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 Venezuelan equine encephalitis virus (VEEV) is a mosquito-borne positive-sense single-

stranded RNA genome virus belonging to the Togaviridae. Present throughout Central and South 

America, VEEV is responsible for significant outbreaks of epidemic/epizootic VEEV causing 

febrile disease and encephalitis in both equids and humans. While endemic/enzootic VEEV 

persists in nature and circulates between reservoir host rodents and mosquitoes, periodic 

mutation of enzootic VEEV gives rise to the emergence of epizootic VEEV. Using equines as 

amplification hosts, epizootic VEEV can have devastating outcomes for equine populations as 

well as cause large spill over events and disease in humans. The main mutations linked to 

epizootic VEEV emergence involve amino acid mutations within the E2 glycoprotein, which 

enhance viral entry and equine amplification. Interestingly, the majority of mutations found within 

epizootic strains are synonymous, indicating that other viral factors, such as RNA secondary 

structure, may play a critical role in their emergence. Understanding these mechanisms is crucial 

for predicting and mitigating future outbreaks. 

In this study, we discovered novel RNA structures within the E1 coding sequence that 

specifically affect VEEV replication in macrophages, which are critical early targets during 

infection. Using mass spectrometry and targeted gene knockdown, we identified several RNA-
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binding proteins essential for the altered macrophage phenotype, none of which had previously 

been associated with VEEV replication. Our findings also revealed the conservation of single-

nucleotide polymorphisms (SNPs) within epizootic VEEV lineages, as well as the preservation of 

RNA structures across all lineages. Taken together, these findings suggest a previously 

unrecognized role for RNA secondary structure in the emergence of epizootic VEEV.  
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Chapter I: Introduction 

Alphaviruses 
Alphaviruses (family Togaviridae) represent a diverse group of arthropod-borne RNA 

viruses that are known to infect a wide range of hosts, including mammals, birds and mosquitoes 

(reviewed in[1]). The alphavirus genus is subdivided into Old-World Alphaviruses and New-World 

Alphaviruses, depending on the geographical location where they were initially isolated and their 

disease characteristics. New-World alphaviruses include Eastern, Western and Venezuelan 

Equine Encephalitis Virus (EEEV, WEEV and VEEV), all of which were first isolated within North 

and South America. These viruses tend to cause febrile disease in humans, with more severe 

cases leading to encephalitis and in some instances death. Old-World alphaviruses, such as 

Sindbis virus (SINV), Chikungunya virus (CHIKV), Semliki Forest virus (SFV), Ross River virus 

(RRV), and O'Nyong Nyong virus (ONNV), were primarily isolated throughout the "Old World" 

including Europe, Asia, Africa, and Australia. These viruses are typically characterized by 

symptoms such as rash, fever, and arthralgia, with fatalities remaining rare.  

Characterization and early detection of New-World alphaviruses 
The first known instance of a New-World alphavirus was recorded in 1930 when Meyer, 

Haring and Howitt isolated the causative agent of epizootic encephalomyelitis from the brain of a 

horse in San Joaquin Valley, California [2]. Termed Western Equine Encephalitis virus (WEEV), 

outbreaks are believed to have occurred periodically in the western United States and Canada 

dating as far back as 1847. Though human infections were suspected earlier, it was not until 1938 

that the first case was confirmed after Howitt[3] recovered the virus from the brain of a child. The 

discovery of WEEV was quickly followed by the isolation of another equine encephalomyelitis.  In 

1933, Ten Broeck and Merril[4] and Giltner and Shahan[5] isolated the etiological agent of an 

outbreak of epizootic encephalomyelitis that occurred in Delaware, Maryland and Virginia. This 

eastern outbreak exhibited similar disease characteristics as previously reported for WEEV, 

though appeared to be more acute in nature and caused greater morbidity.  Immunological studies 

confirmed that these two outbreaks were caused by different viruses[5]. Similar to WEEV, reports 

of Eastern Equine Encephalitis virus (EEEV) were later discovered to have been reported as early 

as 1831 in Massachusetts[6].  

It was not until 1938 that Venezuelan Equine Encephalitis Virus (VEEV) was identified in 

northern South America. The virus was first recognized by Beck and Wyckoff [7], and later by 

Kubes and Rios[8], who investigated a severe epidemic of equine encephalomyelitis in 

Venezuela. This epidemic was comparable to previous outbreaks reported in Canada and the 
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United States. Immunological studies in animals again distinguished this infectious equine 

encephalitis from earlier outbreaks of EEEV and WEEV. Infections in humans were not described 

until the 1950s, when an outbreak of human disease causing mild febrile disease was 

documented in Columbia[9], and later in 1967 in northern Venezuela[10].  

Since its discovery in 1938, VEEV has become an important human and equid pathogen 

amongst the New-World Alphaviruses. Alone, VEEV has been responsible for several substantial 

epizootic outbreaks involving hundreds-of-thousands of humans and equines[11], with major 

VEEV outbreaks occurring approximately every 10 years up until 1973. Following an almost 20-

year period with no recorded VEEV, a cluster of outbreaks occurred in the 1990s. This included 

several smaller outbreaks, such as the 1992-93 outbreak in western Venezuela[12], the 1993 

outbreak in the Chiapas State in southern Mexico[13], and the 1996 outbreak in the Oaxaca State 

in southern Mexico. All these epidemics involved less than 150 reported equine infections and 

even fewer reported human infections, although the actual numbers were likely much higher. To 

date, the largest known human outbreak of epizootic VEEV occurred in 1995 in Colombia and 

Venezuela, with an estimated 50,000 equine and 75,000-100,000 human infections reported[12, 

14]. While there have not been any reports of major epizootic VEEV outbreaks in recent years, 

the maintenance of enzootic VEEV in nature and the sporadic emergence of VEEV epizootic 

suggests future outbreaks are unavoidable.  

VEEV disease and pathogenesis  
As discussed above, epizootic VEEV strains are responsible for major outbreaks of equine 

infections. Equine mortality rates during epizootic outbreaks have been estimated between 32-

86% [15]. In equines, symptoms of fever and malaise appear 2-5 days post infection. Encephalitis 

does not appear until 5-10 post infection with more serious symptoms of ataxia, hyperexcitability 

and circling, most often followed by death. While under normal circumstances enzootic strains 

are not capable of causing severe disease and death in equines, when inoculated intracerebrally 

enzootic strains have been shown to induce encephalitis and death[16]. These findings suggest 

that the virulence of epizootic strains in equines is related to their ability to travel to the brain, 

rather than any innate neurovirulence compared to enzootic strains.  

In humans, VEEV causes biphasic disease, first causing replication in the periphery, 

followed by spread to the central nervous system (CNS). Common symptoms of febrile disease 

such as fever, malaise, headache, nausea and vomiting appear 2-5 days post infection with 

VEEV. This acute febrile VEEV typically lasts 3-4 days and in most cases resolves without 

intervention. However, approximately 4-14% of human cases develop into encephalitis, 
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characterized by convulsions, disorientation, drowsiness and in ~1% of cases, death[14, 17]. 

While VEEV has no sex bias in humans, children are more likely to develop severe disease and 

encephalitis compared to adults[18]. VEEV has also been shown to cross the placenta and infect 

the fetus, causing birth defects, spontaneous abortions and still birth[19].  Contrary to equine 

infections, enzootic strains of VEEV can be pathogenic in humans and result in human fatalities. 

Furthermore, no differences in disease presentation or progression have been observed in 

humans[18]. Due to the overlapping symptoms characteristic of many arboviruses, the true 

burden of endemic VEEV is likely underestimated. Surveillance studies in South America suggest 

that VEEV in humans may often be clinically misdiagnosed and the true burden of endemic VEEV 

may be as high as 10% of reported Dengue-like illnesses [20, 21].  

Mouse models are often used to study routes of viral dissemination and pathogenesis in 

vivo. Laboratory mice mimic the biphasic disease pattern seen in epizootic equine and severe 

human infections, thus making them a good model for recapitulating disease progression. During 

infection of mice, VEEV initially targets host Langerhans cells, a tissue-resident macrophage cell-

type, and dendritic cells (DCs) in the skin[22]. The migratory nature of these immune cells allows 

the virus to effectively spread from the site of inoculation through the regional draining lymph 

nodes (dLN), thereby infecting peripheral tissues such as the spleen, thymus and pancreas[23, 

24]. VEEV infection is characterized by system wide induction of type-I IFNs and upregulation of 

proinflammatory cytokines in the spleen and dLN early during infection[23]. Invasion of the central 

nervous system occurs by 48-72hpi, followed by fatal encephalitis at 7 to 10 days post 

infection[25, 26].  

The VEEV transmission cycle 
The VEE complex consists of 9 species that are divided into seven antigenic 

complexes[27, 28], amongst which VEE-I is most well studied due to its relevant animal and 

human disease profile. VEEV falls within subtype I and is further subdivided into IAB, IC, ID and 

IE strains. The VEEV transmission cycle is broken up into either endemic/enzootic or 

epidemic/epizootic cycles (Figure 1.1). Enzootic VEEV strains, ID and IE, continuously circulate 

in swamps and forested areas in South America, Central America and Mexico. These endemic 

strains are equine-avirulent due to their inability to induce virulence or viremia in equids [29], 

though some IE subtypes have been linked to epizootic phenotypes and epidemic outbreaks[30]. 

Despite their inability to cause disease in equines, enzootic spillover into humans has been 

identified as a significant contributor to dengue-like disease in neotropical regions within the 

Americas[21]. Enzootic VEEV is transmitted between reservoir hosts and mosquito vectors. 
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Sylvatic rodents of the subfamily Sigmodontinae are believed to be the primary reservoir hosts 

for enzootic strains of VEEV[31, 32]. These rodents have been shown to be frequently infected in 

nature, have high rates of observed immunity and have the ability to develop moderate to high 

levels of viremia [18]. In particular, several species of spiny rats and cotton rats have been 

demonstrated as important reservoir hosts for ID strains in South America [33, 34]. The main 

vectors for enzootic VEEV are various species of forest-dwelling mosquitoes of the genus Culex, 

subgenus Melanoconion[35]. Although our knowledge of the ecology of most Melanoconion 

species is limited, a seeming preference for small animals as well as the maintenance of  

population sizes and their habitat being primarily restricted to forested areas, likely contributes to 

their role as enzootic VEEV vectors [36].  

 

 
Figure 1.1 The VEEV transmission cycle.  Endemic/enzootic VEEV circulates between enzootic mosquito 

vectors and rodent reservoir hosts in forested and swamp-like regions. While enzootic VEEV is not capable 
of establishing viremia and virulence in equines, spillover enzootic VEEV into humans has been identified 

as a significant contributor to dengue-like disease in neotropical regions within the Americas. Sporadic 

emergence of epidemic/epizootic VEEV occurs through mutation of enzootic strains. Epizootic VEEV is 

characterized by mutations within the E2 glycoprotein, which allow for adaptation to new mosquito vectors 

and highly efficient replication in equines as amplification hosts. Epizootic outbreaks not only cause 

significant disease and pathogenesis in equines, but major spillover events and disease in humans. This 

image was created using BioRender. 
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Contrary to enzootic VEEV, epizootic outbreaks are sporadic and characterized by highly 

efficient replication in equines, which serve as amplification hosts [29, 37, 38]. Traditionally, only 

the IAB and IC subtypes are considered epizootic and are linked to heightened virulence and 

viremia in equines[16, 18, 39-44], and furthermore cause major spillover events and disease in 

humans[21, 45]. Epizootic VEEV has repeatedly emerged through mutation of enzootic VEEV 

strains, a phenomenon supported by phylogenetic studies[12, 38, 46-48].  

The dominant characteristic that has been attributed to the emergence of epizootic VEEV 

from enzootic strains is amino acid substitutions within the E2 glycoprotein[37, 49]. The 

importance of the E2 glycoprotein was first identified when comparing the attenuation of the 

vaccine strain TC83 to its parent strain Trinidad Donkey (TRD). TC83 was developed as a vaccine 

strain through serial passaging of TRD, which lead to the accumulation of 12 SNPs[50, 51]. 

Further investigation revealed that the attenuation of TC83 could be attributed to two specific 

SNPs—one located in the 5’UTR and the other in the E2 glycoprotein[50]. While the 5’UTR 

mutation was determined to enhance virulence of TRD, the E2 glycoprotein was identified as the 

main determinant of virulence. When examined, amino acid changes were found to be present 

within the E2 glycoprotein of all epizootic strains investigated, resulting in an increase in the amino 

acid charge of the E2 glycoprotein[37]. Conversely, a decrease in charge was observed in the 

attenuated vaccine strain TC83 compared to its epizootic parent strain TRD [51]. Initial horse 

studies showed that a single point mutation within the E2 glycoprotein is sufficient to convey an 

epizootic virulence and viremia phenotype in horses when introduced into enzootic ID strains[47, 

48]. Furthermore, these same E2 glycoprotein mutations have also been shown to regulate 

adaptation to epizootic mosquitos[52], indicating the importance of the E2 glycoprotein in the 

emergence of epizootic VEEV. While these mutations alone have been demonstrated to be 

sufficient for imparting epizootic phenotypes, it is worth noting that epizootic subtypes also 

undergo mutations beyond this specific region[53]. Additional mutations occurring in non-

envelope genes and cis-acting elements within the VEEV genome have been shown to also 

influence the development of viremia and the depletion of lymphoid cells from lymphoid organs, 

as previously demonstrated in guinea pig models[53]. Early research into the role of interferon 

during VEEV infection revealed a correlation between increased IFN-a/b resistance and epizootic 

strains, leading to the hypothesis that epizootic IFN resistance may lead to increased viremia in 

horses [54, 55]. While further research failed to validate this hypothesis for all epizootic and 

enzootic strains, the relationship between IFN signaling and epizootic phenotypes has remained 

of interest [56].   
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Another consideration in the outbreak of epizootic VEEV is the difference in mosquito 

vectors used. Two genera of mosquito have been identified as the main vectors in epizootic 

outbreaks: Ochlerotatus and Psorophora[57, 58]. Both mosquito genera are considered 

floodwater mosquitoes and are subject to huge fluctuations in population density during heavy 

rainfall. This likely contributes to their role as epizootic vectors as epizootic VEEV outbreaks occur 

more frequently during periods of increase rainfall. Increased oral susceptibility of Ochlerotatus 

taeniorhynchus mosquitos to epizootic IAB viruses compared to enzootic ID and IE strains 

demonstrates that viral adaption to epizootic vectors may also be an important factor in epizootic 

emergence[30, 52, 59]. 

Geographical distribution of VEEV subtypes 

Phylogenetic analysis of IAB, IC, ID and IE subtypes divide these into four distinct lineages 

previously identified by Forrester et al. [28], with IE subtype strains being vastly different from IAB, 

IC and ID subtypes. Independent evolution of the IE subtype strains has resulted in a significant 

divergence from other VEEV complex viruses, with unique glycoprotein substitutions, likely in part 

due to their adaptation to their unique mosquito vector Culex (Melanoconion) taeniopus[60]. The 

geographical isolation of the IE subtype, possibly caused by the landscape limiting the mobility of 

the reservoir host rodents and mosquito vector, has likely contributed to the separate 

maintenance of this subtype. IE subtype strains are endemic in Mexico and Central America, 

whereas ID strains are endemic in northern South America, with the driving line between subtypes 

loosely corresponding with the Panamanian/Costa Rican boarder (Figure 1.2). While historically 

IE subtypes have only been considered as enzootic strains, two small outbreaks in 1993 and 1996 

in Mexico contradicted this, as these epizootic strains were found to be closely related to enzootic 

IE strains previously isolated in Guatemala[13, 61]. While only ID strains have been associated 

with the emergence of IAB/IC epidemics[12, 38, 46-48], two IAB outbreaks were recorded in the 

late 60s and early 70s in Mexico and southern Texas, dxespite the absence of endemic ID strains 

in these regions. Phylogenetic analysis supports the hypothesis that these outbreaks were caused 

by the use of incompletely inactivated IAB derived vaccines, which were widely used in these 

areas prior to the introduction of the live-attenuated TC83 vaccine in 1971 [62]. In fact, all IAB 

associated epidemics that occurred after 1943 are suspected to be due to these inactivated 

vaccines[28, 62].  
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Figure 1.2 Locations of enzootic VEEV and epizootic outbreaks in the Americas. Shaded in blue (ID) 

and green (IE) are the regions in which enzootic VEEV is considered endemic. The epizootic VEEV 

outbreaks listed in the legend are indicated with a red (IAB/IC) or orange (IE) box on the map[11].  
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Alphavirus genome organization and protein functions 
The alphavirus virion is roughly 70nm in diameter with the glycoproteins organized in a T 

= 4 icosahedral symmetry [63, 64]. The virion encapsulates a single-stranded positive-sense RNA 

genome (~12kb) within a nucleocapsid core, further surrounded by a host-cell derived lipid 

membrane. The RNA genome contains a 5’UTR cap0 (N7mGppp)[65], a 3’ polyA tail and is 

composed of two open reading frames (ORFs). ORF1 contains four non-structural proteins (nsp1-

4) which mediate viral translation, replication, whereas ORF2 contains five structural proteins 

(capsid, E3, E2, 6K/TF and E1) (Figure 1.3). 

