°C 5% CO2 incubator for 1 hour 

and were gently shaken every 15 minutes to ensure an even infection distribution. After 

this incubation, a 0.4% agarose overlay (1 part 2% agarose (Lonza) in filter-purified 

water to 4 parts DMEM supplemented with 2%FBS and gentamycin) was added to each 

well, and the plates were returned to the incubator. Following a 48 hour incubation, the 

monolayers were fixed for 30 minutes using 10% formaldehyde (Fisherbrand) before the 

agarose plugs were removed and the monolayer was stained with 0.25% crystal violet 

solution (Fisherbrand). The plates were then washed with water and allowed to dry before 

plaques were counted.  

PFU per mL was calculated using the following formula: PFU/mL=(dilution X 

number of plaques) (1000/amount plated), with “dilution” equalling the dilution at which 

the plaques were counted and “amount plated” equalling the amount of virus added when 

infecting the cells (i.e. 100μL for 12-well plates and 200μL for 6-well plates). 

TC-83 passaging 

One day prior to infection, 6-well plates were seeded with 500,000 Vero or MRC-

5 vertebrate cells or 1,000,000 U4.4 or C7/10 mosquito cells. The day of the infection, 

one well of cells for each cell type was counted using a hemocytomer and used to 

determine the virus dilutions necessary for an MOI of 0.1. Once diluted, media was 

decanted from the 6-well Vero cell plate and 200μL was used to infect each well. These 
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infections were performed using two replicates per virus. Following the infection, the 

plate was transferred to a 37°C (vertebrate cells) or 30°C (mosquito cells) 5% CO2 

incubator for 1 hour with occasional shaking. When the incubation was complete, the 

inoculum was removed and 2mL of DMEM supplemented with 2% FBS and gentamycin 

(vertebrate cells) or the standard mosquito cell media was added to each well. The plates 

were then returned to the appropriate 5% CO2 incubator for 24 hours. 

After the 48 hour incubation, the virus was transferred to a tube with FBS to a 

final concentration of 20% FBS. This was centrifuged for 5 minutes at 0.8 X g and 

transferred to a new tube. These tubes were stored at -80°C. Plaque assays using Vero 

cells were used to determine virus titer. Six total passages were performed. 

To determine changes in plaque size over the course of passaging, plaque assays 

were preformed as per the usual protocol. All TC-83 plates were done in one batch, while 

all the TC-83 3x plates were done in another batch to insure that differences in cell 

confluency would not act as a confounding variable for differences in plaque size. After 

48 hours, the cells were fixed and stained following the usual plaque assay protocol, and 

a picture was taken using an iPhone 6 (Apple) of each plate. The plaque size of 10 

plaques per virus group was measured using the Dew ADI16 program.  

RT-qPCR for TC-83 RNA copy number 

COPY NUMBER STANDARD 

To prepare the copy number standard (see “TC-83 RT-qPCR control plasmid”), 

1μg of the plasmid was digested using SphI (NEB) according to the manufacturer’s 

protocol. The digested plasmid was cleaned using the ClonTech PCR-cleanup kit as per 

the manufacturer’s protocol, and transcribed using the MaxiScript T7 kit (Ambion), also 

using the manufacturer’s protocol. Once transcribed, the plasmid DNA was digested 

using the DNA-free DNA removal kit (Invitrogen) and the RNA was further purified 

using the RNAqueous total RNA isolation kit (Ambion), both according to the 
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manufacturer’s protocol. Finally, linearization, transcription, DNase I treatment, and 

further purification of the copy number standard were visualized for confirmation of each 

step using a 1% agarose TAE gel. Copy number was calculated using a DS-11 

spectrophotometer (DeNovix) to quantify the amount of RNA per microliter. An online 

calculator (http://endmemo.com/bio/dnacopynum.php) used this and the transcript length 

(1,723bp) to determine the RNA copy number per microliter. Following this, the RNA 

was diluted to 2x10
10

 copies per μL in 20μL aliquots and stored in a cold block at -20°C. 

RNA was only freeze-thawed once before being discarded.  

RT-QPCR 

Viral RNA was extracted using the ZR Viral RNA minikit (Zymo) as per the 

manufacturer’s protocol and eluted in 15μL nuclease free water. This was stored on ice as 

the rest of the reaction was prepared.  

