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CHAPTER |

INTRODUCTION

Thesis Overview

The tropism of viruses for discrete sites within the host contributes importantly to
viral pathogenesis. Viral attachment receptors and cellular restriction factors are
important determinants of viral tropism. Attachment to target cells is the first step in viral
replication and depends on tissue-specific expression of viral receptors. Cell-intrinsic
restriction factors also influence tropism by limiting replication of virus in specific cell
types. Elucidating determinants of viral tropism provides insight into mechanisms of
virus dissemination and pathogenesis.

Chikungunya virus (CHIKV) is an arthritogenic alphavirus that has reemerged to
cause sudden and severe epidemics throughout sub-Saharan Africa, India, Southeast
Asia, and the Caribbean. No vaccines or specific therapies to prevent or mitigate disease
are available. CHIKV causes a debilitating musculoskeletal inflammatory disease that
can persist for months to years after virus is cleared. However, the pathogenesis of
CHIKYV infection is not well understood. Additionally, viral and host determinants of
CHIKYV tropism have not been well characterized.

In Chapter I, I provide a review of CHIKV epidemiology, the replication cycle,
pathogenesis, host responses, and current antiviral and vaccine strategies. In Chapter 11, |
identify CHIKV E2 residue 82 as a critical determinant of viral replication in cell culture

that influences interactions with glycosaminoglycans (GAGS). In Chapter I11, I report that



E2 residue 82 modulates CHIKYV dissemination and arthritis in mice, and interactions
with GAGs can influence CHIKYV tropism. Chapter 1V describes a new function for
digoxin, an inhibitor of the sodium-potassium ATPase, in blockade of CHIKYV infection.
Inhibition by digoxin occurs at both entry and post-entry steps in the CHIKV replication
cycle. In Chapter V, | demonstrate that PSMEZ2, a regulator of the immunoproteasome,
restricts CHIKV infection. To date, the immunoproteasome has not been implicated in
alphavirus infection or restriction and may serve as a new target for development of
CHIKYV-specific antivirals. Finally, in Chapter VI, | summarize my thesis studies and
describe future studies for the continuation of this work. Collectively, my dissertation
research has identified new determinants of CHIKYV infection and tropism. This work

reveals new strategies for CHIKV attenuation and development of antiviral agents.

Alphaviruses
Alphaviruses are members of the Togaviridae family and include numerous

human pathogens of global importance (Table I-1). In addition to the alphavirus genus,
the Togaviridae family also includes the rubivirus genus, whose sole member is rubella
virus. The alphavirus genus is composed of 29 members that are subdivided into those
associated with encephalitis and those associated with arthritis in humans; these two
groups are further divided into seven antigenic complexes (1). Historically, encephalitic
alphaviruses have been termed New World alphaviruses and arthritogenic alphavirus
have been termed Old World alphaviruses. However, with globalization of mosquito
vectors, this terminology no longer encompasses the geographic distributions observed

for these viruses.



Table I-1 Medically important alphaviruses, antigenic complex, and disease.

Virus (abbreviation)

Antigenic complex

Disease

Barmah Forest (BF)
Chikungunya (CHIK)

Eastern equine encephalitis (EEE)
Everglades (EVE)

Getah (GET)

Mayaro (MAY)

O'nyong-nyong (ONN)

Ross River (RR)

Semliki Forest (SF)

Sindbis (SIN)

Tonate (TON)

Venezuelan equine encephalitis (VEE)

Western equine encephalitis (WEE)

BF

SF

EEE

VEE

SF

SF

SF

SF

SF

WEE

VEE

VEE

WEE

Fever, arthritis, rash
Fever, arthritis, rash
Fever, encephalitis
Fever, encephalitis
Fever
Fever, arthritis, rash
Fever, arthritis, rash
Fever, arthritis, rash
Fever, encephalitis
Fever, arthritis, rash
Fever, encephalitis
Fever, encephalitis

Fever, encephalitis

Adapted from Griffin et al. (2013).