 
Figure 1.3 Alphavirus genome organization 
 

NON-STRUCTURAL PROTEINS 
nsP1, a 60 kDa protein encoded by alphaviruses, performs a diverse array of functions 

critical for efficient viral replication. The N-terminus of nsP1 encodes methyltransferase and 

guanylyl transferase motifs [66], which play a pivotal role in the 5' RNA capping of viral genomic 

and sub genomic RNA during replication. This process ensures the stabilization and protection of 

viral RNA, facilitating its successful translation and replication within the host cell. Additionally, 

nsP1's involvement in minus-strand RNA synthesis has been recognized, although the underlying 

mechanism remains elusive[67-70]. Studies have revealed that mutations within nsP1 can 

adversely impact minus-strand synthesis without affecting the enzymatic properties of the protein, 

suggesting a nuanced role in RNA synthesis regulation[68, 70]. Lastly, nsP1 contains a packaging 

signal located in the VEEV genome between nt positions 856-1150[71]. While there is 

heterogeneity between both the sequence and location of packaging signals from different 

alphaviruses, most contain 4-6 stem-loops along with a short GGG motif in the loop. The GGG 

sequence has been shown to be critical in VEEV packaging, with the presence of at least one 

stem-loop being required to maintain wild-type packaging efficiency[71].   

nsP2 is a 90kDA protein that functions as a helicase, a triphosphatase and a protease 

during alphavirus replication. The helicase activity is crucial for unwinding the RNA secondary 

structure during viral replication and is dependent on the nucleoside triphosphatase (NTPase) 

activity of the N-terminal domain[72, 73]. This domain is also associated with the RNA 

nsP1 nsP2 nsP3 nsP4 C E2

6K/TF

E1

E3
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5’triphosphatase (RTPase) activity of nsP2. This RTPase activity is responsible for replacing the 

g-phosphate at the 5’end of the newly synthesized RNA with a diphosphate, thereby allowing for 

capping by nsP1[74].   The C-terminal domain of nsP2 contains a cysteine protease, responsible 

for processing the non-structural polyprotein [69, 75]. This protease activity is absolutely vital for 

viral replication [76]. Crystallographic analysis of nsP2 has further identified the presence of an 

methyltransferase-like domain at the C-terminus[77]. Yet due to the lack of the active-site residues 

required for enzymatic activity, this domain likely does not exhibit any enzymatic activity, though 

it has been implicated in facilitating substrate binding to the protease [77, 78]. In addition, through 

mutational analysis of nsP2, two putative N-terminal domains have been described. The first 

domain has been implicated as a cofactor for the protease, whereas the second putative domain 

may play a role in promoter selection [79, 80]. Lastly, in Old World alphaviruses such as Sindbis 

virus (SINV) and Semliki Forest virus (SFV), nsP2 is responsible for the induction of host 

transcriptional shutoff [81-84]. This differs from New World alphaviruses including VEEV and 

EEEV, in which the capsid protein has been shown to control transcriptional shutoff[85]. 

The role of ~60kDA nsP3 during alphavirus replication has long been considered more 

ambiguous compared to the other non-structural proteins. While mutational studies of nsP3 have 

clearly demonstrated its importance in RNA synthesis[67, 86-88], particularly in the initiation of 

minus-strand synthesis and sub-genomic RNA synthesis, the precise role(s) that nsP4 plays 

during replication remains elusive. Despite this, nsP3 does contains three recognized domains: 

the N-terminal macrodomain, the alphavirus unique domain (AUD) and the C-terminal 

hypervariable domain (HVD). The first is an N-terminal macrodomain which is highly conserved 

amongst alphaviruses. This macrodomain contains both phosphatase capabilities and can bind 

nucleic acids[89]. In addition, this N-terminal macrodomain has been implicated to be involved in 

interactions with host proteins[90-92]. The AUD is found within the central region of nsP3 and is 

mostly conserved amongst alphaviruses. Crystallography of nsP2-nsP3 identified a zinc-binding 

domain (ZBD) within the AUD of nsP3[93]. Mutational studies of this domain have shown it to be 

crucial for minus-strand synthesis, sub-genomic RNA synthesis, polyprotein processing and 

neurovirulence[94-96], though the mechanism through which this happens has yet to be 

described. Lastly, the hypervariable C-terminal domain of nsP3, is poorly conserved amongst 

alphaviruses, differing both in length and sequence. While the virus is mostly tolerant to mutation 

and even deletion of this domain in tissue culture, these mutations frequently lead to attenuation 

of infection in mouse models[94, 97, 98], emphasizing the importance of this HVD for alphavirus 

replication. The HVD is phosphorylated at multiple sites during infection, though the extreme 

diversity of this domain between alphaviruses also results in diversity in the phosphorylation 
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sites[99, 100].  While mutation of the phosphorylation sites in SFV has little effect on viral 

replication kinetics in cell cultures, they do result in attenuation in mice[101], highlighting the 

importance of these sites. In addition, phosphorylation of HVD in VEEV was shown to have no 

effect on viral replication in vertebrate cells yet was shown to be important in mosquito cells[102]. 

Foy et al. further demonstrated that while the permissible cell line BHK-21 did not require the HDV 

for viral replication, it is essential for replication in other cell lines[102].  Together, these data 

suggest a role for the HVD host-virus interactions and cell-type specificity.  

Lastly, nsP4 is a ~70kDa protein which functions as the viral RNA-dependent RNA-

polymerase. nsP4 is the most highly conserved protein amongst alphavirus, with upwards of 50% 

amino acid homology between different viruses [103, 104]. The alphavirus RdRp contains an N-

terminal ~100nt alphavirus unique domain, followed by ~500nt of traditional RdRp domains 

including fingers, palm domain with a GDD active site, and thumb domains[105-107]. Using a 

recombinant bacterial system, SINV nsP4 was shown to perform terminal adenylyltransferase 

activity (TATase) independently of other nsPs, an important function in polyadenylation of newly 

synthesized RNAs[106, 107]. However, de novo RNA synthesis was shown to require all four 

proteins for efficient replication[106]. The N-terminal region of nsP4 is predicted to be unstructured 

and the function of this region is less clear. However, deletion studies have shown that this region 

is essential for both plus and minus strand RNA synthesis and possibly important for protein-

protein interactions and template recognition[70, 108].  

 

STRUCTURAL PROTEINS 
 The main structural proteins are encoded by ORF2 are capsid (Cp), E1, E2 and E3. The 

Cp protein is responsible recognizing the viral genomic RNA and encapsulating it into a T = 4 

icosahedron nucleocapsid [63, 64].  Outside of its structural role, New World Alphavirus Cp has 

been implicated in shutoff of cell host translation through interactions with importin a/b and 

nucleoporins[109, 110]. During replication, the E1 and E2 proteins assemble in heterodimers to 

form the viral spike proteins, which are arranged on the host cell membrane and end up on the 

envelope of the virions through budding from the host membrane. While E1 and E2 are arranged 

together in heterodimers on the virions, they both play distinct role in viral entry, with E2 being 

required for interacting with the host receptor  [111-113] and E1 being primarily required for 

membrane fusion[114, 115]. Prior to E1 and E2 heterodimer formation in the endoplasmic 

reticulum (ER), E3 is associated with E2 and is required for proper folding of the precursor E2 

(pE2) protein as well as formation of the spike protein and transportation of the spike protein to 

the site of budding[116-118]. It has been proposed that E3 is necessary for stabilizing the spike 
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protein as it travels through the more acidic environment of the Golgi, though cleavage of E3 from 

pE2 by furin-like proteases is required to make the virions fusion competent [119]. Despite the 

cleavage of E3, the presence of E3 on the virions of some alphaviruses (e.g. SFV and VEEV) but 

not on others (e.g. SINV) suggests some heterogeneity in the function of this protein[120, 121].  

 The last two structural proteins are the 6K and the trans-frame (TF) proteins. Translation 

of ORF2 results most often results in the production of 6K and E1. However, during roughly 10-

18% of ORF2 translation, ribosomal stalling occurs due to the presence a UUUUUUA motif 

followed by an RNA stable structure[122, 123]. This causes a -1 frameshift, and the TF protein is 

translated in place of 6K and E1 occurs. 6K and the TF protein both contain identical N-terminal 

transmembrane helix, thought to be involved in ion-channel activity[124]. In addition, 6K contains 

a cytoplasmic loop followed by a second transmembrane helix, which functions as a translocation 

signal for E1. On the other hand, TF encodes a unique cytoplasmic C-terminal extension domain 

and precludes the translation of E1. 6K deletion studies have demonstrated the importance of 6K 

and TF protein in assembly, possibly by stabilizing spike protein and glycoprotein processing [124, 

125]. Functional studies investigating the role of TF protein during infection have demonstrated 

that disruption of TF protein production decreases replication in mammalian and insect cell 

cultures, and furthermore significantly reduced mouse mortality in SINV infected mice[123], 

emphasizing the importance of the -1 frameshift and TF protein production during infection.  

 

UNTRANSLATED REGIONS 
In alphaviruses, the 5’UTR varies in length between 27nt and 83nt, with VEEV complex 

5’UTRs between 42-48nt[126]. The 5’UTR plays several distinct roles during alphavirus 

replication. The alphavirus 5’UTR and sub-genomic promoter capping is performed by nsP1 (as 

described below) and results in the addition of a 5’ 7-methylguanosine (m7G) to form a cap 

structure (cap 0)[127, 128]. This cap structure is required for both mRNA stability and translation 

of the viral mRNA. Contrary to what is seen with Flaviviruses, both the sequence and structure of 

the 5’UTR do not alter capping efficiency of the 5’UTR of alphaviruses[129].  

  While all alphavirus RNA requires a cap to be translated, the RNA sequence and structure 

of the 5’UTR and sub-genomic promotor further regulate translation[130, 131]. This is evidenced 

by the differences in translation efficiency observed between RNAs containing the genomic or 

sub-genomic sequences of both SINV and SFV. Differences in the sequence and predicted RNA 

secondary structures directly adjacent to the 5’ cap were shown to alter the affinity of host 

translation initiation factors eIF4E and eIF4F to the RNA, highlighting an additional role of 

untranslated regions in translation regulation.  
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 Next to its role in translation, the 5’UTR is critical for alphavirus RNA replication. RNA 

replication is reliant on the synergistic function of two independent RNA elements contained within 

the 5’UTR [132-134]. The first is the AU dinucleotide at the 5’ terminus of the 5’UTR. This unpaired 

dinucleotide sequence is highly conserved amongst alphaviruses and plays a crucial role in viral 

RNA synthesis. Furthermore, this sequence may be required at the 3’end of the negative-sense 

RNA for initiation of positive-sense genomic RNA synthesis, through binding of the viral RdRp 

(nsP4)[70]. The second 5’UTR RNA element is a stable G-C rich stem-loop directly adjacent to 

the AU dinucleotide sequence. While mutational studies altering the loop sequence had no effect 

on viral replication, changes to the thermostability of the stem had a deleterious effect on viral 

replication, highlighting the importance of this structure [132].   

 In addition to its roles in viral translation and RNA replication, the 5’UTR of alphaviruses 

has been implicated in immune restriction and viral pathogenesis. A single point mutation at the 

3rd nucleotide position in the 5’UTR of VEEV TC83 resulted in attenuation both in vitro and in 

vivo[50, 51]. Further investigation demonstrated that while this strain was attenuated in 

immunocompetent cells and mice, in the absence of type I IFN signaling there was no effect on 

replication[54, 135]. Similar analogous point mutations identified in the 5’UTRs of both SINV and 

SFV were also shown to effect rodent pathogenicity and neuro-invasion[136-139]. The 

mechanism by which these mutations were affecting viral replication was later identified, as these 

5’UTR mutations in SINV and VEEV resulted in enhanced interactions of IFIT1 with viral 

RNA[140]. Ifit1 is an interferon-stimulated gene (ISG) that is quickly upregulated following viral 

invasion and suppresses the translation of non-self RNAs (reviewed in[141]). It does this by 

recognizing Cap 0 RNAs, which lack the 2’O methylation found in Cap 1 structures on host 

mRNAs. Although alphavirus genomic and sub-genomic RNAs contain Cap 0 structures, they 

evade IFIT1 recognition due to the thermodynamically stable 5’ stem-loop in their 5’UTRs. 

Reducing the stability of this stem-loop increases the susceptibility of SINV and VEEV to IFIT1 by 

promoting IFIT1 binding to viral RNA. 

Like the 5’UTR, there is considerable variation in the length of the 3’UTR, particularly 

between different complex alphaviruses. Despite the differences in length, most alphaviruses 

share common 3’UTR features, including repeated sequence elements (RSE), and a 19-24nt CSE 

located directly adjacent to the viral poly(A) tail[142-144].  

Reflecting the variation in 3’UTR length, the number of RSEs and the length of these 

regions vary significantly amongst alphaviruses. While the precise function of these RSEs has 

not been identified for all alphaviruses, deletion studies in both EEEV and CHIKV have resulted 
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in poor replication in mosquito cells without affecting mammalian cell replication, indicating that 

retention of these regions is required for mosquito adaptation[145-147].  

The 19-nt CSE is located directly adjacent to the viral poly(A) tail and is highly conserved 

amongst members of the alphavirus genus[142-144]. Mutation studies of this CSE in SINV have 

shown reduction of plaque size and viral replication as well as a reduction in the efficiency of 

minus-strand synthesis[142, 148, 149]. Furthermore, the poly(A) tail has been shown to work in 

conjunction with the 19-nt CSE to maintain the efficient of minus-strand synthesis. In this, the 

importance of the position of the 19-nt CSE in relation to the poly(A) tail as well as the minimum 

required length (11-12 residues) of the poly(A) tail has been demonstrated[149, 150].  

Lastly, alphavirus 3’UTRs have also been shown to contain important miRNA and protein 

binding sites, which can regulate translation of viral RNAs during infection[151-153]. For example, 

the myeloid specific miRNA miR-142-3p can interact with the viral genome of EEEV though 

binding sites within the 3’UTR and block translation of the viral genome. In vivo, this myeloid 

specific repression of EEEV viral translation and replication has been shown to result in a 

reduction of type I IFN signaling and limited early signs of disease, yet increased pathogenicity in 

mice[151]. This is mirrors what is seen in human infections, where short prodrome is associated 

with poor clinical outcomes in children[154]. Mutation of these miRNA binding sites restores viral 

replication and translation in myeloid cells in vivo, while also enhancing type I IFN signaling, early 

disease indicators, and viral attenuation[151]. Furthermore, the protein human antigen R (HuR) 

has been shown to interact with most alphaviruses through a binding site directly upstream of the 

3’UTR CSE. HuR is a universally expressed RNA binding protein (RBP), which preferentially 

binds to AU rich elements (ARE), thereby stabilizing mRNA and enhancing translation. During 

infection, alphaviruses have been shown to sequester HuR thus preventing viral RNA decay[153, 

155]. In addition, this sequestration of HuR away from host mRNAs also results in the 

destabilization and decay of host mRNAs reliant on HuR, consequently dysregulating the 

expression of cellular proteins[153]. 

Alphavirus replication  
Like many RNA viruses, alphaviruses replicate in the cell cytoplasm. Alphavirus infection 

begins when the E2 glycoprotein on the virion interacts with a receptor on the host cell surface, 

thereby initiating cell entry. The required receptor is not universal amongst alphaviruses. While 

some receptors such as CD147 protein complex have been shown to facilitate entry of both Old 

and New World Alphaviruses (eg. CHIKV, RRV, SINV, WEEV and EEEV)[156], other receptors 

have only been associated with entry of a particular virus. The first and so far, only receptor 
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described for VEEV entry was recently identified by Ma et al.[157]. Ldlrad3, a member of the 

scavenger receptor family, is conserved between mammals, birds, fish, amphibians and 

reptiles[157]. Ma et al. demonstrated that Ldlrad3 binds directly to the VEEV virion and enhances 

viral attachment and internalization of viral particles in neuronal cells. Despite being widely 

conserved amongst many species, mosquitos do not encode Ldlrad3, suggesting that a different 

entry receptor is required in mosquito infections. Next to receptors, three types of attachment 

proteins have been described for alphaviruses: C-type lectins, heparin sulfate and 

phosphatidylserine receptors[158-164]. While these factors play a role in concentrating virus on 

the surface of a cell, they are not sufficient to mediate cell entry and not always required. 

Following receptor binding, the virions are internalized through clathrin-mediated 

endocytosis [111-113]. Once internalized, the maturation of the endosome results in a progressive 

decrease in the pH. This low pH environment causes the dissociation of the E1-E2 dimer, thereby 

allowing the hydrophobic fusion peptide of E1 to insert itself into the endosomal membrane to 

form a fusion pore. This results in the release of the viral nucleocapsid into the cytoplasm [114, 

115]. In contrast to Old World alphaviruses, such as Sindbis virus and Semliki Forest virus, which 

enter from early endosomes, VEEV entry is dependent on the further acidification of the 

endosome that occurs with the maturation of early endosomes into late endosomes [165]. Once 

in the cytoplasm, the nucleocapsid is almost immediately uncoated releasing the viral RNA [166].  

Due to the presence of the 5’ cap and 3’ polyA tail, the viral genomic RNA is treated as an 

mRNA and directly translated upon entry into the cytoplasm. ORF1 is translated into the 

polyproteins P123 and P1234. Approximately 90% of translation events result in P123 with P1234 

only being translated upon readthrough of the opal stop codon between nsP3 and nsP4[167, 168]. 

After translation of P1234, nsP4 is released from the polyprotein through to the proteolytic activity 

of nsp2. Once released, nsP4 can perform its duty as RNA-dependent RNA polymerase and in 

complex with P123 initiates the synthesis of the minus-strand RNA, which in turn serves as a 

template for the genomic and sub-genomic RNA [169]. The polyprotein is then further processed 

into nsP1 and P23 [170, 171]. The replicase complex nsP1-P23-nsP4 is then formed at which 

point the switch from negative-sense RNA synthesis to positive-sense RNA synthesis happens 

[169, 172]. While the replication complex nsP1-P23-nsP4 is capable of synthesizing both the sub-

genomic and genomic RNAs, P23 is extremely short-lived and quickly cleaved into nsP2 and 

nsP3 [169, 172]. The majority of sub-genomic and genomic RNAs are therefore synthesized by 

the complex nsP1-nsP2-nsP3-nsP4, with the sub-genomic RNA being synthesized in excess of 

the genomic RNA.  
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The process of alphavirus RNA synthesis occurs in association with host cell membranes. 