A standard curve of the above RNA standard was made to total 8, 10-fold 

dilutions in nuclease-free water (5μL RNA mixed with 45μL nuclease-free water). 

Pipetting was used to mix between each dilution. This was stored on ice while the master 

mix was prepared.   

Real time PCR primers were designed to amplify a portion of the nsP3 gene. The 

forward (4840F 5-ATG CCA TGA CTC CAG AAA GAG-3) and reverse (4981R 5-GGT 

GAG AAC AAT ATA GGC TGG G-3) primers were diluted to 20μM stocks in nuclease-

free water, whereas the FAM tagged probe (4926P 5- /56-FAM/ ACT TCG GCA ATG 

GAA AGG ATG AGC A/3BHQ_1/ -3) was diluted to a 5μM stock, also in nuclease-free 

water. A master mix of reagents was made using 0.5μL of the 40X TaqMan RT enzyme, 

10uL 2X RT-PCR mix, 0.9μL 4840F stock primer, 0.9μL 2981R stock primer, 1uL 

4840F stock probe, and 1.7μL nuclease-free water per sample (TaqMan RNA-to Ct 1-

Step kit, Applied Biosystems). This was vortexed to mix and stored on ice.  

http://endmemo.com/bio/dnacopynum.php
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To set up the PCR, 10μL of viral RNA, standard, or nuclease-free water (as a non-

template control) was added to each well in every other column of a 96-well Real Time 

PCR plate (Applied Biosystems). To this, 30μL of the above master mix was added, and 

a multichannel pipet was used to mix. After thorough mixing, 20μL from each well was 

transferred to the adjacent well and the plate was sealed with optical tape (Applied 

Biosystems). After the plate was centrifuged at 125 X g for 1 minute, it was loaded into 

the QuantStudio 6 Flex Real Time PCR System (Applied Biosystems), which was run 

using a 15 minute RT step at 48°C, followed by a 10 minute hot start at 95°C, and lastly 

40 cycles consisting of a 15 second denaturation at 95°C and 1 minute annealing and 

elongation step at 60°C. Following the run, the copy number calculated using the RNA 

standard was converted to RNA copy number per mL. 

Illumina NGS for TC-83 in vitro passaging: Transmission cycle 

VIRAL RNA EXTRACTION  

Viral RNA was extracted using the Zymo Direct-zol RNA mini kit as per the 

manufacturer’s protocol. 100ng of RNA was used for each ClickSeq library. 

CLICKSEQ LIBRARY PREPARATION  

ClickSeq was used instead of the traditional Illumina library procedures to avoid 

the errant recombination that frequently occurs during the typical fragmentation and 

ligation steps. Instead of RNA fragmentation, SSIII RT-PCR (Invitrogen) is performed 

using random hexamers attached to an Illumina p7 adapter sequence. In addition to this, 

azido-NTPs, which cause chain-termination, are added to the NTPs at a 1:35 ratio. In a 

manner similar to Sanger sequencing, this results in cDNA strands of various sizes. 

Following this, a modified 5’-hexynyl Illumina sequencing adapter was click-ligated onto 

the N-terminus of the cDNA strands using a copper-catalyzed azide-alkyne 

cycloaddition. The cDNA was then purified using a Zymo DNA clean column and 
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amplified using 18 cycles of OneTaq (NEB) PCR, resulting in the removal of the triazole 

group linking the cDNA fragment to the 3’ Illumina sequencing adapter. Following 

another Zymo DNA clean column purification, the samples were visualized on an 

agarose gel. cDNA libraries between 400-700bp were excised and purified using the 

Zymo Research Gel Recovery kit. Sequencing was performed by the UTMB sequencing 

core using an Illumina NextSeq 550. 

Sequence assembly and analysis 

Illumina ClickSeq sequencing analysis was performed by the Fofanov lab at 

UTMB. 

QUALITY AND FILTRATION  

The quality for each sample/dataset was assessed using FASTQC (351). The 

paired-end reads were merged for each sample and then filtered to exclude reads with 

unknown characters (anything other than A, T, C, G) and low quality (<15 quality score), 

so that only high quality reads were used during analysis. Additionally, the first 16 bases 

of each read were trimmed due to nucleotide bias.  

