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ABSTRACT

Chikungunya virus (CHIKV) is a mosquito-borne alphavirus that causes acute febrile
illness and long-lasting joint and muscle pain. The 2013-2016 CHIKV outbreaks in the Americas
is one example of how CHIKV can rapidly spread through areas of CHIKV seronegative
individuals and cause widespread severe and debilitating arthritic disease. Since there is no
currently available licensed vaccine or antiviral for preventing or treating CHIKV and other
alphaviruses, there is urgent need to understand the basic processes of viral replication and
viral immunity to develop effective prophylactic and therapeutic treatments. In my dissertation, |
describe three different strategies to uncover new aspects of CHIKV biology by testing a small
molecule inhibitor, a monoclonal antibody therapy, and a novel T cell vaccine. Chapter One of
this document contains a comprehensive overview of alphaviruses, their replication strategies,

diseases they cause, and immunity.

Chapter Two of my dissertation is a study showing that manipulating cellular kinases and
their signaling cascades can have significant impacts on viral replication. Although, the basic
steps of viral replication (entry, RNA replication, translation, assembly, and release) are known,
the reliance of each of these steps on host cellular proteins and host kinase signaling events is
not well understood. Importantly, knowledge of the host-virus interactions could be used for the
development of antivirals directed against CHIKV and other alphaviruses. | used the small
molecule inhibitor dasatinib, also known as BMS-354825 or Sprycel, to show that the Src Family
Kinases are required during alphavirus replication. | found that addition of dasatinib to cell
culture medium at two hours post CHIKYV infection inhibited viral replication at the level of
structural protein synthesis, resulting in a 10-fold reduction in viral replication. Interestingly, |
found that dasatinib blocked translation of replication complex-derived viral subgenomic mMRNAs
but it did not inhibit translation of host mMRNAs or the viral genomic mRNA. These data imply

that dasatinib treatment of CHIKV infected cells prevented translation of alphavirus subgenomic



MRNAs in the context of active infection. Src Family Kinases are therefore linked to translation
of alphavirus subgenomic mRNAs. Importantly, this work facilitates the development of antivirals

that target the translation step of alphavirus replication.

Chapter Three of my dissertation details results of our study aimed at developing a
humanized monoclonal antibody therapy for CHIKV. Anti-CHIKV monoclonal antibody therapies
have been effective in mouse models, and they could potentially be used to treat CHIKV
infections in humans. The Streblow lab, in collaboration with the laboratories of Dr. Michael
Diamond, Dr. James Crowe, and Sanofi, have previously shown the efficacy of a combination
mouse monoclonal antibody therapy in blocking viremia in rhesus macaques. To further the
development of a monoclonal antibody therapeutic for use in humans, |, in collaboration with the
same research groups, showed that a more potent human anti-CHIKV monoclonal antibody
significantly reduced CHIKV disease in rhesus macaques. For this study, twelve rhesus
macaques were infected with CHIKV, and the antibody therapy was administered at days 1 and
3 post infection. At 7 days post infection, necropsies were performed to measure the efficacy of
the therapeutic in reducing CHIKV disease. Together, we showed that the anti-CHIKV therapy
eliminated viremia and reduced inflammation and cellular infiltration into the muscles and joints
of infected tissues. This work suggests that anti-CHIKV monoclonal antibody therapy could

reduce CHIKV-induced disease in humans.

In Chapter Four, | present data showing that a vaccine that stimulates anti-CHIKV T cells
is protective during CHIKV infection. Current research has implicated anti-CHIKV CD4+ T cells
as a major contributor to joint swelling after CHIKV infection. CD8+ T cells were suggested to
not protect mice against CHIKV infection as they do for other viral infections. However, studies
performed with other alphaviruses showed that T cells could have a tissue-specific effect that
was not evaluated in the CHIKV models. To address this knowledge gap regarding the T cell

responses during CHIKV infection, | generated murine cytomegalovirus (MCMV) and



adenovirus (AdV)-vectored vaccines that encoded immunodominant CHIKV T cell epitopes as
tools to elicit T cell responses in mice. Mice vaccinated with the MCMV and AdV vectors
developed CHIKV-specific T cell responses, but they were not protected from CHIKV challenge
in the footpad. However, vaccinated mice that were challenged intramuscularly had a 2-3 log
reduction in virus in the calf muscle. Depletion of CD8+ and CD4+ T cells in vaccinated mice
showed that the protection in the calf was mediated by both CD4+ and CD8+ T cells. In this
study, | showed that T cells make up an important part of anti-CHIKV immunity in the muscle
tissue, and my results suggest the feasibility of a therapeutic T cell vaccine in eliminating viral

burden in muscle tissue and thus eliminating CHIKV-induced muscle pain.

In conclusion, | showed that Src Family Kinase inhibitors reduced viral replication by
targeting the translation step of viral replication. | showed that an antibody therapy reduced
CHIKYV disease in rhesus macaques. Lastly, | showed that a T cell-specific inducing vaccine
reduced CHIKYV viral burden in the muscle tissue. Together these studies provide unique
insights into the development of antivirals, therapeutics, and vaccines directed against CHIKV

with lessons that could be applied to other reemerging alphaviruses that cause human disease.
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CHAPTER 1 INTRODUCTION

1.1 TOGAVIRIDAE

| 1.1.1 CLASSIFICATION
Togaviruses are enveloped, positive-sense, single-stranded RNA viruses. The word
Toga is derived from Latin for “cloak” referring to the viral envelope (10). The Togaviridae family
consists of two genera: Alphavirus and Rubivirus. Rubella virus (RV), the sole member of the
Rubivirus genus, is transmitted by respiratory secretions and is genetically distinct from other
togaviruses. The Alphavirus genus has 31 recognized species (10), and most species are
transmitted via bite by infected arthropods. Many alphaviruses, including o’nyong-nyong virus
(ONNV), mayaro virus (MAYV), sindbis virus (SINV), and chikungunya virus (CHIKV) cause
arthritic disease in humans (11-13). Other alphaviruses such as Venezuelan equine encephalitis
virus (VEEV), western equine encephalitis virus (WEEV), and eastern equine encephalitis virus
(EEEV) can cause encephalitis in humans which can be fatal or cause long-term neurological
sequelae (14-16). Some alphaviruses are not known to infect humans, such as eilat virus
(EILV), salmonid alphavirus (SAV), and southern elephant seal virus (SESV). The Togaviridae
family encompasses a diverse group of viruses that have a very broad host range including
insects, fish, birds, and mammals. Of all the alphaviruses that infect humans, CHIKV became a
major threat to public health because of its ability to rapidly spread through urban areas and

cause debilitating disease in humans.

1.2 ALPHAVIRUSES

1.2.1 INTRODUCTION
The alphaviruses have broad host range and geographic distribution. Alphaviruses have

been isolated from every continent except Antarctica. New World alphavirus species are



routinely isolated from mosquitoes in North and South America. Similarly, Old World
alphaviruses are frequently isolated from mosquito pools in Southeast Asia, Australia, Africa,
and Europe. It is possible that alphaviruses may even be found in the Antarctic. Southern
elephant seal virus (SESV) has been isolated from elephant seal louse in a sub-Antarctic island
(17). Southern elephant seals and their louse hitchhikers travel from this island into Antarctica,

suggesting alphaviruses inhabit all seven continents.

Phylogenetic analysis of all the known alphavirus genomes demonstrated that there are
three major groups of viruses: the Old World, New World, and aquatic alphavirus groups (18).
One evolutionary theory is that the current day alphaviruses originated from an aquatic ancestor
that was introduced to the New and Old Worlds (18). These introductions resulted in the present
day OIld and New World alphaviruses, with the Old World alphaviruses causing arthritic
symptoms and the New World alphaviruses causing encephalitis. Though this is the general
trend, there are examples of Old World alphaviruses in the New World and vice versa. Based on
this information, there may have been subsequent introductions of Old World alphaviruses into
the New World and New World alphaviruses into the Old World. The 31 alphavirus species are
grouped into nine antigenic complexes that correlate with genetic similarity (Table 1-1) (10, 19-
21).

Table 1-1: Alphaviruses, their arthropod and vertebrate hosts, and the disease they
cause in humans.

Antigenic Vi bbreviati Known Known Disease in Geographic Ref
Complex irus (abbreviation) Arthropod Hosts Ve;tg:;:te Humans Distribution ets
Barmah Forest (BF) Cx. annulirostris, Humans, Fever, rash, Australia, Southeast | (22-
Ae. horses, arthritis Asia 24)
BF camptohynchus, brushtail
Ae. vigilax, Ae. possums
procax, Ae.
notoscriptus
Eastern Equine Cs. melanura, Ae. Humans, Fever, North America, (25,
Encephalitis (EEE) vexans, birds, encephalitis Central America, 26)
Coquillettidia equines, South America
EEE perturbans, Oc. swine, dogs
Canadensis, Oc.
sollicitans
Madariaga (MAD) Cx. Humans, Fever, South and Central (26,




Known

Antigenic . . Known Disease in Geographic
Comgplex Virus (abbreviation) Arthropod Hosts Ve;tg:;:te Humans Distgbueion Refs
(Melanoconion) birds, encephalitis America 27)
spp. rodents,
marsupials,
reptiles
Eilat (EIL) An. coustani None known Not Known Israel (20,
EILV 28,
29)
Middelburg (MID) Ae caballus, Humans, Not Known Africa (30)
MID equines,
livestock
Ndumu (NDU) Mansonia Pigs, others Not Known Africa (31-
NDU uniformis, Ae. not known 33)
circumluteolus, Cx.
pipiens
Bebaru (BEB) Not Known Not Known Not Known Australia (34)
Chikungunya (CHIK) | Ae. albopictus, Ae. Humans, Fever, Africa, Southeast (35-
aegypti, Ae. primates, arthritis, rash Asia, North America, | 38)
furcifer, Ae. taylori, rodents Central America,
Ae. luteocephalus, South America,
Ae. africanus, Ae. Europe
neoafricanus, Ae
cordellieri
Getah (GET) Cx. spp Humans, Fever Asia, Australia, (39,
equines, pigs Europe 40)
Mayaro (MAY) Haemagogus Humans, Fever, South America (41,
Jjanthinomys primates arthritis, rash 42)
SF O'nyong-nyong An. funestus, An. Humans Fever, Africa (43,
(ONN) gambiae arthritis, rash 44)
Ross River (RR) Cx. annulirostris, Humans, Fever, Australia, Southeast | (22,
Ae. dogs, horses, arthritis, rash Asia 23,
camptorhynchus, flying foxes, 45)
Ae. vigilax brushtail
possums,
grey
kangaroo
Semliki Forest (SF) Ae. africanus, Ae. Humans, Fever, Africa (46)
aegypti primates arthritis,
Una (UNA) Ps. ferox, Ps. Humans, Not known South America (47)
albipes birds, horses
Cabassou (CAB) Cx. portesi Not known Not known South America (48)
Everglades (EVE) Cx. Birds, Fever, North America (49,
(Melanoconion) Humans, encephalitis 50)
spp. Dogs
Mosso das Pedras Cx. Not known Not known South America (48)
(Melanoconion)
spp.
Mucambo (MUC) Cx. portesi Humans, Fever, South America (51,
primates encephalitis 52)
Pixuna (PIX) An. nimbus, Rodents, Not known South America (51)
VEE Trichoprosopon
digitatum
Rio Negro (RN) Cx. delpontei, Cx. Humans Acute febrile South America (53,
maxi, Ps. cingulata illness 54)
Tonate (TON) Cx. portesi, Humans, Fever, North America, South | (55)
Oeciacus vicarious birds encephalitis America
(cimicids)
Venezuelan Equine Oc. Humans, Fever, North America, South | (56-
Encephalitis (VEE) taeniorhynchus, equines, encephalitis America 58)
Ps. confinnis, An. rodents
aquasalis
Western Equine Oc.melanimon, Humans, Fever, North America, South | (16)
WEE Encephalitis (WEE) Ae. dorsalis, Cx. equines, encephalitis America
tarsalis birds
Aura (AURA) Ae serratus Not Known Not Known South America (59)