Once translated, nsP1 initiates the formation of membrane invaginations, named spherules, by 

binding to negatively charged phospholipids on the cytoplasmic side of the plasma membrane 

[173-175]. Studies using SFV and SINV have shown that these spherules are first initiated at the 

plasma membrane and later internalized and fused with endosomes and lysosomes, forming type 

I cytopathic vacuoles (CPVs) [173, 174]. The extent to which spherules are internalized is highly 

dependent on the alphavirus, with SFV and SINV spherules being mostly internalized and CHIKV 

spherules remaining associated with the cell membranes. All four non-structural proteins as well 

as newly synthesized viral RNA and dsRNA have been detected in association with these 

spherules, supporting their role in alphavirus RNA synthesis[170, 176]. During synthesis, sub-

genomic RNA is released from the replication complex into the cytosol, where it is translated.  

As with the non-structural proteins, the structural proteins are translated as a polyprotein. 

Upon translation, Cp is immediately proteolytically cleaved due to its auto-protease activity and 

released into the cytoplasm[177, 178]. Once in the cytoplasm, Cp recognizes the packaging signal 

located within nsP1 of the genomic RNA and encapsulates a single copy of the genome into the 

nucleocapsid[179, 180]. Cleavage of Cp also exposes the localization signal for the remaining 

polyprotein causing translocation into the ER membrane[181]. Once in the ER, the polyprotein 

undergoes further processing of the glycoproteins into the spike protein, which is then trafficked 

through the trans-Golgi network to the plasma membrane. Finally, interactions between the viral 

glycoproteins on the membrane with the nucleocapsid promote budding of newly formed virions.  

Innate immunity during VEEV infection  
One of the hallmarks of VEEV infection is the system wide upregulation of type-I IFNs and 

proinflammatory cytokines early during infection[23]. During infection, viral dsRNA structures and 

sequences act as pathogen-associated molecular patterns (PAMPs) that are recognized by host 

RNA-binding proteins (RBPs), particularly pattern recognition receptors (PRRs). These PRRs are 

crucial for the early detection of viral invasion[182]. In VEEV infections, the primary PRRs involved 

are RIG-I-like receptors (RLRs), specifically RIG-I and MDA5[183]. RLRs are a family of cytosolic 

RNA helicases that signal through the mitochondrial-associated protein MAVS, leading to the 

activation of transcription factors IRF3 and IRF7. Once activated, these transcription factors move 

to the nucleus, where they promote the expression of type I IFNs. The secretion of type I IFNs 

triggers autocrine and paracrine signaling, which amplifies the antiviral response by upregulating 

interferon-stimulated genes (ISGs). While the number of ISGs upregulated after IFN-b treatment 
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ranges in the hundreds, only a small number of upregulated ISGs have been implicated in 

restriction of VEEV infection[184].  

The most prominent ISG in the context of VEEV infection is IFIT1[140, 184, 185]. IFIT1 

belongs to a family of IFN-induced proteins with tetratricopeptide repeats (IFITs), which is highly 

upregulated during alphavirus infection. As discussed previously, IFIT1 recognizes and inhibits 

translation of Cap 0 RNAs, which lack the 2’O methylation present on host mRNA Cap 1 structures 

(reviewed in[141]). While natural VEEV strains utilize Cap 0, they evade IFIT1 recognition due to 

the presence of a thermodynamically stable 5’UTR stem-loop[140]. A single mutation within this 

stem-loop, as seen in the vaccine strain TC83, alters the thermodynamic stability of this structure, 

resulting in increased sensitivity to IFIT1. Next to the importance of IFIT1, knock down of IFIT3 

has also been shown to be beneficial for viral replication, implicating it as another anti-viral factor 

at play during VEEV infection[184, 186]. However, the antiviral function of IFIT3 does not involve 

direct interaction with the viral genome. Instead, it binds to IFIT1, enhancing its half-life and 

allosterically regulating its RNA-binding activity, thereby improving IFIT1 recognition of Cap 0 

structures[141]. Recent work conducted by our lab also identified IFIT2 as a restriction factor for 

VEEV[186]. Recombinant VEEV containing the 3’UTR sequences from different epizootic and 

enzootic isolates were differentially sensitive to inhibition by IFIT2, though contrary to previous 

studies[187], IFIT2 restriction was not mediated through translation inhibition. This work further 

suggests that next to mutations in the E2 glycoprotein, changes in RNA structure within the VEEV 

genome may also contribute to the emergence of epizootic VEEV.   

One of the interesting aspects about VEEV is that while it produces a robust IFN response 

in vivo, commonly used cell lines such as fibroblasts and other non-myeloid cells are not capable 

of producing type-I IFNs during infection[188-190]. While these cells do produce type-I IFN 

mRNA, nsP2 mediated translation shut-off efficiently restricts secretion of type-I IFN proteins 

during infection. Contrary to non-myeloid cells, a subset of immortalized and bone marrow derived 

mouse macrophages have been identified as resistant to macromolecular shut-off by VEEV and 

allow for IRF7-mediated upregulation and secretion of IFN-a/b during infection[190]. This further 

emphasizes the importance of myeloid cells as the main contributors of system wide IFN signaling 

during in vivo infections.  

Additional roles for RNA structure during infection 
Several important viral RNA structures and conserved sequence elements (CSE) have 

been identified within the Alphavirus genomes.  These viral RNA structures and CSE interact with 

viral and host proteins to facilitate viral replication, transcription, translation and packaging of viral 
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RNAs. As discussed previously, there are several critical CSE contained within the untranslated 

regions of the alphavirus genome: a 5’ AU dinucleotide and adjacent stable G-C rich stem-loop, 

and the 19-nt CSE at the 3’end of the 3’UTR. However, there are various additional well described 

CSE across the coding regions of the viral genome that have also been implicated in viral 

replication which will be discussed here.  

Firstly, the 5’end of nsP1 contains a 51-nt CSE, which is widely conserved amongst 

alphaviruses and functions as an enhancer of viral replication [133, 191-193]. Both predictive and 

experimentally informed RNA structure analysis of this region has identified two short stem-loops 

within both the plus and minus strand viral RNAs[194, 195]. Mutational studies of this element 

suggest that while this CSE is not strictly required for replication in vertebrate cells, disruption of 

this element has deleterious effects on replication in mosquito cells[191].  

Next, alphaviruses also contain an RNA packaging signal (PS) located within nsP1[71, 

179]. Despite divergence of different alphavirus clades, most retain PS with similar structural and 

functional properties, allowing Cp proteins from different clades to recognize PS from 

heterologous alphaviruses. Alphavirus PSs contain 4-6 stem-loop structures with conserved GGG 

motifs within the loop, with one GGG-motif stem-loop being minimally required for efficient 

packaging. Mutation of either the stem-loops or just the GGG motif result in dysfunctional 

packaging and lead to mostly non-infectious virions containing sgRNA[71].  

While not present in other alphaviruses, SINV and SFV contains a prominent hairpin-loop 

RNA structure, also referred to as downstream loop or DLP, located 24nt downstream from the 

ORF2 AUG codon[196, 197]. During most viral infections, protein kinase R (PKR) is activated by 

dsRNA and phosphorylates eukaryotic initiation factor 2a (eIF2a) effectively halting host 

translation in an attempt to inhibit viral replication. Most viruses have developed means by which 

to circumvent PKR activation, such as sequestering dsRNA or degrading PKR (reviewed in[198]). 

Contrary to most viruses, SINV infection strongly activates PKR, causing the phosphorylation of 

eIF2a and shutdown of host translation[197, 199]. Despite activation of PKR, SINV is able to 

efficiently translate its structural proteins as the DLP promotes 40S ribosomal binding to the AUG 

codon in the absence of eIF2[197, 200]. While this DLP is required for replication in vertebrate 

cells, it is fully dispensable in insect cells as they do not have PKR.  

Lastly, the -1 ribosomal frameshifting required to produce the TF protein is dependent on 

the presence of a slippery UUUUUUA motif in conjunction with a stable RNA structure[122, 201]. 

While the heptanucleotide slip site is conserved between all alphaviruses, there is considerable 

variation in the accompanying predicted RNA secondary structures, varying between stem-loops, 
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hairpins and pseudoknots[122]. Regardless, the presence of these structures is required to induce 

backward slipping of the ribosome during translation for the production of the TF protein.   

Thesis work  

 The maintenance of enzootic VEEV in nature and the sporadic emergence of epizootic 

VEEV makes future epidemics unavoidable. While the significance of E2 amino acid mutations in 

driving the emergence of epizootic phenotypes is well-documented[12, 38, 46] [48, 52], additional 

mutations occurring in non-envelope genes and cis-acting elements within the VEEV genome 

have also been shown to affect IFN sensitivity and pathogenicity[53, 140]. Previous work by our 

lab and others, have demonstrated the importance of RNA structure not only in alphavirus 

replication, but also in protection against host innate immune responses. Interestingly, the 

majority of mutations which arise between enzootic and epizootic isolates are synonymous. In 

this thesis work, I sought to identify additional RNA elements within the VEEV genome which 

contribute to emergence of epizootic VEEV. Through RNA structure predictions of enzootic and 

epizootic VEEV strains and mutational studies (described in detail below) I was able to identify 

RNA structures which confer enhanced replication in macrophages, which are early targets of 

VEEV infection.  Understanding how enzootic and epizootic RNA structures influence cell-type 

specificity in macrophages will provide valuable insights into how initial stages of infection affect 

viral pathogenesis.  
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Chapter II: RNA structures within Venezuelan equine encephalitis 
virus E1 alter macrophage replication fitness and contribute to viral 

emergence 
 
Adapted from accepted manuscript: Hickson SE, Hyde JL (2024). “RNA structures within 

Venezuelan equine encephalitis virus E1 alter macrophage replication fitness and contribute to 

viral emergence.” PLoS Pathog 20(9): e1012179 

Introduction 
Alphaviruses are a group of enveloped positive-sense RNA (+ssRNA) viruses belonging 

to the Togaviridae family. These viruses are transmitted by arthropod vectors and are etiological 

agents of several significant human and veterinary diseases. Alphaviruses are globally distributed 

and can be broadly classified in two groups based on their associated pathologies, chiefly 

arthritogenic or encephalitic. Venezuelan equine encephalitis virus (VEEV) causes periodic 

outbreaks of febrile and encephalitic disease in equids and humans throughout Central and South 

America [36]. Endemic/enzootic VEEV is predominantly transmitted between Culex 

(Melanoconion) spp. mosquitoes and sylvatic rodents such as cotton rats and spiny rats which 

are believed to be the major reservoir host for these endemic/enzootic viruses (subtypes ID and 

IE) [35].  Emergence of epidemic/epizootic VEEV (subtypes IAB and IC) occurs de novo via 

mutation of enzootic subtypes [37]. In contrast to endemic/enzootic VEEV, epidemic/epizootic 

subtypes are primarily transmitted between several mammalophilic mosquitoes and equines 

which are the major amplification hosts during these outbreaks [52, 58]. Spillover infections into 

humans also occur during epidemic/epizootic episodes and can be associated with severe 

encephalitic disease and death, as well as long-term debilitating sequelae [45]. Repeated 

emergence of epidemic/epizootic VEEV has previously been shown to involve mutation of the 

viral attachment protein (E2) of ID endemic/enzootic subtypes which give rise to 

epidemic/epizootic VEEV subtypes IAB and IC [12, 38, 46]. E2 mutations were found to facilitate 

increased replication levels in horses, heightened virulence, and adaptation to epizootic mosquito 

vectors [48, 52]. While these mutations alone have been demonstrated to be sufficient for 

imparting epizootic phenotypes in a laboratory setting, epidemic/epizootic subtypes contain 

numerous additional mutations across the viral genome which studies suggest may contribute to 

epidemic/epizootic emergence [53, 54].   

The VEEV genome is approximately 11.5kb in length and contains a 5’methylguanosine 

(m7G) cap and a 3’ polyA tail [51]. The genome consists of two open reading frames, ORF1 which 
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encodes four non-structural proteins (nsp1-4) and ORF2 which encodes a subgenomic RNA from 

which the viral structural proteins are translated. We have previously shown that RNA structures 

present in the 5’UTR of the VEEV and Sindbis virus (SINV) confer resistance to the interferon 

stimulated gene (ISG) IFIT1, by preventing IFIT1 recognition of viral m7G capped RNA [140]. 

Similarly, we have observed that changes in VEEV 3’UTR structure alters IFIT2-mediated 

restriction of viral replication in a subtype-dependent manner [186]. Notably, most SNPs acquired 

by epidemic/epizootic strains following VEEV emergence are synonymous, suggesting that in 

addition to protein coding mutations in E2, changes in viral RNA structure may contribute to 

emergence of epidemic/epizootic VEEV. In this study we identify novel RNA structures in E1 that 

alter replication in macrophages which are early targets of VEEV infection in vivo. Conservation 

of SNPs and RNA secondary structures in this region suggest that these structures may contribute 

to emergence of epidemic/epizootic VEEV. These findings have significance for our 

understanding of VEEV evolution and emergence.   

Results 
To first identify putative RNA structures that differ between endemic/enzootic and 

epidemic/epizootic strains we used phylogenetic analysis to identify closely related pairs of 

enzootic and epizootic strains for subsequent RNA structure analysis (Figure 2.1). We compared 

143 isolates and identified three enzootic (subtype ID) strains (R16905, 307537, and 204381) 

which exhibited 99.4%, 96.5%, and 96.2% sequence identity to the epizootic (subtype IAB) 

vaccine strain TC83. For downstream RNA structure analysis, we chose to compare TC83 and 

307537. TC83 is a BSL2 attenuated vaccine strain developed by serial passage of strain Trinidad 

donkey (TRD) which was originally isolated from a sick donkey during an epizootic outbreak in 

Trinidad [50, 51]. TC83 shows 99.9% sequence identity with TRD but contains attenuating 

mutations in the 5’UTR and the viral attachment protein E2 [50, 51]. 307537 is a geographically 

distinct strain first isolated from mosquitoes and shares 96.5% sequence identity with TC83. To 

determine the predicted secondary structure of each viral genome, we used RNAfold [202, 203] 

[204] [205] to perform a sliding window analysis of each strain and generate an RNA structure 

score (RSS) for each window (Figure 2.2B). The RSS is generated by dividing the frequency of 

the minimum free energy structure (MFE) by the ensemble diversity (ED), and thus captures some 

qualitative data of RNA secondary structures formed by that sequence. In this instance, a higher 

RSS suggests the presence of RNA structures which are more thermodynamically stable and 

have a higher probability of forming. By reducing the complexity of RNA secondary structure to a 

single numerical value, we can compare large groups of sequences (e.g. phylogenetic analysis) 
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and identify RNA ‘signatures’ which may be unique or conserved within these groups. Our 

analysis revealed several regions with highly stable putative RNA structures (z-score >2), 

including nsp1, nsp2, nsp4, capsid, and E1 (Figure 2.2B, Figure 2.3). Previously defined 

functionally relevant RNA structures were also identified using this analysis, notably the nsp1 

packaging signal [71] , and the ribosomal frameshift (RFS) motif in 6K/E1 which is required for 

production of TF protein [122, 206]. In addition, we identified several regions in which the 

predicted RNA structure differed between TC83 and 307537, including within E1 (Figure 2.2C). 

As we observed a high proportion of synonymous mutations in this gene (97.6%; Figure 2.2A) 

and have previously shown that RNA structures proximal to this gene (3’UTR) alter replication 

properties of VEEV [186] , we sought to define the role of E1 RNA structures in viral replication 

and their potential contribution to emergence of epizootic VEEV.  
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Figure 2.1 Phylogenetic tree of VEEV IAB, IC and ID subtypes. The optimal phylogenetic tree of lineages 

K, L and M (previously described in [28]) as determined by the neighborhood-joining method [207]. Shown 

next to each branch is the percentage of replicate trees in which the associated taxa clustered together in 

the bootstrap test (1000 replicates).  
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Figure 2.2 Predicted RNA secondary structure of E1 differs between epizootic and enzootic VEEV. 
(A) Summary of all SNPs identified between TC83 and 307537. (B) RNA structure analysis of subtype IAB 

and ID VEEV. RNA structure prediction of VEEV strain TC83 (IAB; accession L01443) and strain 307537 

(ID; accession KC344519) was performed using RNAfold [17] (window size = 50nt, step size = 10 nt). The 

RNA structure score (RSS; frequency of MFE/ensemble diversity) is plotted against the nt window start site. 

Higher RSS indicates greater thermodynamic stability of predicted structures. The 2-fold standard deviation 
is indicated by a dotted line. (C)  RSS analysis of gene E1 from strains TC83 and 307537. Location of all 

SNPs across E1, including a single coding change (*), are depicted in the grey bar above.  
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Figure 2.3 Sliding window analysis of the relative structure score (RSS) across the VEEV genome 
broken up by gene. The RSS was calculated as the minimum free energy (MFE)/ensemble diversity for 

each window of 50 nucleotides with a step size of 10. TC83 is shown in red and 307537 is shown in blue. 