REFERENCE SEQUENCE 

The analysis was performed using VEEV strain TC-83, complete genome 

(GenBank accession #: L01443.1) (308).  

VIRUS DIVERSITY ANALYSIS  

To analyze the variant hotspots, each sample was run through a novel rare variant 

pipeline (available upon request). The pipeline first maps each read to the reference 

VEEV genome with perfect match, then unmapped reads are re-mapped with 1 mismatch 

and added to the final map. The 34 base long reads used in the analyses were validated as 

viral sequences and not host sequences by analysis of the longest subsequences shared 
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explicitly (no mismatches allowed) and longest similar (1 mismatch allowed) between 

viral and host genomes. Positions in which the number of reads mapped with mismatches 

was higher than perfectly mapped reads or coverage was below 100 were excluded from 

diversity calculations. Mutation frequency per sample was calculated by summing the per 

position diversities and normalizing by the number of positions for which diversity was 

calculated. Shannon Entropy was calculated using the equation -[Σ
s
i = plog(p)]/N, where p 

equals the probability of mutation and N equals the number of base calls that can happen 

at a position (i.e. A, G, C, T, insertion, or deletion). 

Those sequences that did not align using Bowtie were processed using ViReMa, a 

recombination mapper, to determine the incidence of recombination. These reads were 

normalized to the average number of reads aligning to the virus genome. 

Statistics 

GraphPad Prism was used to perform all statistical tests, which are described in 

the text. 

RESULTS 

Titers during passaging 

During passaging in C7/10 and U4.4 mosquito cells, TC-83 3x virus titer was 

almost always lower than the parent virus (Figure 6.1 A&B), as was also observed during 

Chapter 3. Virus titers in the serially passaged vertebrate cell lines were stable, with little 

difference between TC-83 3x and TC-83 (Figure 6.1 C&D). The alternating passages 

(Figure 6.1 E&F) were a mixture of these two observations, with TC-83 3x titers 

dropping slightly during the mosquito cell passages (passages 2, 4, and 6) and rebounding 

during vertebrate cell passages (passages 1, 3, and 5). Except for the U4.4 TC-83 and TC-

83 3x passages, no other passage series showed a consistently significant change in titer 

by PFU or RNA quantity from the first passage as measured by Kruskal-Wallis.  
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Of interest, the specific infectivity results suggest that TC-83 3x acted more like a 

low-fidelity mutant in the cell lines without an intact immune response (Figure 6.2 B, D, 

F), with a higher amount of RNA produced than infectious virus. This seemed to stabilize 

over the course of passaging, with higher passage numbers of TC-83 3x consistently 

producing lower specific infectivity values than TC-83. No consistent differences in 

specific infectivity were observed when TC-83 and TC-83 3x were passaged in the intact 

immunity cell lines (Figure 6.2 A, C, E).   

During passaging, some of the passage series began to produce smaller plaques 

(Figures 6.3-6.5). When these plaques were measured, one of the TC-83 3x C6/36 

passage replicates as well as a TC-83 U4.4 replicate (with the other replicate trending) 

produced significantly smaller plaques compared to the first passage (Figure 6.5). 

Because this only occurred in the mosquito cell passages, this suggested that these virus 

passages were possibly losing fitness in vertebrate cells, as these are what were used for 

plaque assays. 

Genetic Stability 

To understand the genetic changes that occurred during passaging, passages 1 and 

6 from every passaging condition were prepped using ClickSeq and sequenced using an 

Illumina NextSeq. Due to low coverage, the first U4.4 passages were not analyzed 

further.  

No SNPs occurred during any of the passage series. For all passage series, 

changes in mutation frequency (Figure 6.5) and Shannon entropy (Figure 6.6) were small, 

with no overt pattern of changes in diversity based upon RdRp fidelity or cell type. This 

was also observed for the number of high frequency variants (Figure 6.7).  