Antigenic . s Known Known Disease in Geographic
Complex Virus (abbreviation) Arthropod Hosts Ve;tg:;:te Humans Distribution Refs
Fort Morgan (FM) Oeciacus vicarious Birds Not Known North America (60)
(cimicids)
Highlands J (HJ) Cs. melanura equines, Unclear, North America (61,
birds, potentially 62)
potentially encephalitis
humans
Sindbis (SIN) Cx. pipiens, Cx. Humans, Fever, Europe, Asia, (63-
*Type Species univettatus, Cs. birds, bats arthritis, rash Australia, Africa 65)
Spp., Hyaloma
Marginatum (ticks)
Trocara (TRO) Ae. serratus Not Known Not Known South America (66)
Whataroa (WHA) Cs. Tonnoiri, Cx. Birds, Possibly flu- New Zealand (67)
pervigilans possibly like illness
humans
Salmon pancreas Not known Atlantic Not known Western Europe, (68)
Unclassified/ disease (SPD) salmon, North America
Aquatic rainbow trout
Vi(iﬂses Southern Elephant Lepidophthrus Southern Not Known Australia, Sub- 17)
Seal (SES) macrorhini (louse) Elephant Antarctica
Seal

ALPHAVIRUS GENOME

Alphaviruses have positive sense RNA genomes of 11 - 12 kb. During replication, a full-
length minus-strand RNA species is transcribed from the incoming positive-sense genomic RNA
(gRNA), and the minus-strand RNA serves as a template for synthesis of positive-sense gRNA
and subgenomic RNA (sgRNA). Both gRNA and sgRNAs are capped and poly-adenylated (69,
70). In contrast to most cellular mMRNAs, these RNAs have a type 0 cap structure
(m’GpppN1pN2p) that lacks methylation of the N+ or N, position (70-72). Translation of the
gRNA produces the nonstructural polyprotein (nsp), which consists of 4 processed components
(nsp1-4). Translation of the sgRNA produces the structural polyprotein that consists of 5
structural proteins (C, E3, E2, 6K/TF, and E1) (Figure 1-1). These structural polyproteins are

cleaved by viral and cellular proteases during replication.

The viral 5’ and 3’ untranslated regions (UTRs) are essential for replication. The lengths
of the 5’UTR and 3’'UTRs vary significantly among alphaviruses (ie. 5UTRs 27-85 nt; 3’UTRs

87-723 nt) (73). The alphavirus 5’UTR contains a hairpin that is critical for replication. As proof,



mutagenesis of nucleotides that form the hairpin that disrupt the secondary structure abolish
viral replication (74). The 5’UTR plays an important role in the synthesis of positive and negative
RNAs. The 5’UTR and 3'UTR interact for initiation of minus-stranded RNA synthesis, and the
compliment of the 5’UTR on the minus-stranded RNA contains a promoter element for positive-
stranded RNA synthesis (74, 75). The 3’'UTR has a variable number of repeated sequence
elements (RSEs) followed by a U-rich element, a conserved sequence element (CSE), and
poly(A) tail (76). Importantly, the 3'UTR CSE and poly(A) tail sequences contain the promoter
for synthesis of the minus-stranded RNA (77, 78). Viruses of the same antigenic complex may
have RSEs that are similar in sequence to each other, but the number of RSEs appears to be
unique to each alphavirus species (76). The 3’'UTR also functions in RNA stability; it protects the
viral RNA from deadenylation and degradation. One proposed mechanism for this process is
that the virus recruits the cellular protein Human antigen R (HuR) from the nucleus to the
cytoplasm, promoting interaction between the viral 3’UTR and HuR, which prevents viral RNA

degradation and promotes viral replication (79, 80).

The viral genome contains two other conserved sequence elements (CSEs) that are
shared among alphaviruses. One 51-nt CSE is located in the coding region of nsp1 (81). This
CSE is predicted to form two RNA hairpins. Introduction of silent mutations that disrupt the CSE
hairpins in SINV resulted in normal replication in mammalian cells, but attenuated replication in
mosquito cells, suggesting that the CSE has a species-specific function (81). This CSE has also
been implicated as a packaging signal for capsid to recognize the viral gRNA during assembly
of the nucleocapsid (82). Another CSE, located at -19 to +5 nt relative to the start of the sgRNA,
is the essential promoter for the sgRNA present on the complementary minus-sense RNA (83-

85).



ALPHAVIRUS PARTICLE STRUCTURE

Alphavirus particles are about 700 A in diameter. Alphavirus particles are coated with a
host cell-derived lipid bilayer envelope that is studded with 240 copies of E1 and E2
glycoproteins arranged in an icosahedral lattice with T = 4 quasi-symmetry (86, 87). E1 and E2
form heterodimers that are arranged in trimers (Figure 1-2) (86). The virion envelope surrounds
an icosahedral nucleocapsid core that is 400 A in diameter and contains the viral gRNA (87,
88). The icosahedral capsid shell consists of 240 copies of capsid protein, and each capsid
protein interacts with one E1/E2 dimer (88). Some alphavirus virions, like those of SINV and
CHIKV, are associated with low levels of transframe (TF), a ribosomal frameshift product of 6K

(89, 90). However, TF has never shown to be incorporated into the cryo-EM models.

In the mature virion, 240 copies of capsid proteins form hexamer and pentamer rings
also called capsomeres. The capsomeres form an icosahedral shell around the viral gRNA
during encapsidation (87). The number of capsid proteins was initially determined by mass
predictions using scanning transmission electron microscopy (88). The mass was predicted by
integrating the density of the nucleocapsid contours calculated relative to tobacco mosaic virus
in the same field as a mass standard. In this study, the weight of the SINV nucleocapsid was
determined to be 10,700 to 10,900 kDa, which is the weight of 240 copies of capsid protein
(29.4 kDa) with one copy of the genome (3,790 kDa) (88). Early studies showed that purified
nucleocapsids (isolated from virions treated with NP40 detergent and fractioned over a sucrose
gradient) were sensitive to RNase treatment causing the nucleocapsid structure to lose integrity
(91). These two findings suggest that the vVRNA is exposed in the capsid shell and that capsid
requires interaction with gRNA to maintain structural integrity. There are two main structural
functions for capsid proteins: they interact with E2 and encapsulate the genomic RNA. The N-
terminal domain of capsid is involved in assembling the capsid scaffold and in binding the

genomic RNA. The C-terminal capsid domain points outwards towards the virion envelope



where it interacts with E2 (7). The specific interaction of capsid and E2 involves a capsid
hydrophobic pocket that binds an E2 tyrosine residue present in the cytoplasmic tail (92, 93).
The E2 tail is modified by palmitoylation, which has been suggested to fasten the E2
cytoplasmic tail to the plasma membrane in a manner that promotes correct conformational

interaction with capsid (94).

For capsid to form a nucleocapsid shell, it requires single-stranded nucleic acid, as

shown in in vitro capsid assembly assays (95, 96). Although capsid assembly does not

Figure 1-1: Alphavirus models of capsid and envelope proteins E1 and E2. Structures were modeled with
the SWISS-MODEL server (1-4). Protein Data Bank (PDB) codes for the different structures are as follows:
SINV virion surface PDB 3JOF (5); SINV E1/E2 heterdimer at low pH PDB 3MUU (6); SFV capsid PDB 1DYL
(7); SFV E1 monomer PDB 2ALA (8); SFV E1 homotrimer PDB 1RER (9). The models were not modified from
the original structures except the black labels. SWISS-MODEL specified that images generated from the server
are free to redistribute according to the Creative Commons license
https://creativecommons.org/licenses/by/4.0/.
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necessarily require viral gRNA, capsid is preferential to incorporating gRNA, as shown with in
vitro competition assays (97). The hypothesis that capsid selectively binds gRNA is supported
by the idea that there are specific sites or “packaging sequences” in the genome that are
potentially targeted by capsid. The putative gRNA:capsid binding sites have been identified by
crosslinking immunoprecipitation followed by high-throughput sequencing (CLIP-seq): capsid
was UV cross-linked onto the viral RNA in infected cells and the RNA was fragmented with
RNAses. Capsid-RNA complexes were immunoprecipitated from the lysates, and cDNA libraries
were generated from the RNA and deep-sequenced. The results of the deep sequencing
showed that, when in the cytoplasm, capsid binds predominantly to two specific sites on the

viral genome: the subgenomic promoter region and a small coding region of nsp1 (82).

In the mature virion, the envelope proteins E1 and E2 are single-pass transmembrane
proteins that form heterodimers. E2 functions to: 1) bind the cellular entry receptor; 2) associate
with E1 to shield the fusion peptide; and 3) interact with capsid to initiate viral budding. To
accomplish these functions, E2 has a cytoplasmic tail, a transmembrane domain, and three
domains (A, B, and C) within the ectodomain (6). The E2 cytoplasmic tail is 33 amino acids in
length, and it interacts with a hydrophobic pocket in capsid (98). The transmembrane domain is
a single helix. Structures of the ectodomain of E2 indicate that domain A and B locate to the tip

of the E1/E2 heterdimer, with the fusion loop of E1 inserted in a pocket in domain B (99).