Two standard deviations from the mean was calculated across the entire genome and is represented as a 

dotted line.  
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To determine whether changes in predicted E1 RNA structures alter VEEV replication properties, 

we generated a chimeric TC83 virus encoding all synonymous changes from E1 of strain 307537 

(TC83/E1IDsyn) (Figure 2.4A). To disentangle confounding effects of amino acid changes on 

replication phenotypes, this chimera excluded the single protein coding mutation found within this 

region (nucleotide (nt) 10,481, Figure 2.2C). Notably, inclusion of this mutation in our structure 

analysis did not significantly alter the RSS in this region, and thus was predicted to have minimal 

effect on E1 RNA structure (Figure 2.2C). We then compared replication kinetics of TC83 and 

TC83/E1IDsyn in several cell types including the macrophage cell line Raw264.7, primary bone 

marrow-derived macrophages (BMDM), primary bone marrow derived dendritic cells (BMDC), 

and mouse embryonic fibroblasts (MEF) (Figure 2.4B-E). Here, cells were infected with WT or 

mutant viruses at an MOI of 0.1 and production of infectious virus measured over time by focus 

forming assay (FFA). Myeloid cells including macrophages are early targets of encephalitic 

alphavirus infection in vivo and have been shown to be a source of type I IFN production early 

during infection [84, 208]. Thus, replication fitness in macrophages would be predicted to have 

significant impacts on outcomes of VEEV infection in vivo. In both Raw264.7 and primary BMDM 

we observed an increase in TC83/E1IDsyn relative to TC83 (at 12hpi, 8-fold in Raw264.7, P = 

0.0035; 10-fold in BMDM, P = 0.0005) (Figure 2.4B, C). Remarkably, we observed no significant 

difference in replication of TC83 and TC83/E1IDsyn in either BMDC or MEF (Figure 2.4D, E), 

indicating that RNA sequences from E1 of enzootic VEEV specifically increases replication fitness 

in macrophages but not in other cell types.   
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Figure 2.4 Changes in E1 RNA sequence alters viral replication fitness in macrophages, but not 
other cell types. (A). Schematic representation of the TC83 and TC83 E1 RNA mutant (TC83/E1ID-syn) 

genomes. Synonymous SNPs from E1 of enzootic VEEV (strain 307537) were introduced into the vaccine 

epizootic VEEV (strain TC83) to generate an RNA mutant (TC83/E1ID-syn). The single coding change 
present in E1 (Figure 2.2C, asterisk) was omitted from the mutant. Red denotes sequences from the parent 

epizootic strain (TC83), and blue denotes sequences from the enzootic strain (307537). (B-E). Replication 

kinetics of VEEV TC83 and TC83/E1ID-syn in (B) Raw264.7, (C) primary bone marrow-derived macrophages 

(BMDMs), (D) primary bone marrow-derived dendritic cells (BMDCs), and (E) immortalized mouse 

embryonic fibroblasts (iMEF). Cells were infected with indicated viruses at a MOI of 0.1 (Raw264.5, 
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BMDMs, iMEF) or MOI 0.01 (BMDCs). Cell culture supernatant was serially harvested at 1, 6, 12, 24, 36, 

and 48 hpi and infectious virus was titered using focus forming assay (FFA). Each experiment was 

performed in triplicate three to four times independently and the mean and SD are graphed. Statistical 

analysis was performed by calculating the area under the curve (AUC) for each replicate, and the AUC 
values from WT and mutant viruses were analyzed by unpaired t-test. 

 

Type-I IFN is important in restricting replication and pathogenesis of alphaviruses [209-

211], and we have previously shown that VEEV RNA structure facilitates evasion of IFN-

stimulated genes (ISGs) [140, 186]. Thus, we hypothesized that putative E1 RNA structures from 

TC83/E1IDsyn could enhance replication in macrophages by facilitating evasion of host antiviral 

immunity. Specifically, we predicted that mutant E1 RNAs may evade sensing of VEEV RNA by 

RLRs RIG-I and MDA-5 which are known to play a role in alphavirus RNA sensing, particularly of 

3’ RNAs [183, 212]. To test this hypothesis, we used CRISPR to generate Ddx58 and Ifih1 knock 

out (KO) Raw264.7 macrophages and compared replication kinetics of TC83 and TC83/E1ID-syn in 

these cells (Figure 2.5A-C; Figure 2.6). Contrary to our expectations, TC83 replication was still 

impaired relative to TC83/E1ID-syn in both the absence and presence of RIG-I or MDA-5 expression 

(Figure 2.5A-C). To confirm these data, we used transient siRNA knock down of Ddx58 and Ifih1, 

as well as Irf3 (Figure 2.5D; Figure 2.6) and examined titers of TC83 and TC83/E1ID-syn compared 

to cells treated with a non-silencing control (NSC) siRNA. We predicted that if enhanced 

replication of TC83/E1IDsyn was due to evasion of RLR-dependent sensing and antiviral restriction 

then knock down of RLR expression or expression of downstream signaling molecules (IRF3) 

would result in an increase in replication of TC83 but no change in the replication of TC83/E1ID-

syn. However, consistent with CRISPR data, we observed no increase in replication of TC83 in the 

absence of either RLR expression or IRF3. Furthermore, knockdown of Irf3 did not lead to an 

increase in TC83 replication relative to TC83/E1ID-syn, suggesting that preferential sensing and/or 

inhibition of TC83 RNA cannot explain the observed replication differences in macrophages.  

 

While these data did not support a role of RLR-mediated RNA sensing in differential 

replication of TC83 and TC83/E1ID-syn, we could not rule out a role for other RNA sensing pathways 

or antiviral effectors which are independent of these pathways. As antiviral signaling pathways 

converge on expression of type-I IFNs which are critical for restriction of alphaviruses through 

expression of antiviral effectors, we examined whether differences in type-I IFN signaling and ISG 

expression accounted for enhanced replication of TC83/E1ID-syn. To determine whether infection 

with TC83 or TC83/E1ID-syn led to differential activation of type-I IFN responses, Raw264.7 were 
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treated with antibodies specific for the IFN-alpha receptor (IFNAR) or an IgG isotype control 

antibody prior to and during infection (Figure 2.5E). We expected that if diminished TC83 

replication was due to impaired evasion of RNA sensing and IFN activation then IFNAR blockade 

would result in an increase in viral replication to levels similar to the mutant. However, while 

IFNAR blockade led to a significant inhibition of ISG expression as measured by qRT-PCR 

(Figure 2.5F-H), neither infectious viral titers nor viral RNA production were affected when 

compared to treatment with an isotype control (Figure 2.5E and I). Collectively, this data suggests 

that differential replication of TC83 and TC83/E1ID-syn cannot be explained by altered evasion or 

induction of IFN or ISG expression by either virus. 
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Figure 2.5 Differential macrophage replication of TC83 and TC83/E1ID-syn viruses is IFN- and RLR-
independent. (A-C) Replication kinetics of VEEV TC83 and TC83/E1ID-syn in (A) empty vector, (B) Ddx58-

/-, and (C) Ifih1-/- CRISPR Raw264.7 cells. Cells were infected with indicated viruses at a MOI of 0.1. Cell 

culture supernatant was serially harvested at 1, 6, 12, 24, 36, and 48 hpi and infectious virus was titered 

using focus forming assay (FFA). Each experiment was performed in triplicate three times independently 

and the mean and SD are graphed. Statistical analysis was performed by calculating the area under the 

curve (AUC) for each replicate and experiment, and the AUC values for each virus analyzed by unpaired t-

test. (D) Raw264.7 were treated with non-silencing control (NSC) siRNA or siRNA targeting Mavs, Ddx58, 

Ifih1, or Irf3. Cell culture supernatants were harvested at 24 hpi and infectious virus quantified by FFA. (E) 
Raw264.7 were pretreated for 1 hour with 10µg of IgG or IFNAR blocking antibody, then infected with TC83 

or TC83/E1ID-syn at an MOI of 0.1 in the presence of antibody. Infectious virus from cell culture supernatants 
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harvested at 10 and 22 hpi was titered by FFA. Each experiment was performed three times independently. 

(F, G, H, I) IFNAR blocking antibody assays were performed in WT Raw264.7 as described in E, and cell 

lysates collected at 22 hpi.  IFNb1, ISG15, Ifit1 and VEEV viral RNA transcripts quantified by qRT-PCR. (F, 
G, H) Gene expression within samples was normalized to hprt, and fold change in gene expression relative 
to IFNAR samples was calculated. (I) Viral RNA fold change over IgG control was calculated and displayed 

per virus. Each experiment was performed three times independently in duplicate or triplicate, and statistical 

analysis was performed using unpaired t-test.   

 
 
 

 
Figure 2.6. Validation of CRISPR KO and siRNA KD in Raw 264.7 macrophages. (A) Western blots 

from Raw264.7 6hrs after treatment +/- 100U/ml msIFN-b. (B)  Western blot of Raw264-7 after transfection 

with NSC or protein of interest siRNA siRNA pool (10µM) pool for 24hrs or 48hrs. (C) Cell viability was 

determined using alamarblue Cell Viability Reagent and calculated as a percentage compared to the NSC. 

(D) qPCR was performed for viral RNA and the fold change in viral RNA over TC83 is expressed.  Statistical 

analysis was performed using GraphPad Prism 9, using an unpaired T-test. 
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To unveil what IFN-independent mechanisms might underlie the observed differences in 

TC83 and TC83/E1ID-syn replication (Fig. 2.5), we used a proteomics approach to identify host 

proteins which interact differently with TC83 and TC83/E1ID-syn RNA. We hypothesized that 

changes in primary sequence and/or secondary structure could alter the viral RNA-protein 

interactome leading to changes in replication. Specifically, we predicted that antiviral RNA-binding 

proteins (RBPs) would be enriched for TC83 RNA or that proviral RBPs would be enriched for 

TC83/E1ID-syn RNA. To define the RNA-protein interactome of TC83 or TC83/E1ID-syn, Raw264.7 

were infected at MOI 0.1 and viral RNA immunoprecipitated at 24 hpi using the J2 anti-dsRNA 

antibody [213]. RNA-bound protein targets were then purified and identified using Liquid 

chromatography–mass spectrometry (LC-MS). A total of 166 proteins were identified. Differential 

enrichment of protein targets for each virus was calculated and targets prioritized as follows: (i) 

targets with spectral counts >10; (ii) targets showing >2-fold enrichment over the paired IgG 

control in at least one sample; (iii) targets showing >2-fold enrichment in TC83 vs TC83/E1ID-syn 

(or vice versa); (iv) targets with known RBP activity (based on RBPbase and GO terms). While 

MS data was generated from two independent experiments (Figure 2.7), we observed much 

lower spectral counts for targets in the second experiment as well as lower enrichment scores 

overall.  Nonetheless, we identified several targets in both screens that were either differentially 

enriched for the WT or mutant virus (>1.5-fold; FBL, NOP58, CHTOP) or which were enriched 

equally for both (DHX9, ADAR, YBX1). Based on the more robust nature of the data set, 

downstream targets chosen for validation were based on data from experiment 1. Based on the 

criteria above we identified a total of 24 RBPs which showed differential binding to either the TC83 

or TC83/E1ID-syn genomes (Figure 2.7A). In addition, we also identified several highly abundant 

targets (YBX1, HNRNPC, HNRNPM, and ADAR1) that were equally enriched for both viruses 

which have also been identified in previous studies as interacting with alphavirus RNA and would 

not be expected to be differentially enriched [214-216](Figure 2.7B). Remarkably, with the 

exception of UBTF and DHX38, all identified targets were found to be enriched for the mutant, 

suggesting that enhanced replication of TC83/E1ID-syn is not due to evasion of antiviral factors that 

restrict TC83, but recruitment of proviral RBPs to TC83/E1ID-syn. Pathway analysis of these top 

hits showed enrichment for RBPs associated with snoRNAs and more broadly RNA metabolism 

(Figure 2.7C). To validate IP-MS findings and determine which RBPs were necessary for 

enhanced viral replication of TC83/E1ID-syn in macrophages, we used siRNA to inhibit expression 

of 11 of these targets in Raw264.7 and assess replication of WT and mutant viruses in these cells 

(Figure 2.7D, Figure 2.8A). Here, Raw264.7 were transfected with NSC siRNA or a pool of 3 

gene-specific siRNAs, infected with TC83 and TC83/E1ID-syn at MOI 0.1, and infectious virus 
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quantified from supernatants by FFA. We observed that knock down of four of these targets 

(Thrap3, Fbl, Ubap2l, and Dhx38) led to reduced TC83/E1ID-syn replication to levels comparable 

to TC83, as compared to NSC-treated cells. Association of these RBPs with viral RNA was also 

validated using affinity purification (Figure 2.9). To exclude the possibility that increased cell 

death following gene knock down could account for non-specific changes in viral replication in 

siRNA versus NSC treated cells we also measured cell viability in siRNA treated cells following 

infection at 24hpi (Figure 2.8D). Here, we observed no change, or only modest changes in cell 

viability which could not account for the decrease in TC83/E1ID-syn replication observed.  To 

determine whether the cell type specificity of the TC83/E1ID-syn replication phenotype was due to 

cell-type dependent expression of RBPs, we additionally measured expression of TRAP3, 

DHX38, AND FBL protein in Raw264.7 and MEF (Figure 2.8E-H). Interestingly, we observed no 

difference in the expression of FBL and DHX38 between Raw264.7 and MEF, but contrary to 

expectations we observed a 4-fold increase in THRAP3 protein levels in MEF as compared to 

Raw264.7. Notably, expression of all three proteins was significantly reduced in MEF following 

viral infection but not in Raw264.7, suggesting that VEEV may downregulate expression of these 

RBPs in MEF but not macrophages, or that macrophages may be resistant to this downregulation 

[190]. Collectively this data supports the hypothesis that these proteins are important for 

macrophage specific phenotype observed with TC83/E1ID-syn.   
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Figure 2.7. Increased macrophage replication fitness of TC83/E1IDsyn is dependent on expression 
of RNA binding proteins Fbl, Thrap3, Ubap2l, and Dhx38.  (A) Top hits from dsRNA 

immunoprecipitation-mass spectrometry (IP-MS) of TC83 and TC83/E1IDsyn in Raw264.7. Raw264.7 cells 

were infected with TC83 or TC83/E1IDsyn at an MOI of 0.1, and viral dsRNA isolated from lysates at 24 

hpi using J2 dsRNA antibody [213] or IgG isotype control. RNA-bound proteins were identified by MS, and 
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fold-enrichment of spectral counts relative to IgG controls was calculated. Prioritized hits were chosen 

based on fold enrichment scores, total spectral counts, and whether targets are known RNA binding 

proteins (RBPbase hits). (B) Hits equally enriched in TC83 and TC83/E1IDsyn.  (C) STRING network 

analysis of top proteomics hits. Candidates meeting the cutoff criteria (A) were subjected to Protein-Protein 
Interaction Networks Functional Enrichment Analysis. Candidate proteins identified in the screen are 

highlighted in red and interacting proteins in blue. (D) Enriched biological process GO terms that with a p-

value >0.001, along with the observed gene count present in the STRING network (E-H) Raw264.7 were 

transfected with control (NSC) or pooled (3 siRNA) gene specific siRNAs targeting (E) Thrap3, (F) Fbl, (G) 
Ubap2l, or (H) Dhx38 for 24 hours. Cells were infected TC83 or TC83/E1ID-syn at an MOI of 0.1, cell culture 

supernatants collected at 24hpi, and infectious virus titered by FFA. All siRNAs were assayed 

simultaneously but for visual clarity, data for each gene is shown separately along with the shared control 

siRNA samples. Each experiment was performed in triplicate three times independently and the mean and 
SD are graphed. Statistical analysis was performed using unpaired t-test. ** >0.001, ***>0.0001. Fold 

change and p-values are indicated on each graph. 
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Figure 2.8. Validation of additional mass spectrometry hits. To evaluate the effect of these genes on 
viral replication (A) Raw264-7 cells were transfected with 10mM of a pool of 3 siRNA targeting proteins of 

interest for 24hrs, after which they were infected with TC83 or TC83/E1ID-syn. Supernatants were collected 

at 24hpi and infectious virus was titered using FFA. For visual clarity, the individual siRNAs along with the 

non-silencing control (NSC) are graphed individually, however the NSC is the same in all graphs. Each 

experiment was performed in triplicate three times independently and the mean and SD are graphed. (B) 
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Western blot of Raw264-7 transfected for 24h or 48h with NSC or protein of interest siRNA pool (10µM). 

(C) Cell viability was determined using alamarblue Cell Viability Reagent and calculated as a percentage 

compared to the NSC. (D) Western blot analysis of Raw264.7 or iMEF +/- TC83 (MOI 0.1) lysates at 24hpi. 

(E) Densitometry was performed using Adobe Photoshop and expression of proteins were normalized to 
the actin control. The percentage expression was then calculated in relation to the uninfected Raw264.7 

control. This is representative of two independent repeats. Statistical analysis was performed using 

GraphPad Prism 9, using an unpaired T-test. * >0.05, **>0.001. 

 

 

 
Figure 2.9. RNA aptamer immunoprecipitation of Fbl, Thrap3, Ubap2l and Dhx38. In vitro RNAs 
encoding 4x repeats of the S1m-aptamer followed by the core region of E1 (10,516-10,808) from TC83 or 

TC83/E1ID-syn were generated along with a 4x S1m-aptamer only control RNA. RNA was bound to 

streptavidin beads then incubated with cellular lysates from Raw264.7, and bound proteins eluted and 

analyzed. (A) Western blot analysis of Fbl, Thrap3, Ubap2l and Dhx38 is displayed for the input lysate 

control, RNA aptamer control, TC83 or TC83/E1ID-syn aptamer RNAs. (B) Densitometry was performed on 

the bands using Adobe Photoshop and the fold change in density of the TC83/E1ID-syn over the TC83 RNA 

aptamer is displayed. This is representative of two independent repeats.   
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We next sought to determine the possible mechanism by which these RBPs may alter 

viral replication in macrophages. RNA structures within the 3’ end of viral genomes and host 

mRNAs, are known to be important for translation efficiency [217-219]. Interestingly, all four of 

the  RBPs identified as being required for enhanced TC83/E1ID-syn replication in macrophages 

(FBL, THRAP3, UBAP2L, AND DHX38) have been previously linked to regulation of mRNA 

stability and translation [220-222]. Thus, we hypothesized that FBL, THRAP3, UBAP2L, AND 

DHX38 increase TC83/E1ID-syn replication by increasing translation of viral RNA. To test this 

hypothesis we modified a previously described VEEV luciferase translation reporter to include the 

E1 sequence from either TC83 or TC83/E1ID-syn and compared translation of reporter RNAs in 

Raw264.7 (Figure 2.10A) [140, 223]. Raw264.7 cells were nucleofected with in vitro transcribed 

capped reporter RNA and luciferase activity measured at the indicated timepoints. We observed 

a significant increase in translation of TC83/E1ID-syn reporter RNA compared to TC83 starting as 

early as 30 minutes post-nucleofection (~1.3-fold) and increasing over time (2-fold at 240 min) 

(Figure 2.10A-B). To evaluate whether RNA synthesis was also impacted by changes in E1 RNA, 

we generated a nsp3-tagged nano-luciferase (nLuc) VEEV replicon containing firefly luciferase 

under control of the subgenomic promoter and compared replication of TC83 and TC83/E1ID-syn 

replicons in Raw264.7(Figure 2.10C-D). Similar to the translation reporter assays described 

above, Raw264.7 cells were nucleofected with in vitro transcribed and capped replicon RNA and 

nLuc expression measured using Nano-Glo Dual-luciferase reporter assay system (Promega). 