The TC-83 3x RdRp mutations were very stable, ranging from a mutation 

frequency of 0.000048-0.0024 in the final passage (data not shown). Unlike the in vivo 

results in Chapter 4, TC-83 3x produced a small proportion of revertants at the E2 
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attenuating position, while TC-83 did not produce any. The low amount of TC-83 

revertants may have been due to lower coverage at that position, with TC-83 retaining an 

average coverage of 4639±2200, while the average TC-83 3x coverage was 7450±2626. 

Additionally, although coverage was low at the 3’UTR attenuating mutation (equal to 

183±140), neither TC-83 nor TC-83 3x reverted at this position (data not shown).  

DISCUSSION 

As in other microevolution studies designed to examine the trade-off hypothesis 

(192-202), the results for these passaging conditions were largely inconclusive, at least 

after only 6 passages. As changes in fitness were not directly measured (e.g. a 

competition assay), it is unknown if changes in fitness occurred. However, some of the 

TC-83 and TC-83 3x mosquito passages began to produce significantly smaller plaques 

over the course of passaging, which has previously been observed for mosquito cell 

adapted SINV (398) and EEEV (193). It would be interesting to compete and compare 

these small plaque passage series against passage series that did not result in significantly 

smaller plaque sizes to validate the presumed fitness changes. 

Similar to other studies that have examined arbovirus microevolution (194, 197, 

200), no consensus sequence changes occurred during any of the passage series. 

However, this does not necessarily mean that no fitness gains occurred, as changes in the 

minority virus population have been implicated in increased virus fitness (204, 397). 

Additionally, the changes in virus diversity over the course of passaging were fairly 

small. In contrast to the specific infectivity results, which suggested stabilization of the 

low-fidelity phenotype in the immune incompetent cell passages, there was no apparent 

difference in the virus diversity produced by TC-83 versus TC-83 3x. Perhaps this is due 

to the ClickSeq library protocol (65), which uses the relatively low-fidelity Taq 

polymerase (399) to generate its Illumina sequencing libraries. This may ablate the small 

changes in diversity typically seen for the TC-83 3x mutant. In the future, we need to 
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directly compare the differences in diversity generated during ClickSeq library 

preparation versus the standard protocol to ensure that ClickSeq is not obscuring changes 

in virus fidelity. 
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Illustration 6.1. In vitro transmission cycle. 

To determine differences caused by mosquito and vertebrate cell lines, TC-83 and TC-83 

3x were passaged 6 times in duplicate using an MOI of 0.1. Additionally, cell lines with 

different antiviral immune properties were used to determine how these factors affect the 

two viruses. U4.4 mosquito cells have an active siRNA response, while C6/36 cells do 

not. On the other hand, MRC-5 cells can produce and respond to IFN, while Vero cells 

are not able to produce IFN. During alternating transmission cycles, the passages began 

using the vertebrate cell lines (i.e. Vero and MRC-5).  
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Figure 6.1: Virus titer during passaging. 

Changes in plaque assay (left y-axis) and RNA copy number (right y-axis) during 

passaging in U4.4 (A), C6/36 (B), MRC-5 (C), Vero (D), M-U (E), and V-C (F). M-U 

denotes alternating passage between MRC-5 and U4.4 cells. V-C denotes alternating 

passage between Vero and C6/36 cells. 3x denotes TC-83 3x. R1 denotes replicate 1, 

while R2 denotes replicate 2.  
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Figure 6.2: Specific infectivity during virus passaging. 

Changes in specific infectivity (plaque assay:RNA copy number) during passaging in 

U4.4 (A), C6/36 (B), MRC-5 (C), Vero (D), M-U (E), and V-C (F). M-U denotes 

alternating passage between MRC-5 and U4.4 cells. V-C denotes alternating passage 

between Vero and C6/36 cells. 3x denotes TC-83 3x. R1 denotes replicate 1, while R2 

denotes replicate 2.  
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Figure 6.3: TC-83 3x plaque size during passaging. 

Pictures of TC-83 3x replicate 1 plaques for each passage series.  
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Figure 6.4: TC-83 plaque size during passaging. 

Pictures of TC-83 replicate 1 plaques for each passage series.  
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Figure 6.5: Plaque size during passaging. 

Changes in TC-83 (A, B) and TC-83 3x (C, D) plaque size during passaging in immune 

competent (A, C) and immune compromised (B, D) cell lines. 3x denotes TC-83 3x. R1 

denotes replicate 1, while R2 denotes replicate 2.  
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Figure 6.6: Mutation frequency during passaging. 