Chikungunya Virus (CHIKV)

CHIKYV is an arthritogenic alphavirus and member of the Semliki Forest antigenic
complex along with the closely related O’nyong-nyong virus (ONNV), Ross River virus
(RRV), and Semliki Forest virus (SFV) (1). The name chikungunya is derived from the
Makonde language and translates to “that which bends up” to describe the contorted
posturing and pain associated with the disease caused by CHIKV (2). Retrospective case
reports suggest that CHIKV has been circulating to cause epidemics as early as 1779 (3).
However, CHIKV was not isolated until 1952 from an infected individual in Tanganyika
(now Tanzania) (2). Prior to its identification, the similarity in CHIKV-induced disease to
that caused by dengue virus (DENV) led to the frequent misdiagnoses of CHIKV cases. It
was not until an outbreak of dengue-like illness on the Makonde Plateau of Tanganyika,
in which DENV was uncommon, that CHIKV was first distinguished as a separate entity.
Electron microscopy studies of CHIKV revealed characteristic alphavirus morphology

(Figure 1-1) (4).

Epidemiology
Since its identification, CHIKV outbreaks have been documented throughout
Africa and Asia (Figure 1-2) and include three distinct clades or lineages:
East/Central/South African (ECSA), Western African (WA), and Asian (Figure 1-3) (5).
The recent CHIKV epidemics began in June of 2004 with a reemergence of the virus in
Kenya and led to the identification of a fourth clade termed the Indian Ocean lineage
(IOL). Between January and March of 2005, the virus spread to the Comoros islands just

off the East African coast, causing more than 5,000 cases (6). By November of that year



the virus began circulating among several other islands of the Indian Ocean including
Seychelles, Mauritius, Mayotte, and La Réunion, infecting thousands of individuals on
each island by April of 2006 (7). Significantly devastated by this epidemic was the island
of La Réunion with an estimated 244,000 cases of CHIKV, nearly one-third of the total
population, between March of 2005 and April of 2006. During the peak of the La
Réunion epidemic there were as many as 45,000 cases in a single week. CHIKV spread
to India and Southeast Asia to cause overwhelming epidemics affecting millions of
people (8). Imported cases of CHIKV disease from travelers returning from these
epidemic areas were also reported in Australia, Europe, and the United States (9-13). In
some instances, imported cases initiated autochthonous (indigenous or endemic)
transmission of CHIKV, as observed in Italy in 2007 and France in 2010 (10, 12).
Phylogenetic analysis suggests that strains from the ECSA lineage were responsible for
these epidemics (14).

Similar devastation has been observed recently in the Caribbean beginning in
October of 2013 with the occurrence of the first local transmission of CHIKV in the
Western Hemisphere (15). Since the initial cases of CHIKV on the island of Saint Martin,
CHIKYV has spread autochthonously to more than 35 countries in Central and South
America (16). To date, there have been more than 1.4 million suspected cases in the
Americas, including confirmed, locally acquired cases in Florida. Interestingly, sequence
analysis of CHIKYV strains responsible for the outbreak on Saint Martin demonstrate that
these viruses were most closely related to the Asian lineage, in particular to strains

isolated in China and the Philippines between 2012 and 2014 (17). Because the mosquito



vectors that transmit CHIKYV are globally distributed, CHIKV outbreaks are likely to

continue and spread into new geographic areas.



Figure 1-1. Electron micrograph and atomic model of CHIKYV virions. (A) Electron
micrograph of CHIKYV strain BaH 306 purified virions. (B) Atomic model of the 240
CHIKYV EL1/E2 heterodimers arranged as 80 spikes with T = 4 icosahedral symmetry.
Figures adapted from Simizu et al. (1984) and Voss et al. (2010).
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Figure I-2. Distribution and spread of reemerging CHIKYV and its mosquito vectors.
Adapted from Weaver and Lecuit (2015).
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Transmission and Viral Vectors

CHIKYV is maintained in both sylvatic, enzootic cycles and urban, epidemic cycles
by Aedes species of mosquitoes. In the sylvatic or forest cycle, African strains of CHIKV
are transmitted between forest-dwelling Ae. furcifer and Ae. africanus and non-human
primates (5). In Asia, CHIKV is primarily maintained in urban cycles. Although,
CHIKV-specific antibodies have been detected in wild monkeys (18, 19), a definitive
animal reservoir has not been identified. Epidemic transmission of CHIKV occurs
through urban cycles between humans and primarily Ae. aegypti and Ae. albopictus (20).
These urban species of mosquitos associate closely with human populations to facilitate
rapid spread of the virus.

Sequence analysis of CHIKYV strains associated with epidemics in La Réunion
revealed an A226V polymorphism in the E1 glycoprotein in greater than 90% of isolates
(14). Appearance of this polymorphism in circulating strains of CHIKV coincided with
increased transmission by Ae. albopictus. Prior to outbreaks of CHIKV in the Indian
Ocean, CHIKV was primarily transmitted by Ae. aegypti, but this mutation contributed to
more efficient replication of CHIKV in Ae. albopictus (21). The E1 A226V
polymorphism, along with additional mutations in the La Réunion strain, is thought to
decrease dependence of strains on cholesterol for replication and influence steps in viral
fusion (22).