Consistent with our translation reporter assay data (Figure 2.10A-B), we observed a significant 

increase in nLuc activity of TC83/E1ID-syn replicon RNA as compared to TC83 at 3 (3.5-fold) and 

6 (4.5-fold) hours post-nucleofection, indicating that genomic RNA (gRNA) synthesis is increased 

in TC83/E1ID-syn relative to TC83, likely due to the increased translation of this RNA. As firefly 

luciferase was undetectable in these assays, likely due to the absence of capsid [109], we used 

RT-qPCR to measure the ratio of gRNA to subgenomic (sg) RNA in Raw264.7 following infection 

(MOI 5) with TC83 or TC83/E1ID-syn virus. We reasoned that if changes in E1 RNA sequence or 

structure specifically affected gRNA but not sgRNA synthesis this would lead to differences in the 

ratio of sgRNA-to-gRNA between TC83 and TC83/E1ID-syn. Consistent with translation and 

replicon data, we observed no significant difference in the sgRNA-to-gRNA ratio between TC83 

and mutant virus (Figure 2.10E)., suggesting that changes in E1 sequence are not only impacting 

gRNA translation and RNA synthesis but that sgRNA production is also likely impacted.   
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Figure 2.10 E1 RNA mutations alter translation and RNA transcription. (A) Visual representation of 
translation reporter and replicon. (B) 4µg of translation reporter RNA containing the E1 sequence from 

either TC83 or TC83/E1ID-syn were nucleofected into Raw264.7 macrophages. Cell lysates were collected 

at indicated times post nucleofection and luciferase activity measured. Data depicted as fold change over 

the TC83 samples for all time points. (C) 4µg nano/firefly replicon reporter RNAs was nucleofected into 
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Raw264.7 macrophages and cell lysates were harvested and dual-luciferase activity measured for indicated 

time-points. Nano-luciferase activity is displayed as fold change RLU/µg over TC83. (D-F) Raw264.7 were 

infected (MOI 1) with TC83 or TC83/E1ID-syn and lysates were harvested at 1, 3, 6 and 12hpi. RT-qPCR was 

performed using probes specific for genomic and sub-genomic RNA species. (D) the fold change between 
genomic and sub-genomic RNA per time point is displayed, (E-F) viral RNA ffu equivalence was calculated 

using a standard from RNA derived from a known concentration virus stock. (G-H) Raw264.7 were 

transfected with a non-silencing control (NSC) or Thrap3 siRNA and after 24hs cells were nucleofected with 

4µg of translation reporter RNA constructs. Cell lysates were collected at indicated times post nucleofection 

and luciferase activity measured. The fold-change in RLU/µg is displayed for each time point. Each 

experiment was performed in duplicate or triplicate, three times independently and the mean and SD 

graphed. Statistical analysis was performed using an unpaired T-test.  

 

To further evaluate whether the RBPs identified specifically alter translation of TC83 and 

TC83/E1ID-syn RNA, Raw264.7 cells were transfected with gene-specific siRNAs then nucleofected 

with TC83 or mutant reporter RNA 24 hours later, and translation assays performed on cellular 

lysates at the indicated time points (Figure 2.10G-H). We chose to focus on THRAP3 and 

UBAP2L due to their proposed interactions (Figure 2.7E, G) and their shared role in translational 

control and stress granule assembly[224, 225]. We observed significant translational repression 

of both TC83 and TC83/E1ID-syn following treatment of cells with Ubap2l siRNA which led to 

inconsistencies in translation reporter data, thus we chose to omit this data from our study. 

Notably, UBAP2L is a ribosome-associate RBP that has been implicated in modulating global 

regulators of translation [222], thus it is not surprising that we consistently observed poor or no 

translation of reporter RNA in Ubap2l siRNA-treated cells. Consistent with our initial translation 

reporter assay data (Figure 2.10A) we observed a significant increase (~2-fold) in translation of 

TC83/E1ID-syn RNA compared to TC83 in cells treated with NSC siRNA, but notably, KD of 

THRAP3 resulted in similar levels of luciferase activity for both reporters (Figure 2.10G, H). In 

fact, even partial KD of THRAP3 was sufficient to reduce translation of the TC83/E1ID-syn reporter 

RNA (Figure 2.11). Collectively, our data shows that changes in E1 RNA sequence alter 

translation of viral RNA, and that enhanced translation of TC83/E1ID-syn is at least in part 

dependent on THRAP3. 
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Figure 2.11 Western blot analysis of NSC and Thrap3 siRNA KD in Raw264.7 macrophage used in 
translation reporter assay. The integrated density of each of the western blot bands was determined 
using Adobe Photoshop and normalized to the actin control. The expression of each protein is displayed 

as a percentage of the Raw264.7 uninfected control. 

 

 

Analysis of primary E1 sequences from TC83 and TC83/E1ID-syn failed to reveal obvious 

recognition motifs for any of the targets identified in our proteomics study. Thus, we generated 

additional E1 mutants to map regions within E1 necessary for differential macrophage replication 

and RBP recruitment (Figure 2.12 A). Here, Raw264.7 cells were infected with parent or mutant 

viruses at MOI of 0.1 and infectious titers at 12 and 24hpi assessed by FFA (Figure 2.12 B, C). 

We initially compared replication of two mutants in which the 5’ or 3’ half of E1 was exchanged 

between TC83 and TC83/E1ID-syn (mutant 1 and 2). Surprisingly, both mutant 1 and 2 replicated 

identically to the parent TC83 virus, suggesting that the element responsible for differential 

replication is located in the middle of E1 and was disrupted in these two mutants. To test this, we 

generated another mutant (mutant 3) which contained only SNPs from the central region of 

TC83/E1ID-syn E1 (nts 10,466-10,843) and compared replication of all viruses in Raw264.7 (Figure 
2.12 B, C). In contrast to mutant 1 and 2, mutant 3 replicated to similar levels as that of TC83/E1ID-

syn, confirming that the elements responsible for enhanced macrophage replication are located in 

the central region of E1.  
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Figure 2.12 RNA sequences in the central domain of E1 enhance macrophage replication of 
TC83/E1IDsyn. (A) Schematic representation of mutant viruses constructed. RNA chimeras containing 5’ or 

3’ half or the central region of E1 synonymous mutations from TC83/E1ID-syn (B, C) Viral replication of 

chimeric viruses from Raw264.7 infected at MOI 0.1. Supernatants were harvested at 12 (B) or 24 (C) hpi 

and infectious virus titered by focus forming assay (FFA). Each experiment was performed in triplicate three 

times independently and the mean and SD graphed. Statistical analysis was performed using an unpaired 

T-test. * >0.05, ** >0.001.  
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We hypothesized that altered macrophage replication fitness was driven by changes in 

RNA structure, which alter binding of RBPs to viral RNA. Therefore, to determine whether SNPs 

in the central region of E1 altered the underlying structure of E1, we performed in-cell SHAPE-

MaP [216, 226] of cells infected with TC83 and TC83/E1ID-syn. Here, VERO cells were infected 

with TC83 or TC83/E1ID-syn at an MOI of 0.1, treated with either DMSO (unreacted control) or the 

SHAPE chemical 1-methyl-7-nitroisatoic anhydride (1m7), and RNA lysates collected at 24hpi. 

SHAPE-MaP library preparation, sequencing, and analysis was performed as previously 

described [227], and SHAPE reactivity profiles generated for each viral genome (Figure 2.13 A, 
Figure 2.14). The SHAPE reactivity is indicative of the flexibility of each individual nucleotide, with 

low SHAPE reactivity correlating to paired nucleotides and high SHAPE reactivity correlating to 

unpaired nucleotides. Using these reactivity profiles as constraints for RNA folding, the secondary 

structure of TC83 and TC83/E1ID-syn E1 was determined using RNAfold (Figure 2.13 B, Figure 
2.15). Within the central region of E1, we observed conservation of several secondary structural 

elements (in grey) between TC83 and TC83/E1ID-syn. We also observed conservation of secondary 

structures in other regions of the viral genome, including the ribosomal frameshift motif in 6K/E1 

(Figure 2.15). Notably, our data was found to be consistent with previously published SHAPE-

MaP analysis of VEEV strain ZPC738 [194] (Figure 2.15) and we identified conserved secondary 

structures across all three viruses, lending further support to our findings. The central region of 

E1 responsible for the macrophage replication phenotype contains 11 SNPs (in blue, Figure 
2.13). Three of these reside within the invariant RNA secondary structures identified (grey), and 

two SNPs (nts 10,481 and 10,633) were found to be unique to strain TC83 and another closely 

related IAB strain (AB66640; Figure 2.17). Of the remaining six SNPs, three were found within 

regions that displayed the most variable RNA secondary structure (nts 10,522, 10,606, 10,810; 

Figure 2.13 A-C, boxed base pairs). To further define the SNPs responsible for enhanced 

TC83/E1ID-syn replication, we made an additional 5 TC83 mutants containing single point mutations 

at positions 10,495, 10,606, 10,747, 10,759, and 10,810 and compared replication of these 

viruses to TC83 and TC83/E1ID-syn in Raw264.7 (Figure 2.16). Mutant 10,606 showed no increase 

in viral replication compared to TC83 at 12h or 24h. Of the remaining mutants tested, only 10,495 

consistently showed an increase in replication at 12 and 24 hpi compared to TC83, whereas the 

other mutants (10,747, 10,759, and 10,810) replicated to levels similar to TC83 at 12hpi but 

showed increased replication similar to TC83/E1ID-syn at later times (24hpi). While the role of these 

three mutants in replication of TC83/E1ID-syn remains ambiguous, we can conclude from this data 

that at minimum SNPs that alter the 5’sequence of this E1 core region contribute to the enhanced 

replication of TC83/E1ID-syn.   
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Figure 2.13 SHAPE-MaP analysis of TC83 and TC83/E1IDsyn infected cells. RNA from VERO cells 

infected with TC83 or TC83/E1IDsyn (MOI of 0.1) was analyzed by SHAPE-MaP. (A) Differential SHAPE 

reactivities of nucleotides in E1. The central region responsible for enhanced macrophage replication of 

TC83/E1IDsyn is highlighted in blue. Secondary structures and SHAPE reactivities of nucleotides in the 
central domain of (B) TC83 and (C) TC83/E1IDsyn. Low reactive nucleotides (black) correspond to base-

paired nucleotides and highly reactive nucleotides (orange, red) correspond to exposed bases. Structural 

elements conserved between both viruses are highlighted in grey, and SNPs are highlighted in blue. 

 

 

 
Figure 2.14 Quality matrixes for SHAPE-MaP for TC83 and TC83/E1IDsyn. Mutation rates for modified, 

untreated and denatured control (A) TC83 and D. TC83/E1ID-syn. Read depths for modified, untreated and 

denatured control (B) TC83 and E. TC83/E1ID-syn. The distribution of the SHAPE-MaP reactivities and the 

standard error of the reads for C. TC83 and F. TC83/E1ID-syn. 
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Figure 2.15 Previously described stable RNA structures conserved in SHAPE-MaP informed RNA 
secondary structure. Previous work by Kutchko et al. [194] performed in vitro SHAPE-MaP of the enzootic 

ID VEEV strain, ZPC738, and identified stable RNA structures across the VEEV genome. Displayed here 

are the SHAPE-MaP informed secondary structure predictions of (A) the ribosomal frameshift motif and (B) 
an E1 stem-loop for TC83 and TC83/E1ID-syn. Shaded in grey are the conserved regions identified between 

the previously described stable structures in ZPC738 and the in vivo SHAPE-MaP data generated for TC83 

and TC83/E1ID-syn. 
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Figure 2.16 Sequence alignment of the core E1 region. Alignment contains VEEV sequences from 

lineage K, L and M shown in the phylogenetic order determined in supp figure 1. Lineage K sequences are 

shaded in purple, lineage L sequences are shaded in blue and lineage M sequences are shaded in green. 

The alignment was made using TC83 (L01443 IAB) as the reference sequence. Varying nucleotides 
between TC83 and 307537 (KC344519 ID) are highlighted in red in the reference sequence. Identical 

nucleotides are represented as periods (.). 

 

 
Figure 2.17 Replication of single point mutants in Raw264.7 macrophages. Mutant viruses were made 

containing a single point mutation from 307537 in the TC83 backbone. Raw264.7 were infected with single 

point mutants (MOI 0.1) and supernatants were harvested at 12 (A) or 24 (B) hpi and infectious virus titered 

by focus forming assay (FFA). Each experiment was performed in triplicate three times independently and 

the mean and SD graphed. Statistical analysis was performed using an unpaired T-test. 

 

It is possible that complex interactions between RNA sequences is required for enhanced 

translation and replication, and that a combination of mutations is required to confer this 

phenotype. Since we hypothesized that changes in viral RNA structure contribute to emergence 
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of epizootic VEEV in nature, we sought to determine whether SNPs were conserved across other 

epizootic or enzootic strains. We reasoned that RNA structures associated with epizootic 

emergence would not be unique to TC83 but would also be present in other epizootic isolates. To 

this end, we compared sequences across 29 epizootic strains (subtype IAB and IC) and 40 

enzootic strains (subtype ID) (Figure 2.16). Indeed, with two exceptions, TC83 SNPs in the E1 

central region were conserved across all IAB isolates. Phylogenetic analysis shows the presence 

of distinct lineages which largely correspond to distinct geographic distribution of these viruses[28, 

228, 229]. Due to spatial evolution of these lineages, we speculated that epizootic-associated 

SNPs and RNA structures may also be lineage-specific, and not necessarily globally conserved 

across different lineages (compare epizootic sequences (red) within lineage K and Lineage L). 

Indeed, when we compared epizootic IAB (TC83; lineage L) and epizootic IC sequences (lineage 

K), we observed SNPs distinct to epizootic viruses versus enzootic within the one lineage, but 

which were different between epizootic viruses across distinct lineages. While almost all TC83-

associated SNPs in this region were conserved across other IAB isolates, we observed that in IC 

isolates only SNPs at position 10,495 and adjacent to 10,522 (yellow highlight; Figure 2.16) 

differed between ID enzootic and IC epizootic isolates in this lineage (lineage K). This suggests 

that the evolutionary path to epizootic emergence is likely distinct to each outbreak and virus 

lineage. To determine whether epizootic sequences from different lineages adopt conserved RNA 

secondary structure despite the presence of distinct SNPs, consensus RNA structure predictions 

were generated for each epizootic and enzootic group from lineage M, L, and K using RNAalifold 

[202, 230] (Figure 2.18). While overall the predicted secondary structure differed between all 

lineages, we observed that the 5’ structural element and first conserved structural element 

(Figure 2.13; highlighted in blue and grey in Figure 2.18) were predicted to be conserved in both 

IAB and IC epizootic strains. This region encompasses four of the SNPs within the central E1 

region responsible for differential macrophage replication, including nt 10,495 which we found 

was sufficient to increase replication of TC83 to levels similar to TC83/E1ID-syn (Figure 2.17). 

Collectively, this data shows that SNPs associated with macrophage replication fitness are 

conserved within lineages. Importantly, RNA structures are predicted to be conserved across 

epizootic viruses from distinct lineages despite variations in SNPs, suggesting that epizootic 

VEEV may evolve conserved RNA secondary structures that are functionally relevant for VEEV 

emergence.  
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Figure 2.18 TC83 E1 SNPs are conserved in other epizootic strains and are lineage specific. Dot plots 
from RNAfold [202] predictions of individual SNPs within the E1 core region (10,466-10,843) for (A) TC83, 

(B) TC83/E1ID-syn and (C) overlayed dotblots. Yellow boxes highlight regions with differences in RNA 

structure predictions. (D) Predicted RNA secondary structures from RNA alignfold [230]of sequences from 
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lineages K (divided into epizootic IC and enzootic ID), L and M. Stem-loop conserved in epizootic lineages 

is highlighted in blue, and stem-loop conserved in all lineage K and L highlighted in grey.  

Discussion 

Repeated emergence of epidemic/epizootic VEEV as well as the emergence and re-

emergence of other viral pathogens in recent times, has highlighted the need to better understand 

viral and host determinants that drive these processes. For VEEV, widespread vaccination of 

equines has been essential in the control of epidemic/epizootic outbreaks, though lack of vaccines 

and therapeutics for use in humans remains a significant gap [231]. Moreover, the ability to 

produce high levels of viremia in humans, and the presence of susceptible urban mosquito vectors 

in VEEV endemic regions suggests significant potential for VEEV to evolve the ability to transmit 

in urban settings without the need for an equine amplification host. Thus, understanding how host 

and viral factors drive the evolution and emergence of VEEV and other viral pathogens in nature 

is paramount. While previous phylogenetic studies have emphasized the importance of amino 

acid mutations within E2 in the emergence of epizootic VEEV [38, 48, 232], our data supports an 

additional role for RNA structure in viral replication and cellular tropism, which has implications 

for immune evasion, dissemination, and transmission.  