Changes in mutation frequency during passaging in C6/36 (A), U4.4 (B), Vero (C), 

MRC-5 (D), V-C (E), and M-U (F). M-U denotes alternating passage between MRC-5 

and U4.4 cells. V-C denotes alternating passage between Vero and C6/36 cells. 3x 

denotes TC-83 3x. P1 denotes passage 1, while P6 denotes passage 6. U4.4 p1 was not 

included due to low coverage. 
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Figure 6.7: Shannon entropy during passaging. 

Changes in Shannon entropy during passaging in C6/36 (A), U4.4 (B), Vero (C), MRC-5 

(D), V-C (E), and M-U (F). M-U denotes alternating passage between MRC-5 and U4.4 

cells. V-C denotes alternating passage between Vero and C6/36 cells. 3x denotes TC-83 

3x. P1 denotes passage 1, while P6 denotes passage 6. U4.4 p1 was not included due to 

low coverage. 
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Figure 6.8: High frequency variants during passaging. 

Changes in the number of high frequency variants (>0.2) during passaging in C6/36 (A), 

U4.4 (B), Vero (C), MRC-5 (D), V-C (E), and M-U (F). M-U denotes alternating passage 

between MRC-5 and U4.4 cells. V-C denotes alternating passage between Vero and 

C6/36 cells. 3x denotes TC-83 3x. P1 denotes passage 1, while P6 denotes passage 6. 

U4.4 p1 was not included due to low coverage. 
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Figure 6.9: E2 attenuation reversion. 

Reversion of the E2 G8922C mutation that is responsible for TC-83 attenuation.  
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APPENDIX 2. TC-83 AND RDRP MUTANT VIRUS STOCKS 

 

As different stocks of viruses used for this dissertation demonstrated different 

phenotypes in chapter 2-4, it was evident that the results for each experiment needed to 

be considered in terms of the specific virus stock used. Unfortunately, there is no deep 

sequencing data for most of these stocks, because each vial of stock virus was discarded 

after use in an experiment and none were saved from these earlier stocks. This appendix 

contains the known information for each virus stock used in the experiments described in 

earlier chapters. The methods for this chapter were included in chapters 2-4. 

RESULTS AND DISCUSSION 

Virus Stocks 

While titer varied post-electroporation as measured by plaque assay, there were 

no significant differences between electroporation titer and the studied phenotypes (Table 

7.1). Future stock will incorporate NGS analysis and various phenotypic tests (e.g. 

attenuation in an infant mouse model) to tease apart differences in virus stock attenuation. 
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Number Virus Hour Post-

Electroporation 

Stock Titer 

(PFU/mL) 

Infant 

Mouse 

Attenuation 

Mosquito 

Cell 

Attenuation 

1 TC-83  36 1.95x10
9
 No No 

2 TC-83 3X  36 5.75x10
9 
 Yes Yes 

3 TC-83 4X 36 3.53x10
6
  Yes n/a 

4 TC-83 36 1.43x10
10

 n/a No 

5 TC-83 36 8.25x10
9
 n/a Yes 

6 TC-83 48 2.1x10
8
 n/a n/a 

7 TC-83 48 1.15x10
9
 n/a n/a 

8 TC-83 72 2.7x10
8
 No n/a 

9 TC-83 3X 24 4.15x10
9
 No No 

10 TC-83 3X 48 4.2x10
9
 n/a No 

11 TC-83 3X 72 1.7x10
8
 n/a n/a 

12 TC-83 4X 48 2.85x10
5
 n/a n/a 

13 TC-83 4X 72 1.15x10
8
 No n/a 

14 TC-83 48 1.95x10
9
 No n/a 

15 TC-83 3X 48 1.75x10
9
 No n/a 

16 TC-83 4X 48 2.2x10
9
 No n/a 

Table 7.1: Virus stocks used in this dissertation. 

The virus stocks used in this dissertation are listed above. Infant mouse attenuation refers 

to attenuation in a SC infant mouse model compared to TC-83. Mosquito cell attenuation 

refers to the lack of infection when mosquito cells were infected at a low MOI. 
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