Adaptation to Ae. albopictus likely enhanced CHIKYV transmission efficiency
during its reemergence and increased the geographic distribution of the outbreak.
Whereas Ae. aegypti resides in the tropics, the distribution of Ae. albopictus extends into

more temperate regions, including Europe and the United States (23). This distribution of
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these mosquito vectors raises concerns for continued spread into immunologically naive
populations. Interestingly, virus strains responsible for outbreaks in the Caribbean do not
encode the E1 A226V polymorphism, suggesting that these strains have not adapted to
Ae. albopictus. Although the high incidence of CHIKV in these populations could
facilitate the selection of Ae. albopictus-adapted strains, Asian strains of CHIKV may be

constrained from these adaptations (24).

Acute and Chronic CHIKYV Disease

CHIKYV causes a debilitating musculoskeletal inflammatory disease commonly
referred to as chikungunya fever. In contrast to DENV in which the majority of infections
are asymptomatic, only 4-28 percent of CHIKYV infections are asymptomatic, depending
on the study cohort (25, 26). Following a 2- to 6-day incubation period, persons infected
with CHIKV experience sudden onset of clinical disease with little to no prodrome
(Figure 1-4). The acute phase of CHIKYV infection is characterized principally by fever,
severe polyarthralgia, joint swelling and arthritis, myalgia, skin rash, and digestive
symptoms. Most of the acute clinical signs resolve after 7-10 days, but the polyarthralgia
and arthritis can recur for months to years after the initial diagnosis (10, 27, 28). The
arthralgia is usually symmetrical and primarily affects peripheral joints including the
wrists, knees, ankles, and small joints of the hand. Other clinical signs and symptoms
experienced by those infected with CHIKYV include tenosynovitis, headache, and

photophobia.

During recent epidemics, more severe disease and atypical symptoms have been

observed (29-31). These severe manifestations, including neurological and cardiac
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disease, were reported in neonates, persons greater than 65 years of age, and those with
underlying comorbidities. Underlying respiratory and cardiac disease, hypertension,
alcohol abuse, and the use of non-steroidal anti-inflammatory drugs (NSAIDs) also
correlate with increased disease severity and hospitalization (29). Mother-to-infant
transmission of CHIKV during delivery is associated with high rates of infant morbidity
(32). Severe illness is observed in 53 percent of newborns, mainly consisting of
encephalopathy, with persistent disabilities in 44 percent (33). In neonates, the disease is
less frequently rheumatic, but more often characterized by dermatological manifestations
and neurological complications (34). Infection is rarely fatal, but reported causes of death
include heart, renal, respiratory, and multiple organ failure, encephalitis, bullous
dermatosis, pneumonia, toxic hepatitis, acute myocardial infarction, cerebrovascular
disease, and septicemia (31).

In contrast to the acute phase, the chronic phase of CHIKV disease has not been
extensively studied. Joint and muscle pain are the most common long-lasting symptoms
(25). Less frequently reported manifestations include fever, fatigue, headache, rash, joint
stiffness, bursitis, tenosynovitis, and synovitis. However, late stages of CHIKV infection
also have been associated with neuropathic pain syndrome, cerebral and digestive
disorders, and alopecia (35, 36). Increased age correlates with a longer duration of illness
and the persistence of joint pain. Pre-existing arthritis also is associated with an increased
risk for persistent symptoms. In some cases, the clinical picture is similar to that of
rheumatoid arthritis (RA), but an autoimmune causality for chronic CHIKV disease has
not been established (37). Moreover, gender has not been clearly associated with disease

severity or prevalence as with other autoimmune diseases (36). It remains unclear

12



whether viral load and antibody titers correlate with prolonged illness and persistent

symptoms.
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Fever: 1 week (90% of patients)

Myalgia: 7-10 days (90% of patients)

Symptoms —
Polyarthralgia, polyarthritis, or both: weeks to months (95% of patients)

Infection Rash: 1 week (40-50% of patients)

o] e

Viremia: 5-7 days

Biomarkers IgM: 3-8 days after symptom onset, persists 1-3 months

IgG: 4-10 days after symptom onset, persists for years

Figure I-4. Timeline of typical CHIKYV disease progression. Schematic representation
of the phases and duration of CHIKYV disease (blue arrow). Grey boxes denote the typical
symptoms and biomarkers observed during the progression of disease. Sizes and
placements of boxes indicate the time frame and duration of symptom or biomarker
presentation. Adapted from Suhrbier et al. (2012).
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CHIKYV Genome and Replication Cycle