The function of E1 is to mediate membrane fusion during entry. E1 has three main
domains within the ectodomain: the C-terminal tail (lll), central domain (I), and dimerization
domain (ll) containing the fusion peptide (100). E1 has a single transmembrane helix and a
short cytoplasmic tail (two arginine residues). The E1 protein, on its own, covers most of the
surface of the virion, in a pattern similar to flavivirus E (98, 100). E2 penetrates the E1 layer to
form the spikes, and each “spike” is a trimer of E1/E2 heterodimers (Figure 1-2). The E1 and

E2 dimer is held together in the mature virion via domain C of E2 binding to E1 domain Il. They



also interact at the tip of the dimer, with the fusion loop on domain Il of E1 shielded by domain B
of E2 (6). Three E2 proteins project out the central portion of the spike where they shield three
E1 fusion domains; these three E2 proteins in the center of the spike interact with each other via
domain A (98, 100). During fusion at low pH, E1 and E2 dissociate from each other, promoting
E1 homotrimer formation, which exposes the fusion loop (Figure 1-2) (9, 100, 101). In SFV
virions, E3 associates with the mature virion at the E2 domain A/B border to prevent premature
fusion activity, but the structure modeling this interaction has not been solved (102, 103). This

E3/E2 association has been described for SFV, but not in other alphaviruses thus far.

1.2.2 ARTHRITOGENIC ALPHAVIRUSES

All known alphaviruses are similar in structure and genomic organization. When
comparing the whole genome sequences of all alphaviruses, three major genetic groups
emerge: Old World, New World, and aquatic. The aquatic alphaviruses include SPD, found in
Atlantic Salmon and rainbow trout, and SESV, which is transmitted by louse (18, 19). The
remaining known alphaviruses form the Old and New World clades (18, 19). The Old World
alphavirus group include the SF, MID, NDU, and BF antigenic complexes, and the New World
alphavirus group includes WEE, EEE, VEE, and EILV (20). The Old World alphaviruses have
predominantly been isolated in the Eastern Hemisphere, and the New World alphaviruses have
routinely been isolated from the Western hemisphere. However, there is genetic evidence that
some Old and New World alphavirus species spread into new continents and regions of the
world. For example, the Old World alphaviruses MAYV and UNAV have only been found in the
Americas, yet they are genetically placed in the Old World clade. The New World WEE
antigenic complex is postulated to arise from a recombination event between ancestral SINV
and EEEV, resulting in a WEEV complex ancestor with EEEV-like nonstructural and capsid
genes and SINV-like envelope genes (21, 104). SINV, although genetically placed in the WEE

antigenic complex, has only been found in the Eastern Hemisphere and causes symptoms



similar to other Old World alphaviruses. Therefore, a recombination with SINV and EEEV
ancestors implies that SINV or EEEV ancestors were introduced into the Americas or eastern
hemisphere. In addition, there are likely many other alphavirus species not yet identified. For
example, Forrester et al. suggested that there may be a louse-borne branch of the alphavirus
tree, of which only one species (SESV) has been discovered (18). Overall, the genetic analysis
suggest that alphaviruses have an ability to spread and establish themselves in new areas and

that they use a wide variety of invertebrate and vertebrate species to facilitate viral spread.

The arthritogenic alphaviruses cause acute febrile illness and rheumatic disease in
humans, typically involving debilitating joint and muscle pain. The alphaviruses known to cause
arthritic disease in humans are CHIKV, RRV, BFV, ONNV, MAYV, and SINV (Table 1-1). These
viruses are historically referred to as “Old World” alphaviruses, but these viruses can be found
in North America, South America, Australia, Asia, Africa, and Europe. All of the known

arthritogenic alphaviruses are transmitted via the bite of infected mosquitoes.

The acute symptoms following infection with arthritic alphaviruses include fever,
maculopapular rash, muscle pain, and arthralgia that commonly affects the peripheral joints:
hands, wrists, knees, ankles, and feet (105, 106). The joint pain is believed to be caused by viral
replication in and around the joint and by cellular infiltration into the affected area. This
information is based on the detection of viral RNA and antigens in synovial and muscle biopsies
from patients experiencing arthritic pain after infection with CHIKV and RRV (107-111). The
arthralgia and myalgia following infection with these viruses can be recurring and last for several
months to years following the acute phase of disease (112-114). Other viruses outside of
Togaviridae that cause arthritis include parvovirus B19, hepatitis B, hepatitis C, human T-
lymphotrophic virus type-1, and human immunodeficiency virus (115). However, the arthritis
induced by alphaviruses differs from infections with these other viruses because alphaviruses

specifically replicate in joint tissues and cause severe joint pain.
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Arthritis caused by alphaviruses has been compared to rheumatoid arthritis (RA);
however, there are several key differences between the diseases caused by alphavirus infection
and RA. RA, unlike alphavirus-induced arthritis, is an autoimmune disease associated with the
development of autoantibodies: rheumatoid factor (RF) and anti-citrullinated protein antibodies
(ACPA) (116). RA is a progressive, destructive disease resulting in bone and cartilage damage
(117). In contrast to RA, patients typically recover after alphavirus infection, although the
recovery can take months to years. In addition, following alphavirus infection the T and B cell
immunity is primarily directed against the virus, not against self-derived antigens. Despite these
differences, the inflammatory environment induced by autoimmunity or virus may have some
similarities. For example, two recent studies using mouse models for CHIKV and RRV
suggested that viral infection leads to increased ratios of the receptor activator of NF-kB ligand
to osteoprotegerin (RANKL:OPG), which could lead to generation of cells involved in bone
resorption and bone loss, as observed with RA (118, 119). These studies also detected bone
loss, but not bone erosion, following RRV and CHIKYV infection in mice (118, 119). Drugs
developed to treat RA symptoms and disease such as methotrexate and chloroquine, appear to
have limited, and sometimes no effect, on reducing alphavirus-induced arthritis and joint
swelling (120, 121). In fact, testing RA drugs in patients with CHIKV-induced joint disease could
have detrimental effects because of the immunosuppressive nature of the drugs, which enhance
virus replication (122). More studies are needed to fully compare the mechanisms of acute and
chronic arthritis following alphavirus infection and RA in order to identify potential targets for

therapeutic intervention.

1.2.3 ROSS RIVER VIRUS (RRV)
RRV commonly causes arthritic disease outbreaks in Australia, infecting several
thousand people every year (123, 124). Like other arthritic alphaviruses, it causes an acute

febrile illness, rash, fever, myalgia, and polyarthritis in humans, and the polyarthritis and myalgia
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can be long-lasting (123). Viral RNA and antigens have been detected in synovial biopsies from
patients experiencing RRV-induced arthralgia (107-109). RRV is spread by Ae. vigilax, Ae.
camptohynchus, and Cx. annulirostris mosquitoes. Based on serosurveys, a number of small

mammals native to Australia have been implicated as natural reservoirs for RRV (23, 106, 125).

Mice infected with RRV via footpad injection develop hind limb dragging and loss of hind
limb gripping. Within 24-48 hours following RRV challenge, infectious virus can be recovered
from ankles, muscle (quadriceps), serum, brain, and spleen (126). Utilization of a GFP reporter
virus in vivo showed that the virus replicates in the periosteum lining the bone, in tendons of the
joint, cells within the synovium, and in the skeletal muscle tissue (126). RRV also causes
inflammation in the joint, bone, and muscle tissue. Similar to other arthritic alphaviruses, RRV is

lethal in young mice (< 2 weeks old), but not in mice 3-weeks of age or older (126).

1.2.4 SINDBIS VIRUS (SINV)

SINV was first isolated in 1952 in Sindbis, Egypt from a pool of Cx. pipiens and Cx.
univittatus mosquitoes (64). SINV was later isolated from birds, ticks, bats, and humans (63, 65,
127). SINV infections are associated with mild fever, rash, and polyarthritis in humans (13).
SINV has been identified as the causative agent of Pogosta disease, also known as Ockelbo
disease or Karelian Fever (128, 129). SINV causes Pogosta disease outbreaks of rash and
arthralgia about every seven years in the months of August and September in Finland (65, 130).
SINV has been isolated from skin biopsies from patients experiencing a rash following SINV
infection, demonstrating that SINV replicates locally in the skin (65). Grouse are implicated as
an amplifying reservoir for SINV. Interestingly, grouse populations decline every 6-7 years
coinciding with SINV outbreaks, and SINV antibodies were detectable in blood isolates from

grouse after a SINV outbreak (131).
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For many years, SINV was used as the prototypic alphavirus for experimental studies.
SINV grows to high titers in baby hamster kidney cells (BHKSs), chick embryo fibroblasts (CEFs),
and Vero cells, which made SINV an easy and attractive model alphavirus to study viral
replication in culture. In addition, SINV infection in mice has been used as a model for
alphavirus induced encephalitis because SINV is neurotropic in mice. Initial studies in mice
showed that a subcutaneous inoculation of 1,000 PFU SINV into the footpad of BALB/c mice
resulted in an age-dependent lethality due to encephalitis (132). There are also neuroadapted
strains available that cause encephalitis in older mice (133, 134). In general, SINV, despite
being an Old World virus, represents a highly tractable model for studying virus-induced

encephalitis in mice (135).

1.2.5 O'NYONG-NYONG VIRUS (ONNYV)

ONNYV causes debilitating joint pain, rash, lymphadenitis, fever, and headache in
humans (136). Currently, there are no other vertebrate hosts known. ONNV was first isolated in
1959 from a patient with acute febrile iliness in Kenya. ONNV was first described as an
alphavirus similar to, but distinct from, CHIKV (11, 137). An. funestus and An. gambiae
mosquitoes are the principle vectors for transmission of ONNV (43). These vectors are unique
to ONNV because no other alphaviruses are known to replicate in these night-feeding
Anopheles mosquitoes. Nsp3 is implicated in this vector specificity because replacement of the
CHIKV nsp3 gene with ONNV nsp3 allowed CHIKYV to infect (but not disseminate in) Anopheles
mosquitoes (138). ONNV caused a massive outbreak in eastern Africa in the 1960s, spreading
from Uganda to the nearby countries of Kenya, Tanzania, Mozambique, Nyasaland, Zaire, and
Senegal, resulting in over 2 million human infections (44). A second outbreak occurred in 1996-
1997 in south-central Uganda (136). Other outbreaks may have occurred since 1997, but the

cases are underreported, and/or patients may have been misdiagnosed with CHIKV (139).
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Similar to other alphaviruses, the innate interferon signaling pathway appears to be
important for controlling ONNV in vivo. Initial mouse experiments showed that adult and
neonatal wild type mice (C57BL/6), mice lacking B and T cells (Rag1-/- mice), and mice lacking
the interferon y receptor (IFNyR -/-) did not develop any signs of disease. In addition, these mice
do not become viremic following ONNV infection (137, 140). However, mice deficient in Type 1
interferon signaling (mice lacking the type | interferon receptor (A129) or Stat 1) are partially
sensitive to s.c. infection with ONNV (140), but, in contrast with other arthritic alphaviruses (ie.
CHIKV), ONNV is not 100% lethal in A129 or Stat1-/- mice. Early studies with ONNV in rhesus
macaques showed that animals infected with ONNV did not develop viremia or neutralizing
antibodies to ONNV, suggesting that the animals were not successfully infected (141). Overall,
the animal models for ONNV appear more limited compared to the other arthritic alphaviruses

and further studies are warranted to determine the reasons why this occurs.