In this study we identified novel RNA structures that alter VEEV replication fitness 

specifically in macrophages, but not in other cell types. To our knowledge, this is the first time that 

VEEV RNA structure has been demonstrated to alter cellular tropism. In addition, we identified 

several RBPs which enhance replication of E1 enzootic mutants, namely THRAP3, UBAP2L, FBL, 

and DHX38.   

As far as we know, none of these RBPs have previously been shown to play a role in 

facilitating alphavirus replication, or for the most part, other RNA viruses. While these RBPs have 

been implicated in a wide variety of cellular functions, they have all been shown play a role in 

mRNA stability and translation [220-222]. Consistent with these reports, we have demonstrated 

that changes in E1 sequence and structure increases translation of TC83/E1ID-syn RNA, which is 

dependent in part on THRAP3. THRAP3 (thyroid hormone receptor-associated protein 3) is most 

notably described as an RNA splicing factor [233-236] and has also been implicated in 

transcriptional regulation [237, 238] and RNA stability [239]. However, the mechanisms by which 

THRAP3 regulate RNA metabolism is poorly described. Interestingly, recent studies have 

demonstrated a central role for THRAP3 in stress granule assembly [224, 225] along with 

UBAP2L and other notable stress granule-associated proteins (G3BP1/2)[240-244]. While we 

were unable to conclusively demonstrate a role for UBAP2L in increasing translation of TC83/E1ID-
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syn reporter RNA due to significant translational repression following KD in these assays, we 

clearly observed interaction of this RBP with viral RNA and demonstrated its role in enhanced 

replication of TC83/E1ID-syn (Figure 2.10G-H). Stress granule assembly dependent on G3BP1/2 

and UBAP2L has been suggested to prevent excessive innate immune activation [242], thus in 

addition to regulation of viral RNA translation, we speculate that recruitment of UBAP2L to the 

VEEV genome could potentially regulated inflammatory responses, though in a manner that is 

independent of IFN and ISG expression (Figure 2.5). 

At present the exact RNA structures necessary for recruitment of THRAP3 to TC83/E1ID-

syn RNA is unclear and future efforts will focus on defining the precise structural and biochemical 

determinants of this interaction. Notably, we identified several hairpins in the core region of E1 

that are conserved between TC83 and TC83/E1ID-syn and other strains (Figure 2.13B-C, grey 

boxes; Figure 2.18B) which contain AU-rich and AC-rich loop sequences. Many factors which 

regulate translation are known to bind to AU-rich and AC-rich sequences [153, 245-248], thus we 

speculate that conservation of these hairpins may suggest a role for these structures in translation 

of viral RNA. Whether THRAP3 interacts with these AU/AC-rich elements or functions by altering 

association of other translation factors with these elements remains to be determined.  Defining 

RNA motifs and the structural basis of THRAP3-RNA recognition during VEEV infection will 

provide important insight into novel mechanisms of VEEV translational control.  

Given the cell type specific nature of the replication phenotype observed, we speculated 

that the RBPs identified may be expressed preferentially in macrophages compared to other cell 

types in which TC83 and TC83/E1ID-syn replicated to similar levels. In contrast to our expectations, 

we observed that THRAP3, FBL, UBAP2L, and DHX38 were all expressed in both MEF and 

Raw264.7, but unexpectedly, expression of these RBPs was significantly repressed in MEF, but 

not macrophages following infection (Figure 2.8D). Previous studies have shown that a 

subpopulation of macrophages is resistant to macromolecular synthesis shutoff following VEEV 

infection [190]. Given that fibroblasts are sensitive to macromolecular synthesis shutoff, it is 

logical that these RBPs implicated in translational control (THRAP3, FBL, UBAP2L, and DHX38) 

would be downregulated in MEF. Thus, while these RBPs are not macrophage-specific per se, 

they may play a more prominent role in macrophages since these cells are resistant to 

translational repression following infection. It is tempting to speculate that VEEV may have 

evolved to exploit RBPs that regulate translation (such as THRAP3) that are more abundant in 

macrophages but downregulated in other cell types. Future studies will focus on broadly defining 

replication phenotypes of epizootic and enzootic VEEV in macrophages and the role of THRAP3 

and other RBPs in translation. Whether enhanced replication of other alphaviruses in myeloid 



 60 

cells is also specifically dependent on these RBPs or is more generally regulated by RBPs that 

control translation remains to be determined. 

The observation that macrophage replication is specifically impacted by changes in E1 

RNA is highly relevant, as myeloid cells are important targets early during in vivo infection and 

macrophages are important producers of IFN in this system [84, 208]. Notably, we observed that 

VEEV encoding E1 RNA sequences and RNA structures from an epizootic strain (TC83; IAB) 

replicated less efficiently in macrophages in relation to enzootic mutants. This is consistent with 

our prior studies, which similarly demonstrated that VEEV encoding either epizootic or enzootic 

3’UTR sequences replicate differentially in an IFIT2-dependent manner [186] and to differences 

in replication that we have observed between the epizootic derived TC83 and the enzootic strain 

ZPC738 (Figure 2.19). While seemingly counterintuitive, we predict that diminished myeloid cell 

replication is associated with enhanced dissemination and viremia in vivo. In our proposed model, 

enhanced replication of enzootic mutants in myeloid cells in the lymph node leads to enhanced 

immune activation in neighboring cells which restricts viral replication in the periphery, leading to 

poor dissemination and viremia, reduced transmission, and possibly reduced pathogenesis. In 

contrast, epizootic mutants which replicate more poorly in these cells do not induce robust 

immune responses leading to more efficient dissemination and transmission. This model is also 

supported by studies with eastern equine encephalitis virus (EEEV), in which increased 

macrophage replication fitness leads to potent attenuation in vivo [208]. While increased 

macrophage replication with EEEV correlated with enhanced IFN production, we did not observe 

any significant difference in IFN expression or signaling between WT and E1 mutant VEEV. 

Nonetheless, we predict that multiple mechanisms (IFN-dependent and -independent) may 

possibly play a role in VEEV emergence, given the demonstrated role for this cytokine [54, 55]. 
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Figure 2.19 Enzootic ID strain ZPC738 replicates more efficiently than TC83 in macrophages. 
Replication kinetics of VEEV TC83 and ZPC738 in Raw264.7. Cells were infected with indicated viruses at 

a MOI of 0.1. Cell culture supernatant was serially harvested at 1, 6, 12, and 24 hpi and infectious virus 

was titered using focus forming assay (FFA). The experiment was performed in triplicate, three 
independently and the mean and SD are graphed. Statistical analysis was performed by calculating the 

area under the curve (AUC) for each replicate, and the AUC values from TC83 and ZPC738 were analyzed 

by unpaired t-test. 

 
In addition to the 3’UTR and E1, we are also examining how other VEEV RNA sequences 

and structures may contribute to myeloid cell replication fitness, and how this impacts 

dissemination, pathogenesis, and transmission. Based on our observations we propose a more 

complex mechanism of VEEV emergence which entails acquisition of multiple mutations across 

the genome that collectively facilitate viral entry, replication fitness, and immune evasion in 

amplification hosts and vector species that facilitate transmission during epizootic episodes. We 

predict that diminished macrophage replication fitness is a hallmark of epizootic VEEV isolates. 

Furthermore, we suggest that macrophage replication phenotypes may be a more accurate cell 

culture-based predictor of epizootic potential, instead of determination by E2 sequences alone. 

These findings highlight the complexity of factors that contribute to viral emergence and highlight 

the importance of examining multiple cell types and host factors. 
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Chapter III: Conclusions and Future Directions 
Summary 

Venezuelan equine encephalitis virus (VEEV) is a zoonotic virus that has been responsible 

for significant epizootic outbreaks over the last century. The unique lifecycle of VEEV allows it to 

maintain endemic/enzootic reservoirs in mostly tropical regions of South and Central America, 

with the ever-present potential to cause major epidemic/epizootic outbreaks in the Americas. 

Constant further globalization as well as global warming have led to concerns for additional 

epizootic outbreaks in the future. Changes in the climate can lead to longer transmission seasons, 

increases in mosquito populations, and further geographical distribution of mosquito vectors, 

thereby widening areas at risk for epizootic outbreaks [21, 249]. Therefore, furthering our 

understanding of how host and viral factors contribute to the emergence of epizootic VEEV from 

enzootic VEEV is crucial. While amino acid mutations in the E2 glycoprotein have long been 

recognized as key drivers of epizootic VEEV emergence[38, 48, 232], variation in the 

pathogenicity of epizootic strains suggests that additional factors contribute to epizootic 

emergence. 

The work described in this thesis supports an additional role for RNA structure in VEEV 

viral replication and cellular tropism. Using predictive RNA structure software, we were able to 

identify regions of predicted structural diversity between the epizootic vaccine strain TC83 and a 

closely related enzootic strain 307537. Based on this analysis, we generated a chimeric TC83 

virus that contained the synonymous mutations from the E1 gene of 307537, termed TC83/E1ID-

syn. Incorporation of these synonymous E1 mutations resulted in an increase in viral replication, 

specifically in macrophages, highlighting the importance of changes in RNA sequence and/or 

structure within the E1 gene of VEEV for viral replication and cellular tropism.  

We then sought to understand the mechanism through which this increase in viral 

replication was occurring. While we initially hypothesized that changes in E1 RNA structure could 

be enhancing VEEV viral replication in macrophages by evading recognition by PRRs, our 

findings did not support this as knock out and knock down of known alphavirus pattern recognition 

receptors (PRRs) RIG-I and MDA5 had no effect on the observed enhanced replication of the E1 

mutant compared to TC83. Furthermore, similar results were obtained in experiments inhibiting 

all type-I IFN signaling through the IFNAR receptor, suggesting that the differences in 

macrophage viral replication could not be attributed to altered IFN induction or ISG expression.    

To further uncover the IFN-independent mechanism by which TC83/E1ID-syn is able to 

increase replication, we used a proteomics approach to identify differences in the viral RNA-

protein interactome of TC83 and TC83/E1ID-syn. Using this approach, we were able to identify four 
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RNA binding proteins (RBPs) (FBL, THRAP3, UBAP2L, and DHX38) that were required for 

enhanced replication of TC83/E1ID-syn in macrophages. Interestingly, all four of these proteins 

have been previously associated with regulation of mRNA stability and translation[220-222]. This, 

in conjunction with the known importance of RNA structures within the 3’end of viral genomes and 

host mRNAs for translation efficiency [217-219], led us to hypothesize that the increased viral 

replication of TC83/E1ID-syn may be attributed to altered translation efficiency. To test this, we used 

a previously described translation reporter assay [140, 223] into which the E1 gene from either 

TC83 or TC83/E1ID-syn had been cloned to assess the effect of the E1 gene sequence on 

translation. In this assay, the translation reporter RNA containing the TC83/E1ID-syn E1 gene 

sequence showed a significant increase in translation compared to the TC83 reporter, supporting 

our hypothesis that changes in E1 RNA structure or sequence effect translation efficiency. 

Furthermore, we were able to show that knock down of THRAP3 removed any difference in 

translation of the two reporters, suggesting a specific role for THRAP3 in VEEV translation. 

Through the generation of additional E1 gene mutants, we were able to establish that the 

central region of the E1 gene is essential for the enhanced macrophage phenotype. Using 

SHAPE-MaP analysis, we were then able to generate experimentally informed RNA secondary 

structure predictions and identify structures which may be involved in translation efficiency of 

VEEV.  

Future directions 

Our work here has demonstrated a novel role for RNA structure during VEEV replication, 

specifically in macrophages. Incorporation of enzootic E1 sequence into the epizootic derived 

TC83 strain was sufficient to alter viral replication, specifically in macrophages. At first glance, 

these results may seem counterintuitive, as it would be reasonable to expect that introduction of 

an enzootic sequence would have an attenuating effect on viral replication of a more pathogenic 

epizootic strain. Yet these findings were consistent with differences we observed in the 

macrophage viral replication of another enzootic strain ZPC738 and the epizootic derived TC83, 

in which ZPC738 achieved ~2log increase in viral replication at 24h. While these results suggest 

that enzootic strains and/or sequences confer a replication advantage in cell culture 

macrophages, the question remains how this phenotype might contribute to viral replication and 

pathogenesis in vivo.  

In mouse VEEV infections, skin myeloid cells such as macrophages and dendritic cells 

(DCs) have been identified as the initial targets of infection, as the migratory nature of these cells 

allows for efficient system wide spread of the virus through the draining lymph nodes (dLNs) [22, 
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208]. Furthermore, VEEV infection is characterized by a system wide induction of type-I IFNs and 

upregulation of proinflammatory cytokines in the spleen and dLN early during infection. Based on 

our findings that epizootic sequences reduce macrophage replication in cell culture, we 

hypothesize that diminished epizootic replication in macrophages early during infection may lead 

to increased dissemination and pathogenesis in vivo. In this proposed model outlined in Figure 
3.1, we would expect that enhanced replication of enzootic strains in macrophages early during 

infection leads to increased immune activation, effectively limiting viral replication in the periphery 

and possibly leading to reduced pathogenesis. Restricted macrophage replication of epizootic 

strains would conversely result in poor immune activation, eventually leading to more efficient 

dissemination and increased pathogenesis. The research presented here has primarily focused 

on the effects of enzootic versus epizootic sequences on viral replication in cell culture. However, 

future experiments investigating early myeloid infection, viral dissemination, and immune 

activation in mice would provide valuable insights into how this macrophage-specific phenotype 

influences in vivo pathogenesis. Additionally, expanding future studies to include replication 

kinetics in horse macrophages would further enhance our understanding of viral behavior in a 

more relevant host, providing critical insights into the natural infection dynamics of enzootic and 

epizootic VEEV.   
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Figure 3.1 Model of RNA structure contributions to emergence and pathogenesis of VEEV. Following 

infection and trafficking to the proximal draining lymph node of an infected host, enzootic E1 RNA structures 

lead to recruitment of proviral factors (IFN-independent RBPs) which enhance replication specifically in 

macrophages, and possibly other myeloid cell types. Enhanced viral replication in the lymph node leads to 

increased accumulation of dsRNA and stimulates antiviral responses in host cells, preventing efficient 

dissemination and viremia. Reduced viremia leads to reduced transmission and possibly reduced 

pathogenesis. 
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Arthropod borne viruses encounter additional challenges, as they are required to maintain 

fitness in both vertebrate and invertebrate hosts. Furthermore, changes in the main mosquito 

vectors responsible for viral transmission during epizootic outbreaks suggest that mosquito 

adaptation of the virus to epizootic mosquito vectors may be important for epizootic emergence 

[30, 59]. Several regions within the alphavirus genome have been identified as important for 

maintaining mosquito vector competence, while having minimal effects on replication in 

mammalian cells. For example, destabilizing mutations in the putative secondary structure of the 

nsP1 51nt conserved sequence element (CSE) have been shown to have deleterious effects on 

alphavirus replication in mosquito cells with only minor effects on replication in mammalian cells 

[191]. Notably, several viral determinants have been shown to be critical for replication in one or 

either host. For example, the DLP RNA structural motif in SINV, which is encoded in the 5’ end of 

the capsid gene has been shown to be critical for conferring eIF2α-independent translatability of 

the sub-genomic RNA when PKR is activated, but deletion of this element has minimal impact on 

viral replication in mosquito cells[197, 199]. In addition, phosphorylation of the hypervariable 

domain (HDV) of nsP3 is required for viral replication in mosquitoes yet dispensable for 

mammalian replication[102]. Understanding how variations in RNA sequences or structural 

elements across the viral genome impact viral replication in mosquitoes and their adaptability to 

epizootic vectors remains a crucial area of research. Although this study does not address these 

aspects, future experiments examining the effects of E1 synonymous mutations on replication in 

mosquito cells would address whether there is a role for these mutations in mosquito vector 

competence. Moreover, evaluating replication in mosquito cells derived from both enzootic and 

epizootic vector genera would provide further insights into whether these mutations specifically 

influence epizootic vector competence.  

One of the remaining overarching questions is whether there are epizootic RNA elements 

or structures that are more widely conserved across epizootic strains that contribute to epizootic 

emergence. While we were able to identify conservation of SNPs within the epizootic IAB 

subtypes, these SNPs were not likewise conserved in other epizootic lineages. Geographical 

distribution of distinct VEEV lineages has likely led to significant differences in the SNPs identified 

between different epizootic lineages. Despite this, we were able to generate consensus predicted 

RNA secondary structures for epizootic and enzootic VEEV lineages, which showed conservation 

of several structures within the central region of the E1 gene, regardless of differences in the 

SNPs at these locations. Whether we can attribute the conservation of these predicted RNA 

secondary structures to convergent evolution of epizootic lineages and whether these structures 
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actually contribute to epizootic emergences remains to be seen. Future RNA structural studies 

looking at the conservation of experimentally informed E1 RNA structures of an array of enzootic 

and epizootic strains will help to identify conserved structures.  

Concluding remarks 

 With continued global warming causing spread of viral vectors and increased 

globalization, understanding the mechanism involved in the emergence of epizootic VEEV 

remains crucial. The constant development of new techniques and expanded discoveries 

regarding the role of RNA structure in cellular functions, emphasizes the importance of furthering 

our knowledge regarding the varies roles that RNA structure may play in viral infections. 

Understanding the RNA structural landscape of VEEV and how this contributes to pathogenesis 

is of vital importance. The work in this thesis lays the groundwork for a method to identify diversity 

in the predicted RNA structures of various strains of VEEV. Continued exploration of the role that 

RNA structure plays in cell-type specificity and pathogenesis of VEEV is important for furthering 

our understanding of how to combat these viruses.  
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Chapter IV: Materials and Methods 

Cell lines  
Vero C1008 and Raw264.7 cells were obtained from ATCC. All cell lines were maintained 

in DMEM supplemented with 10% heat-inactivated FBS (HyClone), 1% L-GlutaMAX (Gibco), and 

1% nonessential amino acids (NEAA).  