Alphaviruses form icosahedral virions containing a nucleocapsid surrounded by a
lipid bilayer envelope (Figure 1-1) (38-40). The envelope is studded with heterodimers of
the viral E1 fusion and E2 attachment glycoproteins, which associate as trimers (39, 40).
E2 mediates attachment to the host cell via binding to cell-surface receptors, which
remain unidentified for CHIKV and many other alphaviruses (4, 40). Receptor binding is
followed by clathrin-mediated uptake into the endocytic compartment (38, 41).
Acidification of endosomes triggers fusion of the viral envelope with the host membrane,
which is mediated by E1, a type Il fusion protein (42). Type Il fusion proteins generate a
pore in both membranes through which the nucleocapsid can enter the cytoplasm (43).

The alphavirus genome consists of a single-strand, positive-sense RNA molecule
approximately 12 kilobases (kb) in length that contains two open-reading frames (ORFs)
(44, 45). The first ORF encodes four nonstructural proteins (nsP1-4) that form the
replicase complex and mediate synthesis of viral genomic and subgenomic RNA (1, 44,
45). The subgenomic, second ORF encodes three major structural proteins, capsid, pE2,
and E1, and the small peptides, 6K and TF (1, 4, 45-47). Following translation of the
subgenomic RNA, the capsid protein is autoproteolytically cleaved from the polyprotein
(44, 48). The remainder is transported through the endoplasmic reticulum (ER) and Golgi
where the 6K peptide is liberated by cellular proteases, and the E1 and pE2 proteins are
glycosylated (4, 49). During egress, the cellular protease, furin, cleaves pE2 to release the
E3 peptide and generate the mature heterodimer of E1 fusion and E2 attachment proteins

(39, 50, 51). The structural proteins encapsidate the viral genome, forming progeny
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virions near the plasma membrane, which bud from the host cell to infect neighboring

cells and disseminate throughout the host (52).

CHIKYV Tropism and Pathogenesis

CHIKYV pathogenesis has been studied using both wildtype and immunodeficient
mice (53-58). CHIKYV infection of 3-to-4-week-old C57BL/6 mice results in
rheumatologic disease after subcutaneous inoculation into the footpad, mimicking many
aspects of CHIKV disease in humans (55, 57). Infected mice develop acute metatarsal
swelling with histological evidence of arthritis, tenosynovitis, and myositis. Persistent
infection in joints is observed for months postinfection in these animals (59, 60). Adult
mice lacking type I interferon receptors (Ifnarl” mice) develop lethal infection, with
muscle, joint, and skin serving as primary sites of replication (53).

CHIKYV infection elicits inflammatory responses, including cytokine and
chemokine production, and immune cell infiltration of tissues that contribute to tissue
injury and disease. Elevated levels of IFN-y, IL-1p, IL-6, CCL2 (monocyte
chemoattractant protein-1; MCP-1), CXCL9 (monokine induced by IFN-y; MIG),
CXCL10 (IFN-y-induced protein 10; IP-10), and macrophage migration inhibitor factor
(MIF) have been detected in humans with acute CHIKV infection. Moreover, levels of
IL-1B, IL-6, IP-10, MCP-1, MIG, and regulated on activation, normal T cell expressed
and secreted (RANTES) are associated with increased disease severity (61-65). Serum
levels of IP-10, MCP-1, and MIG correlate with the degree of joint swelling in CHIKV-

infected mice (66). These data indicate that specific cytokines and chemokines are critical
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mediators of CHIKV pathogenesis, although, the cellular targets of infection that
influence the production of these molecules in vivo remain undefined.

Production of these cytokines recruits monocytes, macrophages, natural killer
(NK) cells, and T cells to musculoskeletal tissues that contribute to CHIKV-induced
disease (55). CHIKV-infected Rag2” and CD4™ mice exhibit reduced joint swelling and
pathological injury relative to wildtype mice during the acute phase of disease,
suggesting a pathogenic role for CD4" T-cells in CHIKV disease (67). In studies of
CHIKYV persistence, CHIKV RNA persisted in the spleen, serum, and musculoskeletal
tissues of Ragl”” mice longer after infection compared to wildtype mice (59). CHIKV
antigen and RNA have also been detected in muscle satellite cells and synovial tissue
biopsied from patients suffering from chronic muscle and joint pain (68, 69). These data
suggest that chronic CHIKYV joint disease may result from persistent CHIKV infection in

musculoskeletal tissues.