1.2.6 MAYARO VIRUS (MAYV)

MAYYV was first isolated from a febrile patient in Mayaro County in Trinidad (12). MAYV
causes acute febrile illness and joint pain in humans (41). It is transmitted by canopy-dwelling
Haemagogus janthinomys mosquitoes. Serosurveys of mammals in the rainforest of French
Guiana showed that primates within the rainforest canopy layer had neutralizing antibodies
directed against MAYV, suggesting that MAYV has a sylvatic cycle involving Haemagogus
mosquitoes and New World nonhuman primates (42). Additional studies are needed to

determine whether these sylvatic cycles are maintained over time.

Currently, few studies describe MAYV infection of mouse and nonhuman primate animal
models. MAYV infection in C57BL/6 mice was only recently described (142). Similar to the
outcomes observed following CHIKV infection, mice infected with MAYV develop footpad

swelling, viremia at 3 dpi, and detectable viral load in spleen, muscle, and ankle tissues (142).
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Rhesus macaques infected with MAYV develop viremia and transient fever (141). While these
animal studies with MAYV are limited, they clearly show that mouse and nonhuman primates

are feasible animal models to study MAYV pathogenesis.

1.2.7 CHIKUNGUNYA VIRUS (CHIKV)

CHIKV was first isolated in the early 1950s during an epidemic of acute febrile illness
and polyarthritis in present-day Tanzania (143). The first descriptions of CHIKV infections in
humans indicated that patients experienced a sudden onset of high fever, polyarthritis, and rash
(143). CHIKYV is transmitted by the anthropophilic Ae. albopictus and Ae. aegypti mosquitoes.
The virus can establish urban transmission cycles involving humans and mosquitoes as well as
sylvatic cycles, between forest-dwelling mosquitoes and primates (144). CHIKV outbreaks occur
periodically in sub-Saharan Africa and Southeast Asia (145). In 2013-2015, CHIKV caused a
large outbreak in Central America that spread to South America and to the United States (146).
These incidents highlight the ability of CHIKV to rapidly spread and establish outbreaks in new

geographical areas.

The mouse and nonhuman primate models for CHIKV infection and disease are well
established (147-150). C57BL/6 mice develop footpad swelling, viremia, and detectable virus in
muscle and ankle tissues following CHIKV infection. Similarly, rhesus macaques develop a
transient viremia, rash, joint redness and swelling, and virus is detectable in several tissues
following CHIKV infection. More details will be discussed regarding CHIKV transmission,

epidemiology, and animal models in Section 1.4.

1.2.8 ENCEPHALITIC ALPHAVIRUSES
The encephalitic alphaviruses including VEEV, WEEV, and EEEV can cause
encephalitis and neurological disease in humans. Other alphaviruses, such as CHIKV, RRV,

and HJV, can cause neurological symptoms and encephalitis, although these symptoms occur
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less frequently compared to patients infected with VEEV, WEEV and EEEV (16). Currently, the
encephalitic alphaviruses are almost exclusively found in North and South America. The
symptoms observed following infection with the encephalitic alphaviruses are very similar to
those infected with arthritic alphaviruses and include fever, headache, nausea, and myalgia.
Those with severe disease can experience seizures, coma, encephalitis, and death. Surviving
patients infected with the encephalitic alphaviruses often experience long-term neurological
symptoms. While VEEV and WEEYV infections have low case-fatality rates in humans
(approximately 1% and 3-4%, respectively) (15, 151), the case-fatality rate for EEEV is an
astounding 35-70% (16). In equines, VEEV has a case fatality rate of 20-80%, the WEEV case-
fatality rate is 3-50%, and the case fatality rate for EEEV is 70-90% (16). The encephalitic

alphaviruses pose a serious threat to public and veterinary health during outbreaks.

1.2.9 VENEZUELAN EQUINE ENCEPHALITIS VIRUS (VEEV)

VEEV is an encephalitic alphavirus that causes a sudden onset of fever, severe
headache, myalgia, and chills. VEEV can also cause long-term neurological sequela, including
seizures, paralysis, headaches, and depression, and these symptoms are more commonly
observed in children (151, 152). Encephalitis and death also occur after VEEV infection in
humans, although this is relatively uncommon. VEEV infection is associated with spontaneous
abortions in pregnant women. Virus is detectable in the brains of the aborted fetuses indicating
that the virus can cross the placenta (15, 151, 153). VEEV also causes fatal encephalitis in
equines; the virus was first isolated in Venezuela in 1938 from the brains of equines who had
succumbed to infection (56). Two major transmission cycles have been identified for VEEV
including: the enzootic cycle between Cx.(Melanoconion) mosquitoes and rodents (58); and the
epizootic/epidemic cycle involving equines, humans, and Ochlerotatus taeniorhynchus and
Psorophora confinnis mosquitoes (56). Interestingly, infection of horses with the enzootic

isolates results in an attenuated infection, with no detectable viremia; but horses infected with
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the epizootic VEEV isolates developed viremia and disease (154). The enzootic strain could
establish viremia in horses after introducing epizootic E2 into the enzootic VEEV background
(154). Further comparison of the enzootic and epizootic VEEV isolates by phylogenetic analysis
suggested that the epizootic strains are derived from the enzootic strains (155, 156). Together,
this leads to the hypothesis that the enzootic viruses can establish epizootic transmission cycles
by acquiring specific point mutations that allow for efficient replication in epizootic vectors and

equids (57).

VEEV replicates very efficiently in mouse and nonhuman primate models. Inoculation of
mice in the footpad with VEEV results in viremia, viral replication in lymphoid tissue, and viral
spread to the CNS via the olfactory neuroepithelium and the trigeminal nerve (157). The virus
replicates locally in variable regions of the brain, which induces inflammation and encephalitis
and death (158). Rhesus macaques and cynomolgus macaques are susceptible to VEEV
infection, and they typically develop viremia and fever (159, 160). Both macaque species
develop varying degrees of neurological pathology depending on the strain of virus, macaque
species, and the route of infection (161, 162). Both mouse and nonhuman primate models are

valuable tools to study VEEV-induced acute febrile illness and encephalitis.

1.3 ALPHAVIRUS REPLICATION CYCLE

1.3.1 ENTRY

The overall process of alphavirus entry is initiated when E2 binds to an unknown cellular
receptor. The virion is taken up by the cell in a process that involves receptor-mediated
endocytosis that results in endosomal localization of the particles. E1, the fusion protein,
promotes fusion with the endosomal membrane, releasing the ribonucleocapsid (RNP) into the
cytoplasm. The RNP disassembles releasing the positive-sense genomic RNA into the

cytoplasm. Most alphaviruses infect both insect and mammalian species and replicate in these
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very different cellular and biochemical environments (Table 1-1), which demonstrates the
versatility and adaptability of these viruses. After engagement with the cellular receptor, the
virus can be internalized via receptor-mediated endocytosis in clathrin-coated vesicles (163,
164). The low pH in the endosomal compartment triggers a molecular rearrangement of E1 and
E2 so that E1 homotrimerizes exposing the hydrophoic fusion peptide at the tip of E1, which
inserts into the cellular membrane (101, 165). Endosomal acidification to pH 5.85 was shown to
be important for the dissociation of E1 and E2 to promote successful fusion (166). An alternative
mechanism has been proposed with SINV, wherein the virus fuses directly with the plasma
membrane at neutral pH (167, 168). These studies open possibilities that there may be more

than one mechanism for viral entry.

During the entry process, the virus binds to attachment factors present in the
extracellular matrix. Glycosaminoglycans (GAGs), which make up an important component of
the extracellular matrix on the surface of mammalian cells, are negatively charged, and they
interact with alphavirus E2 (169-172). When alphaviruses are passaged repeatedly in
mammalian cells, the viruses that develop positively charged residues in E2 gain a growth
advantage because the adapted virus can preferentially interact with the negatively charged
GAGs. These tissue-culture adapted viruses often have an attenuated phenotype in vivo when
compared to the founding virus (169). For example, the CHIKV vaccine strain was generated by
repeated passaging of the Asian isolate AF15561 at total of 18 times in human fibroblasts
(MRC-5 cells). The adapted strain 181-25 is attenuated in vivo (173) after acquiring 10
nucleotide point mutations, resulting in 5 amino acid changes (174). One of the mutations
present in 181-25 E2, G82R, was responsible for its attenuation in vivo and reduced its ability to
infect insect cells (C6/36 cells) (174, 175). Together, these studies demonstrate that GAGs are

an important attachment factor for alphaviruses in cell culture systems, but that the natural
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cycles between arthropods and mammals prevents GAG-adapted viruses from naturally

emerging.

Alphaviruses enter both insect and mammalian cells infecting several different types of
tissues during natural transmission cycles. One possible explanation for this remarkable ability
is that the virus has one cellular receptor that is shared among many species and tissues.
Alternatively, alphaviruses can utilize multiple receptors, which are used differently depending
on the cell type and species of the target cell (176). Several host proteins have been proposed
as cellular receptors for alphaviruses, including the laminin receptor, heparin sulfate, DC-SIGN,
and L-SIGN. However, these proteins are likely attachment factors rather than a bona fide
cellular receptor (reviewed in (176, 177)). Natural resistance-associated macrophage protein
(NRAMP), was proposed as a receptor for SINV because the deletion of NRAMP in drosophila
cells or its mammalian homolog reduced replication (178). These studies are not entirely
convincing because while the reduction in virus replication was consistently observed as a 10-
fold reduction, replication was never abolished in the absence of NRAMP. This indicates that
alternative receptors and/or mechanisms of entry exist for the alphaviruses. Clearly, more
experiments are needed to identify the cellular receptors for the alphaviruses. One helpful
technique to identify virus receptors is clustered regularly interspaced short palindromic repeats
(CRISPR)-Cas9. CRISPR-Cas9 was recently employed for the identification of the murine
norovirus receptor (179), and this technique could be used to identify alphavirus receptors as

well.