Bone marrow derived macrophages (BMDMs) and Bone marrow derived dendritic cells 

(BMDCs) were generated independently from 10 to 20-week-old C57BL/6 mice. The mice were 

sacrificed, the femur and tibia were removed and cleaned. The bones were then briefly dipped in 

70% EtOH to sterilized, followed by 1x PBS to remove any excess EtOH. The ends of the bones 

were then cut to expose the bone cavity and the bones were flushed with media using a 26.5G 

needle. The cells from one mouse were then divided over 3x 10cm non-tissue culture. To generate 

BMDMs, the dishes were grown in DMEM supplemented with 10% FBS (HyClone), 1% L-

GlutaMAX (Gibco), 1% NEAA, 10,000 U/ml penicillin (Sigma), 10 mg/ml streptomycin (Sigma), 

and 20% L929-conditioned cell supernatant (described below). To generate BMDCs, the dishes 

were grown in DMEM supplemented 10% FBS (HyClone), 1% L-GlutaMAX (Gibco), 1% NEAA, 

10,000 U/ml penicillin (Sigma), 10 mg/ml streptomycin (Sigma), 55mM b-mercaptoethanol and 

20ng/ml GM-CSF (). On day 2 post harvesting, BMDMs were supplemented with 7ml BMDM 

media. On day 3, the cells were harvested by gently washing with PBS, followed by incubation 

with 10ml of 1mM EDTA in PBS for 5min at 37°C, and seeded for infection. On day 3 post 

harvesting, BMDCs were supplemented with 7ml BMDC media. On day 6, the non-adherent cells 

were harvested and seeded for infection.  

The L929-conditioned cell supernatant was prepared by culturing L929 cells in a T175 

until 90% confluence. This was then split into 6 new T175 flasks containing 45 ml of supplemented 

DMEM (10% GBS, 1% NEAA, 1% GluMAX) and cultured for 10 days at 37°C. Cell supernatants 

were then collected and centrifuged at 3000 rpm for 3 mins at 4°C. Lastly, supernatant was filtered 

using 45µM filter and stored at -20°C.  

Generation of Raw264.7 RIG-I-/- and MDA5-/- CRISPR cells  
To make a doxycycline-inducible CRISPR/Cas9 expression vector (pSBtet-puro-Cas9-

U6), the Cas9-U6 fragment of pX459 (Addgene #62988; [250] was cloned into pSBtet-pur 

(Addgene #60507; [251]). Cas9 was first cloned into pSBtet-pur using the following primers: 

Cas9.F: 5’-CATGAGACCGGTGCCACCATG-3’, Cas9.R: 5’-

CATGAGGCGGCCGCCTACTTTTTCTTTTTTGCCTGGCCG, pSBtet-pur.F: 5’-CATGAG 
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GCGGCCGCCTTCC-3’, pSBtet-pur.R: 5’-CATGAGACCGGTGGTGGCCGATATCTCAGAG. 

Post cloning, Cas9 was ligated into the pSBtet-pur backbone using the 5’ AgeI and 3’ Notl 

restriction sites. Following this, the U6 promoter was cloned into the new plasmid using the 

following primers: U6.F 5’-ACTACAGGTACC GAGGG-3’, U6.R 5’-TCAGTCCTAGGTCTAGAGC-

3’, pSBtet-pur-Cas9.F 5’-TCAGTCCTAGGTCTAGAGC-3’, pSBtet-pur-Cas9.R 5’-

ATGAAGGTACCACATTTGTAGAGGTTTTACTTGC-3’. U6 was then ligated into pSBtet-pur-

Cas9 using  restriction sites 5’ KpnI and 3’ AvrII. The additional BbsI site in the pSBtet-pur-Cas9 

was removed using site directed mutagenesis and the following primers: dBbsI.F 5’-TTGG 

GAAGAT AATAGCAG-3’, dBbsI.R 5’-CTGCTATTATCTTCCCAA-3’. 

Sequence-specific gRNA sequences were designed using the Broad Institute Genetic 

Perturbation Platform gRNA design tool to target mouse Ddx58 and Ifih1. Dhx58 and Ifih1 gRNA 

oligonucleotides were cloned into pSBtet-puro-Cas9-U6 using the primers in Table 1, as 

described previously [250]. 

Raw264.7 CRISPR KO cells were made by electroporating low passage Raw264.7 cells 

with Dhx58 and Ifih1 pSBtet-puro-Cas9-U6 using Amaxa Nucleofector II and Amaxa Cell Line 

Nucleofector Kit V (Lonza). Cells were selected with puromycin for 3 days post-nucleofection, and 

Cas9/gRNA expression was induced at 7 days post-nucleofection. Following this, cells were 

treated for 14 days with doxycycline and the KO efficiency of the cells was validated by western 

blotting. 

 

Table 1. Primer sequences for generation of RIG-I and MDA5 CRISPR cell lines 

Gene Primer Sequence 

Ddx58 Ddx58.g19.F 5’- CACCGAAGAACAACAAGGGCCCAA-3’ 

Ddx58.g19.R 5’- AAACTTGGGCCCTTGTTGTTCTTC-3’ 

Ddx58.g28.F 5’- CACCGATATCATTTGGATCAACTG-3’ 

Ddx58.g28.R 5’- AAACCAGTTGATCCAAATGATATC-3’, 

Ddx58.g36.F 5’- CACCGTGGATTGTTGATAAAGGTG-3’ 

Ddx58.g36.R 5’- AAACCACCTTTATCAACAATCCAC-3’ 

Ifih1 Ifih1.g24.F 5’-CACCGTGTGGGTTTGACATAGCGCG-3’ 

Ifih1.g24.R 5’-AAACCGCGCTATGTCAAACCCACAC-3’ 
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Ifih1.g69.F 5’-CACCGTTGGCGCAGAACATCCAGGA-3’ 

Ifih1.g69.R 5-‘AAACTCCTGGATGTTCTGCGCCAAC-3’ 

Ifih1.g81.F 5’-CACCGCGTAGACGACATATTACCAG-3’ 

Ifih1.g81.R 5’-AAACCTGGTAATATGTCGTCTACGC-3’ 

 

Generation of full-length and recombinant viruses  
Construction of the full length TC83 VEEV infectious clone [50] and ZPC738 [56] have 

been previously described. To introduce the E1 gene from KC344519 into TC83, a gBlock 

containing the E1 gene with flanking TC83 regions was generated (Table 2). The following 

primers were used to amplify two TC83 backbone fragments from the VEEV TC83 infectious clone 

described above: TC83 F1: 5’-GCTTGGTGCTGGCTACTATTG-3’, TC83 R1: 5’- 

CTCTTCGGATGCACCCTCAC -3’, TC83 F2: 5’- GATGCAGAGCTGGTGAG -3’, TC83 R2: 5’- 

GTTATACGAGATTCCCGCTTGG -3’. The backbone fragments were generated using Q5 high 

fidelity polymerase (NEB, M0491), followed by overnight treatment with DpnI. The DNA was then 

purified using MicroElute Cycle-Pure Kit (Omega Bio-Tek). Fragment assembly was performed 

using Quantabio RepliQa HiFi assembly mix (#95190-D10) followed by transformation into NEB 

Stable Competent E. coli.  

Mutants 1-3 were generated as follows. Fragments for mutant 1 were amplified using the 

following primers with corresponding plasmid: TC83/E1ID-syn fw 5’-GCAAGATAGACAACGACG-3’ 

and rv 5’ GTCTCTGCAGCACTAGG 3’, TC83: fw 5’ CTGTATGCCAATACCAACC 3’ and rv 5’ 

CTGGCCCTTTCGTCTTC 3’. Mutant 2 fragments were generated using the same primers, but 

with the opposite plasmids. Fragments for mutant 3 were generated using the following primers:  

TC83/E1ID-syn fw 5’ TTCAATGGGGTCAAAATAACTG 3’ and rv 5’ 

GTCAAAGGCTAATGGAATTGAC 3’, TC83 fw 5’GCAAGATAGACAACGACG 3’ and rv 5’ 

GGACCTGCAGTTATTTTGAC 3’, TC83 fw 5’ GTGCTGTAGGGTCAATTCC 3’ and rv 5’ 

CTGGCCCTTTCGTCTTC 3’. The fragments were generated and assembled as described above.  

Mutants 7-12 were generated using the primers Table 3. Site-directed mutagenesis was 

performed using Q5 high fidelity polymerase (NEB, M0491), treated overnight with DpnI and the 

DNA was purified using Mag-Bind TotalPure NGS beads (Omega Bio-Tek) followed by 

transformation into NEB Stable Competent E. coli. 

Plasmids were linearized at MluI restriction sites located downstream of the poly(A) tail 

and genomic RNA was transcribed from the SP6 promoter in the presence of N7mG cap analog 
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using the SP6 mMessage mMachine kit (Ambion). 1x107 BHK21 cells were electroporated with 

approximately 2 µg of in vitro transcribed RNA using a GenePulser Xcell electroporator (Bio-Rad) 

to generate P0 virus stocks.  

 

Table 2. KC344519 E1 gene block 

CGACCACGATGCCGAGCCAAGCGGGAATCTCGTATAACACCATAGTCAACAGAGCAGGC

TACGCGCCACTCCCTATCAGCATAACACCAACAAAGATCAAGCTGATACCCACAGTGAACT

TGGAGTACGTCACCTGCCATTACAAAACAGGAATGGATTCACCAGCCATCAAATGCTGCGG

ATCTCAGGAATGCACTCCAACTTACAGGCCCGATGAACAGTGCAAAGTCTTCACAGGGGTT

TACCCGTTCATGTGGGGAGGTGCATATTGCTTTTGCGACACTGAGAACACCCAAGTCAGCA

AGGCCTACGTAATGAAATCTGACGACTGCCTTGCGGATCACGCTGAAGCATACAAAGCGC

ACACAGCCTCAGTGCAGGCATTCCTCAACATCACAGTGGGAGAACACTCCATTGTGACCAC

CGTGTACGTGAATGGAGAAACTCCTGTGAACTTCAATGGGGTCAAAATAACTGCAGGTCCA

CTTTCCACAGCTTGGACACCCTTTGACCGCAAAATCGTGCAGTATGCCGGGGAGATCTATA

ATTACGATTTTCCTGAGTATGGGGCAGGACAACCAGGAGCATTCGGAGACATACAATCCAG

AACAGTCTCAAGCTCAGATCTGTATGCCAATACCAACCTAGTGCTGCAGAGACCCAAAGCA

GGAGCGATCCATGTGCCATACACTCAGGCACCATCGGGTTTTGAGCAATGGAAGAAAGAT

AAAGCTCCGTCATTGAAATTCACCGCCCCTTTCGGATGCGAAATATATACAAACCCCATTC

GCGCCGAAAATTGTGCTGTAGGGTCAATTCCATTAGCCTTTGACATCCCTGACGCCCTGTT

CACCAGGGTGTCAGAAACACCGACACTTTCAGCGGCCGAATGTACTCTTAATGAGTGCGT

GTATTCATCCGACTTTGGCGGGATCGCCACGGTCAAGTATTCGGCCAGCAAGTCAGGCAA

GTGCGCAGTCCATGTGCCATCAGGGACTGCTACCCTAAAAGAAGCAGCAGTCGAGCTAAC

CGAGCAAGGGTCGGCGACCATTCATTTCTCGACCGCAAATATCCACCCGGAGTTCAGGCT

CCAAATATGCACATCATATGTCACGTGCAAAGGTGATTGTCACCCCCCGAAAGACCACATT

GTGACACACCCCCAGTATCACGCCCAAACATTCACAGCCGCGGTGTCAAAAACCGCGTGG

ACGTGGTTAACATCCCTGCTGGGAGGATCGGCCGTAATTATTATAATTGGCTTGGTGCTG
GCTACTATTGTGGCCATGTACGTGCTGACC 
 

Table 3. Single point mutant primers 
Mutant Position Fw primer Rv primer  
Mut7 10,495 CTGCAGGTCCACTTTCCACAGC 

 

GCTGTGGAAAGTGGACCTGCA

G 

 



 72 

Mut8 10,522 GACACCCTTTGACCGCAAAATCGTG CACGATTTTGCGGTCAAAGGGT

GTC 

Mut9 10,606 GCATTTGGAGACATACAATCCAG CTGGATTGTATGTCTCCAAATG

C 

Mut10 10,747 GAAAGATAAAGCTCCGTCATTGAAATT

TACC 

GGTAAATTTCAATGACGGAGCT

TTATCTTTC 

Mut11 10,759 CATCATTGAAATTCACCGCCCCTTTC GAAAGGGGCGGTGAATTTCAAT
GATG 

Mut12 10,810 GCGCCGAAAATTGTGCTGTAG CTACAGCACAATTTTCGGCGC 

 

Focus-forming assays  
Vero E6 monolayers were infected with serial 10-fold dilutions of infectious samples for 1 

hour at 37oC, then overlaid with 100 µl per well of medium (0.5x DMEM, 5% FBS) containing 1% 

carboxymethylcellulose, and incubated for 20 to 22 hours at 37oC with 5% CO2. Cells were then 

fixed by adding 100 µl per well of 2% paraformaldehyde directly onto the overlay at RT for 2 hours. 

After removing the overlay media and fix, cells were washed 3x with 1x PBS and incubated with 

VEEV E2 glycoprotein specific antibodies (gift of Dr. Michael Diamond) for 2 hours at RT in FFA 

permeabilization buffer (1x PBS, 0.1% saponin, and 0.1% BSA). Mouse anti-VEEV E2 (clone 

36.E5) were generated and purified from a clonal hybridoma cell line, a generous gift from Dr. 

Michael Diamond (Washington University School of Medicine, St Louis). Cells were washed 3x in 

ELISA wash buffer (1x PBS, 0.05% triton X-100), then incubated with species-specific HRP-

conjugated secondary antibodies (Sigma and ThermoFisher) for 1 hour at RT in FFA 

permeabilization buffer. Monolayers were washed 3x with ELISA buffer and foci were developed 

by incubating in 50 µl/well of TrueBlue peroxidase substrate (KPL) for 5 to 10 minutes at RT, after 

which time cells were washed twice in water. Well were imaged using Immuno Capture software 

(Cell Technology Ltd.), and foci were subsequently counted using BioSpot software (Cell 

Technology Ltd.). Samples were titered in duplicate and the average titers were calculated. 

Viral growth kinetic assays  
Multistep viral growth kinetics were performed by infecting Raw264.7 with WT or mutant 

VEEV TC83 viruses at a MOI of 0.1. Cells were seeded 18-20hrs prior to infection. Viral titers 

were determined for indicated time points post-infection by removing cell culture supernatant, 

replacing it with fresh growth media, and subsequently measuring viral titers through FFA. All 

experiments were performed three or four times independently in triplicate. Statistical analysis 
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was performed by calculating area under the curve (AUC) and performing unpaired t-test on AUC 

values calculated for each experiment. P values are reported in each figure.  

siRNA knock-down  
DsiRNA transfections were done in 96 well format. DsiRNAs used are listed in Table 4. 

Transfection mix was made up of 10nM DsiRNA pool, 0.2µl TransIT-X2 Dynamic Delivery System 

(Mirus, 6003) and supplement-free DMEM and incubated at RT for 20mins. 2E4 Raw264.7 cells 

were combined with the transfection complexes and seeded into a 96 well plate. 24 hours post 

transfection were mock infected or infected with either TC83 or TC83/E1ID-syn at an MOI of 0.1. 24 

hours post infection, supernatant was collected and titered as describe previously. Cell viability 

was then assess using alamarBlue Cell Viability Reagent (Invitrogen, DAL1025) as described by 

the manufacturer.  