Vaccine and Antiviral Strategies

There are no licensed, anti-CHIKV therapies or vaccines. Treatment currently is
limited to supportive care through the administration of NSAIDs (24, 70). Drugs with
known antiviral or antimalarial activity, including chloroquine, interferon, and ribavirin
are ineffective in the treatment of CHIKV disease (70-72). During CHIKYV outbreaks in
La Réunion, some patients received methotrexate, a drug used in the treatment of RA, to
ameliorate symptoms of CHIKV-induced arthritis (69, 73). Although potentially effective
in alleviating CHIKYV arthritis, the immunosuppression associated with methotrexate
treatment may exacerbate CHIKV disease or persistence (74). Other therapies are in

preclinical development. Treatment of mice with bindarit, an inhibitor of MCP-1,
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alleviated CHIKV-associated arthritis and myositis (75), but further studies of this drug
in clinical trials are necessary to assess the efficacy in humans. Other antiviral strategies
under investigation for CHIKYV include furin inhibitors (51), harringtonine, an inhibitor

of protein synthesis (76), and viperin, a host interferon-stimulated gene (ISG) (77).

Many CHIKYV vaccine candidates are currently being developed. The first
CHIKYV vaccine was developed from a strain isolated in 1962 from an infected individual
in Thailand, strain 15561, which was obtained by the U.S. Army Medical Component at
the Southeast Asia Treaty Organization (SEATO) lab (78). Nine years later, the Walter
Reed Army Institute of Research (WRAIR) obtained the strain and generated a vaccine
by passaging it 11 times in green monkey kidney (GMK) cells followed by formalin-
inactivation (78). Sixteen army volunteers were immunized with the formalin-inactivated
virus, which resulted in minimal adverse effects (78). In 1985, a live, attenuated vaccine
was generated by the United States Army Medical Institute of Infectious Disease
(USAMRIID) by passaging the 11" passage of 15561 in GMK cells 18 times in human
fetal lung fibroblasts (MRC-5 cells), producing the 181/25 strain (79). The 181/25 strain
is attenuated and elicits immune responses in mice that protect against lethal challenge
(79). In Phase Il trials at the University of Maryland in 2000, volunteers were immunized
and monitored for adverse effects for a month following vaccination (80). The vaccine
was attenuated in humans and elicited an immune response, but some of the vaccinees
experienced transient arthralgia (80). Due to the reactogenicity of this live-attenuated
vaccine, current strategies employ virus-like particles (VLPs) and recombinant or
chimeric viruses to prevent vaccine-induced disease (81-84). A CHIKV VLP-based

vaccine is immunogenic and protective in macaques and has been tested in Phase |
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clinical trials in humans (81). This VLP vaccine is a promising candidate, but it requires

further testing and development.

Significance of the Research

CHIKYV is a reemerging alphavirus of global significance with a high epidemic
potential (85). The recent adaptation of CHIKV to another mosquito vector, Aedes
albopictus, has expanded the host range of the virus (11-13, 86, 87). The
immunologically naive populations in these regions, in addition to the high serum
viremia established in infected individuals, supports autochthonous spread as seen over
the past year in the Caribbean (17). Currently, there are no licensed CHIKV vaccines or
antiviral therapies for infected individuals, and only supportive care for clinical
symptoms is available. The severity of CHIKV disease, particularly its high propensity
for chronic musculoskeletal manifestations, underscores the need for new targets for
vaccine and antiviral development.

The overall goals of this research were to identify virulence determinants of
CHIKYV infection and define molecular mechanisms of disease. This research used
unbiased approaches of chimeric viruses and high-throughput screening to identify viral
and cellular determinants of CHIKV virulence, respectively. In the work presented here, |
demonstrate that polymorphisms in the E2 attachment protein influence replication in
mammalian and mosquito cells, mediate attachment to GAGs, and tissue tropism and
pathology in mice. | also define functions for the sodium-potassium ATPase and
immunoproteasome in CHIKYV infection. Future studies will investigate tissue-specific

GAG utilization in vivo and the means by which sodium-potassium ATPase blockade and
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the immunoproteasome antagonize CHIKYV infection. Elucidating viral and cellular
factors that mediate tissue tropism and host cell restriction will enhance an understanding

of mechanisms of alphavirus pathogenesis.
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CHAPTER II