1.3.2 REPLICATION COMPLEX FORMATION AND RNA REPLICATION

The nonstructural proteins form replication complexes where the viral RNA replication
occurs. These complexes form invaginations called spherules that localize to the plasma
membrane and/or they are associated with endosomal compartments called type | cytopathic

vacuoles (CPV1) depending on the cell type and the alphavirus species (180-183). The
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spherules are 50 nm in diameter and are separated from the cytoplasm by a narrow opening or
neck. Early observations by electron microscopy described the spherules as having an
“electron-dense plug” around the neck and “thread-like” electron-dense material spewing from
the neck, referring to the viral RNA (184). These spherules are detectable with antibodies to

individual nonstructural proteins as well as dsRNA antibodies.

All four nonstructural proteins are essential for productive replication of alphavirus
genomes. The incoming viral RNA is positive polarity, but the early generation of a minus-sense
genomic RNA is required for RNA amplification. Using the minus-strand RNA as a template,
additional positive stranded gRNA and sgmRNA are synthesized by the nonstructural protein
complex. Early studies showed that the 5’ sequences of the two RNA species were different,
suggesting that while the gRNA transcription is initiated on the 3’ end of the minus-stranded
RNA, there is an internal promoter on the minus-stranded RNA that initiates transcription of the
sgmRNA (72, 185). This internal promoter region is located at positions -19 to +5 relative to the

start of the sgmRNA (83).

The incoming gRNA is translated to produce the nonstructural polyprotein nsp1-4
(annotated P1234). There is a leaky opal codon (UGA) between nsp3 and nsp4, so that 80-90%
of the time, the polyprotein P123 is produced, and P1234 is made by read-through of the opal
codon only 10-20% of the time (186). Some alphavirus species (ie. ONNV and SFV) lack the
opal codon, and they synthesize P1234 100% of the time, but the specific consequences of this
on viral replication are still unknown (187). Early during replication, P1234 is cleaved by nsp2
into P123 + nsp4 (188). The processed P123 + nsp4 form the replication complex that
preferentially synthesizes minus-stranded genomic RNA within the first 2-4 hrs of infection
(189). At later times, P123 is cleaved by the nsp2 into the mature forms of nsp1, nsp2, and
nsp3. (190). This process shuts off synthesis of the negative stranded RNA, and initiates

positive stranded gRNA and sgmRNA synthesis, which are very efficiently produced from the
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negative strand (191). RNA replication is proposed to be linked to cleavage of the individual
structural proteins due to conformational changes in the nonstructural proteins such that the

complex can no longer initiate minus-stranded RNA synthesis (191, 192).

All the nonstructural proteins are essential for replication of vVRNA, and each
nonstructural protein has specific functions within the replication complex as well as auxiliary
functions to promote an antiviral state in the cell. Nsp1 is the viral methyltransferase (MTase)
and guanylyltransferase (GTase). Viral nsp1 adds a cap to the viral gRNA and sgRNA during
replication in a reaction distinct from cellular mRNA capping (193, 194). The capping reaction in

higher eukaryotes is as follows (193):

(1) ppPN1pN2pNs... > ppN1pNzpNs... + P; (mediated by RNA triphosphatase)

(2) GTP + guanylyltransferase - guanylyltransferase-GMP + PP;

(3) Guanylyltransferase-GMP + ppN1pN2pNs... > GpppN1pNopNs... +
guanylyltransferase

(4) GpppN1pN2pNs... + S-adenosylmethionine > m’GpppN:pN2pNs... + S-
adenosylhomocysteine

(5) m’GpppN+pNopNs... + (nucleoside-2’-O)-methyltransferase >

m7GpppmN1pmN2pN3...
The capping reaction facilitated by nsp1 is as follows (73, 193):

(1) pppPN1pN2pNs... > ppN1pN2pNs... + P; (mediated by nsp2 (195))
(2) GTP + S-adenosylmethionine > m’GTP + adenosylhomocysteine
(3) m’GTP + nsp1 > m’GMP-nsp1 + PP;

(4) m"GMP-nsp1 + ppN1pN2pNs... > m’GpppN1pN2pNs...

The result of the first reaction, present in higher eukaryotes, is a type 1 cap structure,

while the product of the nsp1 reaction is a type 0 cap, with no 2’-O-methylation at the N4 or N,
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position. Notably, the nsp1 reaction requires the RNA triphosphatase activity of nsp2 to prepare

the viral RNA for capping by nsp1 (195).

When expressed in cells, nsp1 localizes to the inner leaflet of the plasma membrane,
and the protein is anchored to the membrane by an amphipathic helix and by palmitoylation of
conserved cysteine residues present at the C-terminus of nsp1 (193, 196, 197). Mutation of the
residues within the amphipathic helix that prevent nsp1 membrane association is lethal to the

virus (198).

Nsp2 is the viral protease, helicase, and NTPase. Overexpression of nsp2 is toxic to
mammalian cells and E. coli (199). On its N-terminus, Nsp2 possesses a helicase and NTP-
binding domain, which binds to and unwinds the RNA secondary structure during RNA
replication (199). The NTPase domain possesses RNA triphosphatase activity that is required
for preparing the viral mRNA for the nsp1-mediated capping reaction (195, 200). The protease
activity domain is localized to the center of nsp2, and it is essential for cleavage of the
nonstructural polyprotein, as discussed above (201). The C-terminal methyltransferase-like
domain of nsp-2 is implicated in degradation of the catalytic subunit of host RNA polymerase Il
in the nucleus to shut off host transcription (202). This specific function of nsp2 will be discussed

below in section 1.3.6.

The precise functions of nsp3 are still not well resolved. However, we have learned
much about nsp3 through structural and binding partner identification analyses. The domains of
nsp3 include: 1) an N-terminal macrodomain, 2) an alphavirus-specific unique domain with a
zinc coordination site, and 3) a C-terminal hypervariable domain. The macrodomain is a domain
that binds adenosine diphosphoribose (ADP-ribose). The macrodomain is conserved across
alphaviruses, coronaviruses, toroviruses, and hepatitis E, but its specific role in viral replication

is unknown (203). The CHIKV and VEEV nsp3 macrodomain crystal structures have been
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solved with ADP-ribose bound. The macrodomain contains adenosine 1’-phosphate
phosphatase activity, but it is unclear what role this plays in replication (204). Nsp3 is an
essential component of the replication complex, and it associates with other nonstructural
proteins during viral RNA replication. An additional crystal structure was solved of the
precleaved P23 complex, that showed the nsp2 protease and MT-like domains in contact with
the nsp3 macro and zinc-binding domain (205). Based on this structure, a P23 RNA binding site
was predicted. This site has implications for the early stages of replication, when negative
stranded RNA is preferentially made, because after P2/3 cleavage, positive sense RNA is

preferentially generated.

The nsp3 hypervariable domain is heavily phosphorylated, and mutagenesis of the
phosphorylation sites results in an attenuated infection in vivo, as shown with SFV (206). Nsp3
is present in cytoplasmic foci in infected cells, which co-localize with other nonstructural
proteins, indicating that these foci are replication complexes (183). Nsp3 interacts with several
cellular proteins during infection, including RasGAP SH3-domain binding protein (G3BP) (207).
Immunoprecipitation experiments with mutant nsp3 proteins showed that the interaction
between nsp3 and G3BP occurs through binding of the nsp3 hypervariable domain. This
important interaction prevents an antiviral stress response during infection by blocking stress
granule formation (207, 208). However, it is unknown whether the proteins associated with nsp3

also function in the replication complexes to promote RNA replication.

Nsp4 is the alphavirus RNA-dependent RNA polymerase. As one might predict, Nsp4
localizes to replication complexes in infected cells (183). Alphavirus nsp4 proteins have the
characteristic RNA polymerase GDD motif (209), which is essential for viral RNA synthesis
(210, 211). Early observations showed that nsp4 protein expression levels are very low relative
to the nonstructural polyprotein P1234 (212). Nsp4 possesses a conserved tyrosine residue on

its N-terminus, which promotes its degradation by the N-end rule. By the N-end rule, the N-
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terminal residue can destabilize a protein by targeting it for proteolysis. Mutagenesis of this Tyr
residue was capable of stabilizing nsp4 (213). However, an infectious clone containing this Tyr
mutation had reduced viral replication kinetics demonstrating that the tyrosine and protein
degradation is important for efficient replication in cell culture (214). During replication, nsp4
protein levels are regulated at least two ways: nsp4 is produced only by read-through of the opal
codon, occurring 10-20% relative to P123; and it is also degraded during replication by the N-
end rule. The molecular importance of this tight regulation of nsp4 protein levels remains to be

determined.

1.3.4 TRANSLATION OF VIRAL SUBGENOMIC MRNA

The sgmRNA is transcribed from an internal promoter of the minus strand genomic RNA
located within the nsp4 gene and the subgenomic 5’UTR (83, 185). The sgmRNA possesses a
5’ cap and is polyadenylated at its 3° end. The translation product of the sgmRNA forms the
structural polyprotein that includes the proteins C, E3, E2, 6K, E1, and TF. sgmRNA translation
initiation occurs in the cytoplasm, and the capsid protein cleaves itself from the nascent chain,
exposing an endoplasmic reticulum (ER) localization sequence on E3 that promotes
translocation of the viral glycoproteins to the ER membrane (215-218). The polyprotein E3-E2-
6K-E1 is cleaved between E2/6K and 6K/E1 by ER-localized signalase (218). In the trans-Golgi
network, furin cleaves between E3/E2 (219, 220). Transframe protein (TF) was recently
recognized as a protein produced from a -1 ribosomal frame-shift during synthesis of 6K; this
results in a protein with the identical N-terminal region as 6K but with a unique C-terminal
sequence (221). Interestingly, TF, but not 6K, is incorporated into virions (222). Viruses deleted
of 6K/TF are still viable, although 6K/TF deletion mutants have defects in assembly and budding
(221, 223). Two cysteine residues are palmitylated only in TF, not in 6K, even though both

proteins have the cysteines. Mutagenesis of two of the cysteines in 6K/TF resulted in defective
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viral particle formation, with some particles incorporating more than one nucleocapsid into the

envelope (89). This further confirms the importance of 6K/TF in viral assembly.

The process of canonical cap-dependent translation initiation involves multiple
eukaryotic translation initiation factors (elFs) as well as ribosomal subunits (Figure 1-3)
(Reviewed in (224)). The 5’'UTR is recognized by the ternary complex, consisting of a GTP-
bound elF2 with an initiator methionyl-tRNA (Met-tRNA)), and the small (40S) subunit of the
ribosome, together making the 43S preinitiation complex (PIC). The 40S ribosomal subunit
interaction with the ternary complex is facilitated by elFs 1, 1A, 3, and 5. The 43S PIC
interaction with the mRNA is facilitated by elF3, the cap-binding complex elF4F (consisting of
elF4E, elF4G, and elF4A), and the poly(A)-binding protein (PABP). Once bound, the 43S PIC
scans the mRNA and identifies the AUG, and the PIC stops, elF1 is released, and the elF2-GTP

complex is converted to elF2-GDP.