 

Table 4. DsiRNA sequences 
Gene duplex name DsiRNA sequence 
Ehmt2 mm.Ri.Ehmt2.13.1 AUCAAUGCAGUAAACCUCGCCAUCCUU 

 mm.Ri.Ehmt2.13.2 GGUAAGAAUCAUCCUCUCUCACAUCAG 

 mm.Ri.Ehmt2.13.3 UACCAAACCCAACAUUUAUUGAGAACA 

Zc3h4 mm.Ri.Zc3h4.13.1 ACAAUUUAUGACUCAAAGAAAGUACUA 

 mm.Ri.Zc3h4.13.2 UAUAAUUUACACGGAAAGUCACCAUGC 

 mm.Ri.Zc3h4.13.3 UGUCCUUGGACCUGCGGUACUGGUUCA 

Thrap3 mm.Ri.Thrap3.13.1 UUUAGUAAAGCGUUCAUGCAAUGUCAU 

 mm.Ri.Thrap3.13.2 GUCGUCAUGCAAGUAAUACUUCUUGCU 

 mm.Ri.Thrap3.13.3 AAUUCAGAAGUUUCUUAGAAAACCGUC 

Syncrip mm.Ri.Syncrip.13.1 CUGAAGUAGUAUCCAUGGGCUCUUCAG 

 mm.Ri.Syncrip.13.2 AGUAGUAAUCAUCAUACAUUUGAUUCU 

 mm.Ri.Syncrip.13.3 GAAUGAAAGCAUAAUCUUUUAGCUUCU 

Bclaf1 mm.Ri.Bclaf1.13.1 UGACCUUGGACUAUUAUCAUAAGCUGA 

 mm.Ri.Bclaf1.13.2 UAUGUAAGCUAUCCAAUCAGGUACUAG 

 mm.Ri.Bclaf1.13.3 ACUCUUUAUCACUAAAGUAAUCUAGAA 

Fbl mm.Ri.Fbl.13.1 CAGAUAAAGACACCUUCAUGACGAUGC 

 mm.Ri.Fbl.13.2 CAGGAAUAAUGUUAGUCCUCUUCUUGG 

 mm.Ri.Fbl.13.3 UCUGCUGACGCAGUGGAGUCAAUGCAG 
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Chtop mm.Ri.Chtop.13.1 AACAUUUCCAAUUUACUACCUUCACUA 

 mm.Ri.Chtop.13.2 UUUAGUUUUCGACAUGUAUGCAUCCAA 

 mm.Ri.Chtop.13.3 CUGCUUAAGUUUUAAUGCUGCCUGGAC 

Ubap2l mm.Ri.Ubap2l.13.1 CCUGUUGUACUGCCACCUUUAGCUUCC 

 mm.Ri.Ubap2l.13.2 AAGUGGAAGGUGAUUCAGAUUUCACUG 

 mm.Ri.Ubap2l.13.3 CUGUGAUAUCAAUCAAUUGUUUCACCU 

Dhx38 mm.Ri.Dhx38.13.1 AUCUUCAUGCAAGUACUGGGUCAGCUG 

 mm.Ri.Dhx38.13.2 ACAGGUGUACCUGCAAGGACUGCUUCA 

 mm.Ri.Dhx38.13.3 ACAGAUGAACACGCAGGUGAAAGCCUU 

Hnrnpr mm.Ri.Hnrnpr.13.1 GUCAUUGUACUCUAUAUAGGUUUAACC 

 mm.Ri.Hnrnpr.13.2 AACCUAGGUAAGGUUUCUUAUUUUGAU 

 mm.Ri.Hnrnpr.13.3 AAUUCUUGGUUGUCAUUAUUGUAACCA 

Ubtf mm.Ri.Ubtf.13.1 UACCGUACUCGGAAUUUCGAAAAGAGA 

 mm.Ri.Ubtf.13.2 CUCCAUUCCUUCAAGGCAUGUAACUGU 

 mm.Ri.Ubtf.13.3 UUUGUAAGGGUUUUUAACAUGUUCCUG 

Ddx58 mm.Ri.Ddx58.13.1 CACCUAACAACUAUUUCCAAAGUUUUC 

 mm.Ri.Ddx58.13.2 GAUCUUCAAUGAACAUUAAGUAGUCAA 

 mm.Ri.Ddx58.13.3 AAGCUCUAAGGUCAGUAUUUUUAACUU 

Ifih1 mm.Ri.Ifih1.13.1 ACCUACUCCGUAGAAUAGCUAUUCGUC 

 mm.Ri.Ifih1.13.2 AGGCUCUCUUCUACUACAUAUUUCGAU 

 mm.Ri.Ifih1.13.3 GUUGUAGUACUCUGCUAUAAACUUCGU 

Mavs mm.Ri.Mavs.13.1 ACGUAUGUAACUACGAUUAUAUAAGAU 

 mm.Ri.Mavs.13.2 UCUAACCAGGGUCAUUUUUGGUACAGA 

 mm.Ri.Mavs.13.3 UGGACAAAGUCAUGAUGUGAGUGGUUA 

 

IFNAR blocking antibody infections  
Raw264.7 cells were seeded 24h prior to infection. One hour prior to infection, the cells 

were pretreated with 10µg of mouse IgG2a isotype control (InVivoMAb, BE0085) or IFNAR1 

Monoclonal Antibody (MAR1-5A3, Invitrogen 16-5945-85), infected with TC83 or TC83/E1ID-syn at 

an MOI of 0.1 in the presence of antibody. Infectious virus from cell culture supernatants 

harvested at 10 and 22 hpi was titered by FFA. Each experiment was performed three times 

independently. Cell lysates were collected at 22hpi for RT-qPCR analysis.  
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RT-qPCR   
Cell lysates were prepared using Quick-RNA MiniPrep Kit (Zymo Research, Cat# 11-328) 

according to manufacturer’s protocol. Samples were DNase I (NEB, M0303) treated for 20 mins 

at 37oC, followed by inactivation of DNase I in 0.1M EDTA for 10 mins at 70 oC. cDNA was 

generated with 100ng/10µl reaction using iScript cDNA synthesis kit (Bio-rad, 1708890). qPCR 

was then run with 1µl of cDNA using iTaq Universal Probes Supermix (Bio-rad, 1725130) on Bio-

Rad CFX96 Real-Time System. The following primer probe assays were used: Ifit1 (IDT, 

Mm.PT.58.32674307), IFN-beta (IDT, Mm.PT.58.30132453.g), ISG15 (IDT, 

Mm.PT.58.41476392.g), VEEVset3 (nt9835-9856) (IDT, probe sequence: /56-FAM/TTT GTC 

TGG /ZEN/CTG TGC TTT GCT GC/3IABkFQ/), TC83.gRNA (IDT, probe sequence: /56-

FAM/AGA AAG CAC /ZEN/AGC GTA AGA GCC GAT /3IABkFQ/) and TC83.sgRNA (IDT, probe 

sequence: /56-FAM/AGC TGT TAA /ZEN/GTG CCC CGG AAG G/3IABkFQ/). 

Western blotting  
Cell lysates were generated by washing monolayers with PBS followed by incubation with 

RIPA lysis buffer (Thermofisher, cat# 89901) supplemented with Halt protease inhibitor cocktail 

(Thermofisher, cat# 78429) on ice for 5 min. Lysates were then scraped, transferred to 

microcentrifuge tubes, pulse vortexed and further incubated on ice for 15 mins. Hereafter, lysates 

were centrifuged at 16,000xg for 20 mins at 4°C and supernatants were transferred to a new tube. 

Proteins were separated by on a 4-20% Mini-PROTEAN TGX precast protein gel (Bio-rad), 

transferred to a nitrocellulose membrane (Amersham, 10600008), and then labeled for proteins. 

The following antibodies were used:  beta-Actin Mouse mAb (Cell signaling, 8H10D10), beta-

Actin Rabbit mAb (Cell signaling, 13E5), Rig-I mAb (Cell signaling, D1466), MDA-5 Rabbit mAb 

(Cell signaling, D74E4), Fibrillarin/U3 RNP Rabbit pAb (ABclonal, A1136), Dhx38 (ABclonal 

A4341), Thrap3 Rabbit pAb (ABclonal, A9396), UBAP2L (E5X4E) Rabbit mAb (Cell Signaling 

Technology, 40199), Goat-anti-Rabbit IRDye 800 (Licor, 926-32211), Goat-anti-mouse IRDye 

680 (Licor, 926-68070).  

To determine changes in protein expression, the integrated density was measured for 

each protein of interest band using Adobe Photoshop. Background signal was subtracted. For 

comparisons between Raw264.7 and iMEF, and when determining the KD efficiency, the 

integrated density of the protein of interest bands were normalized to the actin loading control and 

percentage compared to the Raw264.7 uninfected samples or NSC was calculated.  
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Immunoprecipitation-mass spectrometry  
Cell lysates were generated from Raw264.7 cells by resuspending cells in 1X CHAPS 

lysis buffer (10mM HEPES,  200mM NaCl, 1% CHAPS, 10mM MgCl2, protease inhibitor (Thermo 

Scientific Pierce, PIA32955), 200U/ml murine RNase inhibitor (NEB, M0314)). Lysates were then 

passed through a 25G needle 4x and incubated on ice for 15min to ensure lysis. Thereafter, 

lysates were centrifuged at 16,000xg for 20 mins at 4°C and supernatants were transferred to a 

new tube. 50µl of Dynabeads protein G (Thermo, #10003D) were washed 2x in 500µl lysis buffer, 

after which they were incubated in 200µl lysis buffer along with 12µg of mouse J2 IgG2a Or mouse 

IgG2a isotype control (InVivoMAb, BE0085) for 30 mins at RT. Beads were then washed 3x in 

lysis buffer, incubated with 3mg of Raw264.7 lysate on the rotator for 2hrs at RT, washed again 

3x in lysis buffer followed by 3x with freshly prepared 20mM ammonium bicarbonate.  Samples 

were then trypsin digested in 20µl 20mM ammonium bicarbonate and incubated with 10µl of 

10ng/µl sequencing grade trypsin (Promega, cat# V5111) at 37°C for 3hrs at 1500rpm. The 

supernatant was then carefully removed from the beads and the beads where washed 2x in 30µl 

20mM ammonium bicarbonate, and all fractions were pooled. Samples were then reduced by 

adding tris(2-carboxyethyl)phosphine (TCEP) to a final concentration of 1mM and incubated at 

37°C for 1h. Freshly prepared iodoacetamide (Thermo, cat# 90034) was then added to a final 

concentration of 10mM and incubated at RT for 30min in the dark, followed by quenching with 

final concentration 2mM N-AcetylCysteine. Samples were then cleaned-up and concentrated 

using C18 columns (Thermo-Pierce, cat# 89870) according to the manufacturers protocol. After 

clean-up, formic acid was added to the samples at a final concentration of 0.1%. Samples were 

analyzed by LC/MS at University of Washington's Proteomics Resource (UWPR).  

SHAPE-MaP  
VERO cells were seeded at 25E6 cells per 10cm dish. 24 hours post seeding, cells were 

infected with either TC83 or TC83/E1ID-syn at MOI 0.1. At 24hpi culture media was aspirated and 

cells were washed once with 1x PBS. In-cell SHAPE modifications were made by adding fresh 

500µl of 100mM 1-Methyl-7-nitroisatoic anhydride (1M7) (Sigma-Aldrich, 908401) in DMSO to 

4.5ml pre-warmed culture media to the dish and incubated for 3min at 37C. This was repeated 3x 

to increase modifications. Unmodified samples were similarly treated with DMSO. After treatment, 

whole-cell RNA was purified using TRIzol reagent (Fisher Scientific) according to the 

manufacturers protocol. Samples were treated with TURBO DNase (Thermo Fishter, AM2238) 

for 30min at 37C to remove any DNA. Polyadenylated RNA was then isolated from the whole-cell 

RNA using NEB Oligo d(T)25 Magnetic beads (NEB, S1419S) according to the manufacturers 
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protocol. To generate the denatured controls, 1µg of TC83 DMSO and TC83/E1ID-syn DMSO polyA 

purified RNA were heated to 95C for 2min in 1x DC buffer (50mM HEPES (pH 8.0), 4mM EDTA) 

with an equal volume of 100% formamide. Samples were then immediately transferred to a new 

tube containing fresh 1M7 to a final concentration of 10mM and heated at 95C for 2min, after 

which the samples were placed on ice. DC control RNA was then purified using G-50 columns 

(GE healthcare, 25-5330-01). All samples were then prepared for sequencing using the randomer 

library prep workflow protocol described in Smola et al. [227]. Samples were sequenced by 

Illumina NGS at the Fred Hutch Cancer Center genomics core. Sequencing data was analyzed 

using Shapemapper2 as previously described. 

Translation reporter assays  
VEEV translation reporters were constructed based on previously described constructs 

[140, 223]. The E1 gene from TC83 and TC83/E1ID-syn were cloned into the VRLF reporter plasmid 

using PacI and NotI (NEB). Plasmids were linearized overnight with NotI. Reporter RNAs were in 

vitro transcribed using HiScribe T7 High Yield RNA Synthesis kit (NEB, E2040) and capped using 

Vaccinia Capping System (NEB, M2080) according to the manufacturers protocol.  

Reporter assays were performed by nucleofecting (Cell Line Nucleofector Kit V, Lonza 

VCA-1003) 1E6 Raw264.7 with 4µg of either reporter RNA and plated in 12 wells of a 96-well U-

bottom plates. Cells were harvested at indicated time points, washed 1x in with PBS and lysed in 

1x passive lysis buffer (Promega). Firefly luciferase assays were performed using Luciferase 

Assay System (Promega) according to the manufacturers protocol. Luciferase activity was 

measured using a BioTek Synergy luminometer.  Experiments were performed 3 times 

independently in triplicate. The relative light units were normalized to total protein concentration 

using a BCA Protein assay (Pierce), and further normalized within each experiment to the 30min 

TC83 sample. Statistical analysis was performed using unpaired t-test. P values are reported in 

each figure.  

For siRNA KD translation reporter assays, 10µl of a 10nM siRNA pool or NSC were mixed 

in 600µl neat DMEM with 10µl TransIT-X2 Dynamic Delivery System (Mirus, 6003) and incubated 

at RT for 15mins. Transfection complexes were then added to 4E6 Raw264.7 macrophages in 

6ml of growth media in a 10cm dish. Cells were transfected for 24h, after which translation reporter 

assays were performed as described above.  

Replicon assays  
To make the VEEV replicon nsp3-nanoluciferase and ORF2-fireflyluciferase reporters, we 

replaced the GFP in the previously described VEEV/nsp3-GFP reporter virus (a generous gift of 
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Dr. Ilya Frolov) [102]. This was done by PCR amplifying nano-luciferase with primers adding 5’ 

ClaI and 3’ NotI restriction sites using Q5 high fidelity polymerase (NEB, M0491): Fw primer: 5’ 

CGACCCACCATCGATTAGGTTCCGGATCAatggtcttcacactcgaag 3’, Rv primer: 5’ 

attacgccagaatgcgttcgcTGGGCGGCCGCTGATCCGGAACC3’. VEEV/nsp3-GFP and the PCR 

amplified nano-luciferase were then digested with ClaI and Notl, and the VEEV/nsp3 backbone 

(13,341bp) and nano-luciferase fragments were gel purified. The nano-luciferase fragment was 

then ligated into the VEEV/nsp3 backbone using Instant Sticky-end Ligase Master Mix (NEB, 

M0370) followed by transformation into NEB Stable Competent E. coli. This cloning resulted in 

TC83/nsp3-nluc. Before introducing Firefly-luciferase into ORF2, the nano-luciferase from 

pVR21(F)-nluc [208] was first amplified using the following primers: Fw 

5’ TTGAGGGGCCCCTATAACTCTCTAC 3’, Rv 

5’ GTCTCGGCCCGGGCATTACGCCAGAATGCGTTCG 3’. This fragment was then introduced 

into TC83/nsp3-nluc by digesting both the backbone and nano-luciferase fragments with ApaI and 

SrfI, gel purifying relevant fragments, and ligating using T4 DNA ligase (NEB, M0202) followed 

by transformation into NEB Stable Competent E. coli. This cloning resulted in TC83/nsp3-

nluc_ORF2-nluc-SK-E1. To replace the ORF2 nano-luciferase with firefly-luciferase, firefly-

luciferase was PCR amplified with primers adding 5’AscI and 3’SrfI restriction sites: Fw 

5’ gccaaggcgcgccATGGAAGACGCCAAAAACATAAAGAAAGG 3’, Rv 

5’ gccaaggcgcgccATGGAAGACGCCAAAAACATAAAGAAAGG 3’. This fluc fragment was then 

introduced into TC83/nsp3-nluc_ORF2-nluc-SK-3’UTR by digesting with ApaI and SrfI, gel 

purifying and ligating using T4 DNA ligase followed by transformation into NEB Stable Competent 

E. coli. This cloning produced the replicon TC83/nsp3-nluc_ORF2-fluc_6K-E1. Lastly, the E1 

sequence from TC83/E1ID-syn was introduced by digesting the TC83/E1ID-syn plasmid and the new 

replicon plasmid with SrfI and MluI. The relevant fragments were gel purified and transformed as 

described above.  

Reporter plasmids were linearized overnight with MluI. Reporter RNAs were in vitro 

transcribed using HiScribe T7 High Yield RNA Synthesis kit (NEB, E2040) and capped using 

Vaccinia Capping System (NEB, M2080) according to the manufacturers protocol.  

Reporter assays were performed by nucleofecting (Cell Line Nucleofector Kit V, Lonza 

VCA-1003) 1E6 Raw264.7 with 4µg of either reporter RNA and divided over 12 wells of a 96-well 

U-bottom plates. Cells were harvested at indicated time points, washed 1x in with PBS and lysed 

in 1x passive lysis buffer (Promega). Dual nano and firefly luciferase were measured using Nano-

Glo Dual-luciferase reporter assay system (Promega, N1610) according to the manufacturers 

protocol. Luciferase activity was measured using a BioTek Synergy luminometer.  Experiments 



 79 

were performed 3 times independently in triplicate. The relative light units were normalized to total 

protein concentration using a BCA Protein assay (Pierce). Statistical analysis was performed 

using unpaired t-test. P values are reported in each figure. 

RNA-aptamer affinity purification  
RNA constructs encoding the core region of TC83 or TC83/E1ID-syn from nts 10,516  to 

10,808 along with a 3’ hepatitis delta virus ribozyme sequence (5’-

gctagccatggtcccagcctcctcgctggcggctagtgggcaacatgcttcggcatggcgaatgggac-3) were cloned 

downstream of the S1m aptamer [252] using BamHI (5’) and EcoRI (3’) restriction sites. cDNA 

clones were linearized with either EcoRI (for TC83 and TC83/E1ID-syn RNAs) or with BamHI (for 

S1m aptamer only control RNA) and in vitro transcribed using the T7 HiScribe kit (NEB). 

Transcibed RNA was folded (65oC for 5 min, cooled at room temperature for 5 min) and bound to 

MyOne Streptavidin C1 beads (Thermofisher) for 20 min at 4oC. Beads were washed 4x with 

CHAPS lysis buffer (10mM HEPES, 200mM NaCl, 1% CHAPS, 10mM MgCl, 1mM DTT, 1x HALT 

protease and phosphatase inhibitor (Thermofisher), 200 U/mL murine RNase inhibitor (NEB) and 

pre-cleared Raw264.7 lysates in CHAPS buffer incubated with beads at 4oC on a rotator for 2 

hours. Beads were washed 6x in CHAPS lysis buffer and bound proteins eluted in 4x laemmeli 

buffer (Bio-rad). 1/5th of affinity purified eluate was analyzed by SDS-PAGE and western blot as 

described above. 
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