One interesting feature of the translation of the sgmRNA is that it efficiently occurs
during host translational shutoff (225, 226). Alphavirus sgmRNA does not follow classical
translation initiation rules because it does not require many of the translation initiation factors.
Notably, translation of the sgmRNA can proceed when the elF2a subunit is
phosphorylated/inactivated (227-229). Normally elF2-GDP is converted to elF2-GTP by the
guanine exchange factor elF2B, but the phosphorylation of the elF2a subunit inhibits the
function of elF2B and stops translation initiation. There are four kinases that activate elF2a
phosphorylation in response to cellular stress: PKR (dsRNA sensor), PERK (ER stress), HRI
(heme deprivation), and GCN2 (nutrient starvation) (230). elF2a phosphorylation/inactivation is
sufficient to shut of translation of host mRNAs. Though some viruses prevent the inactivation of
elF2, alphaviruses induce elF2 phosphorylation via PKR and are still able to translate their
sgmRNA in this state (228, 231). Consistent with this idea, treatment of cells with sodium

arsenite, which induces elF2a phosphorylation and ER stress, will not block translation of the
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sgmRNA, but it will impair maturation of the envelope proteins in the ER (232). Though elF2a
phosphorylation/inactivation occurs during alphavirus replication by the kinase PKR,
alphaviruses still induce host translation shutoff in PKR-/- cells, suggesting that there are other
means of shutting off host transcription and translation in alphavirus-infected cells, and this is

discussed further in section 1.3.6 (228).

To facilitate translation of viral sgmRNA in the presence of elF2 alpha phosphorylation,
many alphaviruses possess a stable CG-rich stem loop positioned downstream of the capsid
AUG that allows for translation to proceed when elF2a is phosphorylated (225, 227, 233). This
structure, called a downstream loop (DLP), was first identified as a translational enhancer with a

predicted hairpin structure (234). Mutations introduced into the SINV DLP that disrupt the

Figure 1-2: Canonical cap-dependent translation initiation.
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predicted DLP structure, with only one amino acid change in the coding sequence, displayed a
3-log growth defect in PKR+/+ MEF cells, but only a 2 or 3-fold growth defect in PKR-/- MEF
cells (227). The same trend was observed in mice with defects in PKR. Infection with either the
DLP mutant or the wild type SINV resulted in equal levels of virus in the brain. However,
infection of mice with a functional PKR gene with DLP mutant SINV had significantly reduced
viral titers in the brain relative to the parental virus (235). Recent evidence suggests that the
DLP may function by trapping the 40S ribosomal subunit in an ideal position for translation
initiation at the sgmRNA AUG (236). Many alphaviruses possess these DLP structures but they
can have different stabilities and stem lengths relative to SINV (235). Interestingly, several
medically relevant alphaviruses are not predicted to possess a DLP, including CHIKV, VEEV,
WEEYV, and ONNV (235). It is possible that these viruses possess an alternative RNA structure
that performs the same function as a DLP, or other viral proteins could manipulate the infection
state in the cell in another way to ensure that the virus translates the viral sgmRNA efficiently.
Currently, the mechanism for translation in the presence of inactive elF2a for these viruses
remains unknown. Below is shown a diagram where | have used the RNA folding program MC-
Sym and MC-fold (237) to predict the secondary structure of the SINV sgmRNA using the
sequence -49 to +101 nt relative to the start of capsid. The DLP stem loop for SINV is very
stable, and | consistently mapped the DLP structure. For CHIKV, | ran two different structural
predictions using nucleotides +1 to +150 or -49 to +101 (Figure 1-4). The CHIKV sequence was
not predicted to form a large DLP but it is predicted to have a stem loop at about 100 nt
downstream of the AUG. This stem loop does not appear to be as stable as the SINV DLP, but
it may indicate that there is a secondary structure in that region that has not been initially

defined.

The viral sgmRNA was shown to not require many of the canonical translation initiation

factors for its translation (Table 1-2). One of the essential members of the elF4F cap binding
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complex, elF4G, was disposable for capsid production from viral replicons (238). To

demonstrate this phenomenon, either the HIV-1 protease PR or the poliovirus 2A

Pro viral

proteins that cleave elF4G, were cloned into the SINV replicon downstream of capsid. With this

system, the elF4G cleavage proteinases are translated with the same kinetics as the structural

proteins. Capsid was still translated, although reduced, when BHKs were transfected with the

replicons containing PR or 2A"° (238). To determine whether the replicon sgmRNAs could still

initiate translation in the absence of elF4G, the cells were transfected with the replicons, and

then a hypertonic solution was added to the cells to block translation initiation while allowing the

polysomes to run off the mRNA (238, 239). When the hypertonic solution was removed, new

translation initiation events would have to occur in the presence of the cleaved elF4G to

synthesize capsid. Capsid was still produced in the presence of cleaved elF4G indicating that

Figure 1-3: Predicted RNA folding by MC-Fold (http://www.major.iric.ca/MC-Sym/).

CHIKV sgmRNA

CHIKV sgmRNA
(position +1 to +150)

(position -49 to +101)

~> L]
Q\os ou/< -
Oy 2w
e © 4 = ]
R PN -
ot © -
Pl = 3
-~ < o -
< -
Oy © <
Oy oo >
e <~og :‘o
2~ -
oo u~<
o< © LI
~ ~, 8
o 2 ©
) g8 "~
2 <l 2« o
I 5 % 0. o
‘:" A
© gy © < 8 ]
s e 2o P -Q
g olC% o, <, % o
o "o
o oo g o,
~_ >4y
© o~ g8 "o ¥/
ol <
80"\‘3 O w—
K 2. 8 8 0‘:
e 8 <s g o << <
< 929 “o 8 < EL
0 Poo<y 1 <, o -3
R < ‘\\“‘ﬂ l,aUU <—:>
El ng,g( 0:0’/ g« >
00 Y 3 9 ) o
°e 8 < < -
3 o\ 3"009
o -
RANE) D
2 o\\‘o g < N Dugmgy
o ]
ACHEIE AUG e
> w
o< g 2, 0%o0 2 g Cwmol
a2 g2 /’ feoo<< ")
o <o II "'l <
< < ®°a4 o8
‘4'3'2 <G 0D <
So—a 2 8 < )
-
© < 0\01‘
Cmmo -
< > 8
o S > -
-:..:, LN <
—~o o >
o -~
o< e AUG .o

SINV sgmRNA
(position -49 to +101)

DLP

28



translation initiation of sgmRNAs does not require elF4G (238). In contrast to the sgmRNA,

translation of the gmRNA requires intact elF4G, and cleavage of elF4G prior to infection

reduces levels of nonstructural and structural proteins because of incomplete production of

nonstructural proteins (238). Another member of the elF4F cap-binding complex, elF4A, was

shown to have reduced requirements for alphavirus sgmRNA. Treatment of cells with

hippuristanol, an inhibitor of elF4A, did not inhibit SINV structural protein synthesis, while other

mRNAs were inhibited (240). Therefore the SINV sgmRNA was shown to have decreased

requirements for members of the cap binding complex elF4F.

A proposed mechanism for translation initiation of alphavirus sgmRNA is through the use

of noncanonical translation initiation factors such as elF2A or elF2D, which potentially replaces

the function of elF2 during stress conditions when elF2 is not available. However, SINV

sgmRNA was translated efficiently in cell lines that lack elF2A and elF2D, suggesting that

translation of viral sgmRNA does not require elF2A or elF2D (232).

Table 1-2: Translation initiation factors dispensable for translation of alphavirus

sgmRNA.

Translation Function of elF Representative experiments that suggest the | References

initiation sgmRNA does not require the elF

factor

elF2 Interacts with the Met- Many alphaviruses have a DLP structure that (227, 235)
tRNAM® to form the ternary stalls the ribosome and negates the need for
complex elF2.

elF4G Member of the elF4F cap- Translation can still occur when elF4G is cleaved | (238)
binding complex, interacts by poliovirus 2A7" or HIV-1 PR.
with elF3 and PABP

elF4A Member of the elF4F cap- SINV sgmRNA translation is not sensitive to (240)
binding complex, acts as a elF4A inhibitor hippuristanol.
helicase

elF2A Non-canonical translation elF2A -/- cells were still able to support SINV (232)
initiation, proposed to replication to the same extent as the parental
substitute for elF2 cells.

elF2D Suggested to substitute for elF2D -/- cells were still able to support SINV (232)

elF2

replication to the same extent as the parental
cells.
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Several groups used in vitro synthesized mRNAs to study the translational requirements
of alphavirus sgmRNA. One major takeaway is that the translational requirements of transfected
MRNAs generated in vitro is not equivalent to the translation of mMRNAs produced from
replication complexes during infection. During infection, the virus induces cellular stress by
engaging pattern recognition receptors and inactivates eukaryotic translation initiation factor
elF2a, both of which induce an antiviral state in the cell. Exogenous transfection of viral
sgmRNA to uninfected cells does not accurately mimic an infection state in the cell; instead,
many groups have studied sgmRNA translation in the context of replicon systems. The replicon
RNA possesses the nonstructural protein genes, but the structural protein genes are replaced
with the genes for capsid and/or a fluorescent reporter. Transfection of replicon mRNA results in
synthesis of the nonstructural proteins and formation of the replication complex. The replication

complex will generate sgmRNA, but only capsid and the fluorescent reporter are synthesized.

Translation of in vitro generated sgmRNAs that were transfected into infected cells or
replicon-containing cells was inhibited compared to uninfected cells (241). One reason for this
finding is that the virus induces shutoff of cellular translation via nsP2 (242). Translation of
transfected mRNA in infected cells was restored when a P726G mutation was introduced into
nsP2, which also resorted cellular translation (241). This supports the idea that translation of
exogenous mMRNAs in infected cells, even mRNAs that possess identical UTRs and capsid
sequences as the native sgmRNA, occurs “canonically” and is blocked by infection like other
host MRNAs. In agreement with this hypothesis, translation of transfected sgmRNAs was
blocked by cleavage of canonical translation initiation factor elF4G and by arsenite treatment,
while translation of sgmRNAs generated in replicon-containing cells was not affected (229). This
suggests that the sgmRNA generated from replication complexes is “privileged” because of its
proximity to factors that facilitate its translation efficiently when host mMRNAs and exogenously

introduced mMRNAs are blocked.
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1.3.5 ASSEMBLY AND RELEASE

Capsid proteins assemble around the gRNA to form the nucleocapsid. The nucleocapsid
then interacts with the mature E1/E2 dimer present on the plasma membrane and buds from the
cell. The positive-sense viral gRNA is preferentially recognized by capsid at discrete sites:
predominantly the coding region after nsp1 and the subgenomic promoter region (82). In vitro
synthesized capsid proteins self-assemble around nucleic acid to form the nucleocapsid (95).
The capsid protein has three major domains: the N-terminal domain contains the RNA-binding
domain and a coiled-coil formation; the central domain binds RNA and is responsible for capsid-
capsid homotypic interactions; and the C-terminal domain forms the capsomeres on the surface
of nucleocapsid, contains the protease domain, and interacts with the cytoplasmic tail of E2.
The coiled-coil region present in the N-terminal domain and the central domain appear to be the
most important in mediating nucleocapsid formation (243). Specifically, capsid residues 108-111

are conserved among alphaviruses, and they are crucial for capsid oligomerization (92).

Once formed, the nucleocapsid binds to the cytoplasmic domain of E2, and this
interaction is sufficient to mediate budding from the infected cell. Budding requires both
envelope and capsid, because no particles are produced in the absence of capsid or E1/E2
(244). The specific interaction of the nucleocapsid and E2 occurs via a hydrophobic pocket in
capsid that is eventually occupied by a conserved tyrosine residue in E2 (245). The capsid
binding to E2 is believed to occur via a two-step process, where a tryptophan in capsid shifts its

position to accommodate the tyrosine in E2 and stabilizes the particle (92).

1.3.6 HOST TRANSCRIPTION AND TRANSLATION SHUTOFF
Alphaviruses combat the innate antiviral response by inhibiting host transcription and
translation. Eventually, blocking host transcription and translation will lead to cytopathic effects

and cell death. As stated in the previous section, alphaviruses induce elF2a phosphorylation by
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the dsRNA sensor PKR, and their own sgmRNAs are efficiently translated in the absence of
elF2. However, host shutoff still occurs efficiently in the absence of PKR, and any PKR-
dependent effects on host mRNA translation by elF2a phosphorylation are minimal during

alphavirus infection (228, 231).

For Old World alphaviruses, the viral factor responsible for host transcription and
translation shutoff is nsp2. Nsp2 colocalizes to the replication complexes as well as the nucleus
during infection. A mutation of nsp2 was identified in an attenuated SINV mutant virus that
persistently infected cells rather than causing cytotoxicity. This mutation was located in the nsp2
C-terminal MTase-like domain (P726S) (246). Another group separately identified that a
mutation in SINV nsp2 (P726G) also persisted demonstrating less cytopathic infection (247).
The P726G virus could establish a persistent infection in cells lacking type | IFN responses (ie.
Veros, BHKs, IFN-a/BR-/- MEFs), but it would not persist in cells with intact type | IFN signaling
(226). The P726G virus induced higher levels of IFN responses compared to the parental
viruses, suggesting that the P726G mutant infection was efficiently controlled by the innate
immune response. The P726G virus did not shut off global host translation to the levels of the
parent SINV. Together, these data provide evidence that P726 is important for the function of

nsp2 to counter innate immunity by shutting off host translation (226).

Additional experiments with SFV showed that mutation of the nuclear localization signal
at R649D partially inhibited nsp2 localization to the nucleus, and host transcription was
moderately restored (248). Later it was identified that nsp2 enters the nucleus and degrades
Rpb1, the catalytic subunit of RNA polymerase Il (202). Introduction of mutations in the MTase-
like and the helicase domains, but not the protease domain, prevented degradation of Rpb1,
suggesting that there are multiple sites in nsp2 responsible for degradation of Rpb1 (202).
These data determined that mutations in nsp2 that blocked the ability of the protein to degrade

Rpb1, also restored host transcription. Mutations that abolished nsp2/3 cleavage events are
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completely devoid of nuclear localization (242). In this context, nsp2 is unable to enter the
nucleus, and cellular transcription was weakly affected. However, host translation was still
inhibited to the same extent as observed with wild type virus. This suggests that while nsp2
contributes to transcriptional shutoff via degradation of Rpb1 nucleus, nsp2 and/or other viral
proteins may contribute to translational shutoff in the cytoplasm by a yet to be defined

mechanism.

New World alphavirus capsid protein is responsible for host shutoff. During replication,
capsid is involved in encapsulating the viral gRNA, but the New World capsid has an additional
role: it localizes to the nucleus and inhibits cellular transcription (249). Unlike Old World
alphavirus replicons, New World replicons are not nearly as toxic when introduced into cells.
However, addition of New World capsid protein to these replicon constructs blocked RNA
synthesis (250). Capsid’s role in host transcriptional shutoff was attributed to a short peptide in
the capsid N-terminus, and expression of this peptide was sufficient to shut off transcription
(249). Capsid also associates with the nuclear envelope, but the significance of this localization

is unknown.

1.4 CHIKUNGUNYA VIRUS (CHIKV)

1.4.1 INTRODUCTION AND CLASSIFICATION OF CHIKV

Chikungunya virus (CHIKV) is in the Alphavirus genus of the Togaviridae. CHIKV is a
member of the Semliki Forest Virus antigenic complex, along with ONNV, SFV, MAYV, UNA,
BEB, GET, and RRV. The characteristic symptom of CHIKV is severe joint pain that causes
hunched posture. For this reason, the disease was named in the Makonde language
chikungunya, which translates to “that which bends up” (251). CHIKV was first described during
an outbreak in the Southern Province of Tanganyika (present day Tanzania) in the 1950s by Dr.

Marion Robinson. The disease caused a sudden-onset of severe joint pain, high fever, and
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maculopapular rash (251). CHIKV was later isolated from human sera by R. W. Ross, and he
performed the first CHIKV experiments in mice and mosquitoes (143). CHIKV has caused two
major outbreaks in the last 15 years, one in the Indian Ocean region and the second in the
Americas. Each outbreak affected millions of people. The ability of CHIKV to cause long-lasting
arthritic symptoms and its ability to rapidly spread to new areas necessitates the need to study

CHIKYV to develop antivirals and vaccines.

1.4.2 CHIKV EPIDEMIOLOGY

CHIKYV has likely caused outbreaks in Africa, Asia, and potentially the Americas, for
centuries, but it was routinely mistaken for dengue or dengue-like iliness (252, 253). CHIKV, as
with other mosquito-borne viruses, causes sporadic outbreaks accompanied by years to
decades of relative silence (145, 254). After a lag period, when populations lose herd immunity
to CHIKV, the overall population becomes susceptible to another introduction and spread of the
virus. Since its isolation and characterization in 1953, CHIKV has caused outbreaks in Africa,
Asia, Europe, Australia, and the Americas. Only one CHIKV serotype has been identified
because sera from individuals infected with one genotype can cross neutralize isolates of
different CHIKV genotypes (255). Genetic comparison of CHIKV sequences from a panel of
CHIKYV isolates show that there are three major CHIKV clades: West African (WAf),
East/Central/South African (ECSA), and Asian (145). The WAf lineage is genetically more

distinct from the ECSA and Asian lineages, and typically causes more isolated outbreaks in

rural areas, with documented outbreaks in Senegal, Nigeria, and Guinea from 1960-1992 (145).

The ECSA and Asian lineages have initiated large urban outbreaks, typically in Africa
and Asia, but more recently in the Americas. The ECSA lineage initiated a large outbreak in
Kenya in 2004, spreading to several countries in the Indian Ocean region until 2011. Another
ECSA outbreak was initiated during this time in India and Southeast Asia in 2005 until 2015

(256). This outbreak was unprecedented in scale, affecting millions of people. During this
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outbreak, CHIKV acquired a point mutation in E1 (A226V), which allowed for increased vector
competence of Ae. albopictus mosquitoes (257). Since these mosquitoes can be found in more
temperate climates such as the United States and Europe, there was increased risk of CHIKV
spreading to new areas. During this outbreak, autochthonous transmission of CHIKV was
initiated in Europe for the first time, with Ae. albopictus as the principle vector (258, 259). See

section 1.4.3 for more details about the A226V mutation.

The Asian lineage is spread predominantly by Ae. aegypti mosquitoes, and it has
caused periodic outbreaks in India, Sri Lanka, Philippines, Thailand, and other Southeast Asian
countries in the 1960’s, 1980’s, 1990s, and early 2000’s (145). Until this point, no documented
cases of local transmission had occurred in the Americas, for at least one hundred years. In
December of 2013, local CHIKV transmission occurred in St. Martin, a small island in the
Caribbean. CHIKV subsequently spread throughout the Caribbean, Central America, Mexico,
northern South America, and the United States (Florida) (260, 261). According to the Pan
American Health Organization, approximately 2 million people were infected with the virus
during this outbreak (262). Sequencing confirmed that it was the Asian lineage, rather than
ECSA, that initiated the Caribbean outbreak (263-265). A second introduction of CHIKV
occurred in Feira de Santana, Brazil, but this introduction was with an ECSA genotype virus,

rather than the Asian lineage (266).

1.4.3 CHIKV TRANSMISSION AND REPLICATION IN MOSQUITOES

Experiments performed by R. W. Ross provided the first evidence that CHIKV was
transmitted by mosquitoes. He allowed febrile patients to be fed upon by laboratory-bred Ae.
aegypti, and he then inoculated mice with virus derived from the mosquitoes. Some of the mice
developed disease after inoculation. Oddly, he was unable to successfully transmit CHIKV to
the mice via mosquito bite, however, since then researchers have been able to experimentally

infect mice through the bite of infected mosquitoes (143).
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Since the early experiments of Dr. Ross and others, a number of epidemiological studies
have identified two main transmission cycles for CHIKV: the sylvatic cycle and the urban cycle.
The sylvatic cycle, best characterized for the WAf and ECSA CHIKYV lineages, involves
transmission between nonhuman primates (NHPs) and forest-dwelling Ae. mosquitoes (Ae.
furcifer, Ae. luteocephalus, Ae. taylori) (Figure 1-5) (35, 36, 267) although, other wild
vertebrates may be involved in the transmission cycle (e.g. squirrels, bats, and galagos, etc.)
(36). Ae. furcifer has been implicated most consistently with the sylvatic cycles, and increases in
the Ae. furcifer populations correlate with human outbreaks of CHIKV in isolated rural areas
(35). While evidence for the existence of sylvatic cycles is most compelling in Africa, sylvatic
cycles could be initiated in Asia and the Americas. Sylvatic cycling may already occur in Asia as
CHIKV was isolated from NHPs in Malaysia (268), and antibodies were detected in Asian NHPs
(269, 270). Whether this represents the initiation of sylvatic cycle in Asia or whether it is
spillover from the urban outbreak is still unclear. In the Americas, there are competent canopy-
dwelling Aedes spp. mosquitoes, which could potentially establish a sylvatic cycle with New

World nonhuman primates (271).

Figure 1-4: Urban and sylvatic transmission cycles of CHIKV.
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The urban cycle involves transmission between humans and mosquitoes, wherein a
NHP intermediate is not required. The principle vectors responsible for CHIKV transmission in
humans are Ae. aegypti and Ae. albopictus. CHIKV readily replicates in Aedes mosquitoes in
laboratory settings (272, 273). Once infected by blood meal, CHIKV can rapidly disseminate
from the midgut of the mosquito by 1 day post infection (dpi) and be detected in saliva by 2 dpi
(257, 274, 275). While Ae. aegypti is the principle vector involved in most large-scale urban
CHIKV outbreaks, CHIKV also adapted to replicate in Ae. albopictus mosquitoes during the
Indian Ocean outbreak in 2005-2007 (276). This adaptation to Ae. albopictus was concerning
because these mosquitoes have a wider distribution in temperate regions such as Europe and
the United States. CHIKV could rapidly spread to Europe and the United States because there
are large populations of CHIKV-naive individuals. The ability of CHIKV to replicate in Ae.
albopictus mosquitoes was attributed to a point mutation in E1 (A226V), and CHIKYV strains with
the A226V mutation disseminated better in Ae. albopictus compared to A226 viruses (257, 277).
Additionally, virus isolates during the Indian Ocean outbreak obtained prior to the A226V
mutation did not replicate in either Aedes species as well as the A226V mutant (257). There
may be additional factors that contributed to the outgrowth of the A226V mutant strains, but
these have yet to be discovered. Ae. aegypti and Ae. albopictus are highly competent for CHIKV
replication under both laboratory settings and during large urban outbreaks. The A226V
mutation demonstrates that CHIKV has the potential to accommodate mutations that allow for
more efficient growth in different mosquito species allowing for quick adaptation and survival of

the virus species.

Evidence suggests that transovarial and venereal transmission of CHIKV may occur in Ae.
mosquitoes. Vertical or transovarial transmission of CHIKV in mosquitoes has been
documented in regions experiencing CHIKV outbreaks because mosquitoes from larva collected

in the field that emerged in a controlled laboratory environment were found to be positive for
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CHIKV (278, 279). In addition, CHIKV was detected in male mosquitoes (280), which are not

hematophagous. Transovarial transmission of CHIKV has been difficult to prove in the

laboratory; some groups were unable to demonstrate transovarial transmission of CHIKV (281,
282). A recent report provided some explanation to this discrepancy, showing that transovarial
transmission of CHIKV does not occur in the first egg-batch after an infectious blood meal, but
rather CHIKV was detected in subsequent egg-batches at high rates (roughly 20%) (283). This

is consistent with histological examination of mosquito ovaries at 6 dpi, which revealed CHIKV-

positive staining of the eggs by 6 dpi (257). Additional studies suggested that venereal

transmission could occur because CHIKV could be transferred from male to female mosquitoes

during mating (284). These findings raise questions about the extent that these transmission
patterns occur in natural environments and how much they contribute to the maintenance of

CHIKV during and between epidemics.

1.4.4 CHIKV SYMPTOMS IN HUMANS

CHIKYV is transmitted to humans via bite of an infected mosquito. Symptoms typically
appear between 3-12 days later (251). Following the incubation period, most patients
experience a sudden onset of high fever, rash, and an incapacitating arthralgia and myalgia
(Figure 1-6) (285-287). The fever is typically high (102-104 °F) (251), and some patients may
experience a biphasic fever, although this is less common (251). Skin lesions are typically
morbilliform and can locate to arms, legs, trunk, neck, and face (288). The lesions typically
appear 2-4 days after fever onset and resolve without sequelae. Arthralgia is the hallmark
symptom of CHIKV infection, and it occurs most frequently in the peripheral joints: wrists,

hands, ankles, and feet (251, 286, 287).
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While many people recover following CHIKYV infection, the duration of the arthralgia can
vary from 1 week to several years post infection (105). Individuals over 60 years of age are at
increased risk for developing chronic joint pain, neurological involvement, and cardiovascular
issues (110, 289, 290). CHIKYV infection in newborns can result in severe disease that can lead

to encephalitis and death (291).

Figure 1-5: CHIKV symptoms in humans.
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1.4.5 CHIKV PERSISTENCE AND LONG-TERM SYMPTOMS IN HUMANS

Prolonged arthritic pain is a common symptom following the acute phase of CHIKV
disease in humans, with as many as 43-75% of patients experiencing long-term symptoms (105,
110, 112, 292). Patients with long-term symptoms experience joint swelling, joint pain, and
myalgia (293). Some patients develop a serious arthritic condition that involves joint swelling,
bone erosion, synovitis, and tenosynovitis, while negative for rheumatoid factor and anti-cyclic

citrullinated peptide antibodies (294, 295). It is not known whether the long-lasting arthralgia
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occurs because of persistent viral infection or if it is an auto-inflammatory condition. However,
patients experiencing chronic arthritic symptoms after CHIKV infection are typically negative for

common autoimmunity markers in their serum (293).

Two studies provided evidence for persistent CHIKV infection in patients experiencing
long-term arthritis. The first study (Ozden, et al., 2007 (111)) examined muscle biopsies for the
presence of CHIKV antigen. The first biopsy was from a patient in the acute phase of the
disease, and the second biopsy was from a patient roughly three months following acute
symptoms. In both cases, the muscle biopsies stained positive for CHIKV antigen using mouse
antisera. The second group (Hoarau, et al., 2010 (110)) examined synovial tissue and fluid from
a patient experiencing severe chronic arthritic pain, and discovered that the patient’s synovial
macrophages stained positive for CHIKV E1. This finding suggested that macrophages are a
site of viral persistence in joints. Similarly, RT-PCR performed on synovial tissue biopsy
samples detected CHIKV RNA (both E1 and nsp2) as well as IFNa expression. As controls, two
healthy patients who had recovered from CHIKV infection volunteered to have joint biopsies
performed, and their tissues were negative for CHIKV. Though these studies are suggestive of
CHIKYV persistence, infectious virus has not yet been isolated from the joint or muscle tissue
from patients experiencing chronic CHIKV-induced joint pain. However, it may be that CHIKV is
persisting at a low level that is below the limit of detection by plaque assay. Alternatively, the
viral genome is maintained in the absence of viral turnover, which can be tested by measuring

viral genomes by qRT-PCR specific for the nonstructural genes in different tissues.

1.4.6 SEVERE SYMPTOMS OF CHIKV IN HUMANS
Though people typically recover following CHIKV infection, some patients develop
severe disease, which is more common in people with preexisting conditions, the elderly, and

newborns (289, 296). The severe symptoms may fall into one of these categories: severe
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chronic arthritic disease, cardiovascular disorders, neurological disorders, renal failure, ocular

manifestations, skin manifestations, respiratory failure, and death (289, 290, 296-298).

There is no evidence that CHIKV can be transmitted across the placenta. However, if the
infected mother is viremic during childbirth, CHIKV can be transmitted to the neonate, which can
be very serious. Infected neonates experience seizures, brain swelling, cerebral hemorrhages,
which is often associated with death of the neonate (291, 299). Infants infected with CHIKV
experience fever, excessive crying, bullous lesions, and rash, but severe neurological

symptoms are not as common as in neonates (300, 301).

1.4.7 MOUSE MODELS OF CHIKV

R. W. Ross performed the first mouse and NHP experiments with CHIKV during the
Newala epidemic in the 1950s (143). He found that Albino Swiss mice died following
intracerebral inoculation with sera from patients experiencing febrile iliness. He also found that
the newborn mice were more susceptible to death compared to adult mice. Similar trends have
been documented in the current literature on CHIKV mouse models. Neonatal mice, when
inoculated with CHIKV intradermally in the ventral thorax, will die in an age-dependent manner.
Infection of 6-day old mice results in 100% lethality, while infection of 12-day old mice results in

0% lethality (302).

The classic model for CHIKV infection is the immunocompetent C57BL/6 mouse.
Subcutaneous (s.c.) inoculation of CHIKV into the footpad results in foot and ankle swelling and
edema (in the ipsilateral foot), transient viremia, and infectious virus recoverable in ankle,
muscle, lymph nodes, liver, and spleen tissue 1-7 dpi (147, 148). Very low levels of CHIKV RNA
are detectable in the brain and spinal cord at 3 dpi (303). Persistent CHIKV RNA is detectable
by gRT-PCR for up to 16 weeks following infection in both ipsilateral and contralateral ankles

(303). Histological examination of ankle joints at 7 dpi shows massive infiltration of leukocytes.
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These cells were identified as natural killer cells, neutrophils, CD4+ and CD8+ T cells, and
macrophages (148). There is histological evidence that mice develop arthritis and tenosynovitis
in the ankle, as well as necrotic myositis in the gastrocnemius and quadriceps muscle tissues

(148).

In addition to the C57BL/6 model, there are also immunocompromised mouse models
for CHIKV infection. CHIKYV is lethal in Ifnar-/- mice (mice lacking the type | IFN receptor).
Infection of these mice is typically lethal within 3-5 dpi (302). Infected Ifnar-/- mice have
detectable levels of virus in the brain, mainly present in the meninges and choroid plexus. Other
studies have shown that additional modulators of type | IFN signaling are important for viral
replication in vivo. Mice lacking two key transcription factors for interferon induction (IRF3 and
IRF7) also succumb to lethal infection (304). These studies show the importance of the type |

IFN response in controlling acute CHIKV replication and limiting disease.

CHIKYV infection of mice lacking components of the adaptive immune system indicates
an important role for antibodies and T cells in CHIKV pathogenesis. For example, mice lacking
B cells developed persistent viremia following CHIKV infection. In these mice, infectious virus
can be isolated from the serum for the lifetime of the animal (303, 305). Mice lacking either
CD4+ or CD8+ T cells had no change in viral load in the blood, and levels of virus in the ankles
were identical to controls (306). However, the CD4+ T cells appear to contribute to the footpad
swelling phenotype because the CD4-/- mice had to reduced footpad swelling, especially at 4-8
dpi. CD4-/- mice also had reduced tissue damage, which suggests that CD4+ T cells contribute
to the joint pathology in wild type mice (306). In contrast, CD8-/- mice had no differences in joint
swelling or joint pathology compared to wild type mice. See Table 1-3 