CHIKV E2 RESIDUE 82 INFLUENCES INFECTION OF MAMMALIAN AND

MOSQUITO CELLS AND UTILIZATION OF GLYCOSAMINOGLYCANS

Introduction

Arboviruses must replicate efficiently in both their invertebrate and vertebrate
hosts to maintain an effective transmission cycle. The viral determinants that promote
infection of one species also can promote infection in the other, but more often, a
replicative advantage in a species coincides with a fitness cost in the other. In support of
this idea, serial passage of CHIKV in either mice or mammalian cell culture diminishes
fitness of the virus in mosquitoes and mosquito cell culture (88). However, our
understanding of the specific determinants of CHIKV infection and the role of these
determinants in infection of mammalian and mosquito cells is limited.

In this study, I defined the importance of sequence polymorphisms displayed by
strains 181/25 and AF15561 to CHIKYV infectivity in mammalian and mosquito cells. |
engineered a panel of CHIKV variants containing these polymorphisms in the genetic
background of each parental strain and screened these viruses for differences in
infectivity in mammalian and mosquito cells. | found that E2 residue 82 is a determinant
of infectivity in both mammalian and mosquito cell culture and contributes to interactions
with GAGs. Viruses containing an arginine at E2 residue 82 replicated to higher titers in
mammalian cells than viruses containing a glycine at this residue and exhibited increased

dependence on GAGs for infection. | conclude that CHIKYV utilization of GAGs
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facilitates attachment to and infection of mammalian cells, and E2 residue 82 influences
this interaction. However, an arginine at E2 residue 82 afforded no advantage in infection
of mosquito cells. Instead, a glycine at E2 residue 82 conferred an advantage in infection
of these cells, suggesting that this residue mediates different interactions in mosquito
cells. These studies identify new determinants of CHIKV infection and provide insights
into the species-specific roles of CHIKV E2 residue 82 in infection of mammalian and

mosquito cells.

Results

Generation of the CHIKYV 181/25 infectious clone. To develop a reverse genetics
system to facilitate recovery of wildtype and otherwise isogenic mutant virus stocks, |
engineered an infectious clone for strain 181/25. Using this system, mutations can be
engineered in a cONA copy of the viral RNA genome and transcribed in vitro to produce
infectious, viral RNA. A virus stock is generated by electroporating RNA into cells and
harvesting virus from culture supernatants 24-48 h post-electroporation. This viral stock
is not passaged in cell culture in order to maintain genome integrity. Deriving virus from
the infectious cDNA clone avoids the high mutation rates associated with the error-prone,
viral RNA-dependent RNA polymerases in cell culture. The infectious clone successfully
produced virus and displayed comparable replication Kinetics to that of the original
181/25 virus stock in baby hamster kidney (BHK-21), MRC-5, and green monkey kidney

(Vero) cells (Figure 11-1).
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Figure 11-1. Infectious clone-derived CHIKYV 181/25 replicates with comparable
kinetics to 181/25 virus stock. BHK-21 (red), MRC-5 (blue), and Vero (green) cells
were adsorbed with CHIKV 181/25 infectious clone-derived virus and 181/25 virus stock
at an MOI of 0.01 PFU/cell. At 6-h intervals postinfection, supernatants were harvested,
serially diluted, and titered by plaque assay using Vero cells. Results are presented as
mean titers for triplicate samples. Error bars indicate standard deviation.
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E2 residue 82 is a determinant of CHIKYV infectivity in mammalian cell culture. For
many viruses, serial passage in mammalian cells enhances viral replicative capacity in
cell culture (88-94). To determine whether passage of CHIKV strain AF15561 to
generate vaccine strain 181/25 resulted in enhanced replicative capacity, | infected cells
with either AF15561 or 181/25, and viral titers in culture supernatants were determined
by plaque assay over an infectious time course. Relative to AF15561, 181/25 reached
higher titers in several cell lines, including Vero, BHK-21, HeLa, and human brain
microvascular endothelial cells (HBMECs) (Figure 11-2). These results suggest that strain
181/25 has adapted to mammalian cell culture as a result of cell-culture passage,
consistent with observations from other passaged viruses.

Strains 181/25 and AF15561 differ at five nonsynonymous and five synonymous
nucleotides across the genome. Polymorphic positions resulting in coding changes in
181/25 are in nsP1 (T301l1), E2 (T121 and G82R), 6K (C42P), and E1 (A404V) (Figure
11-3). To define residues that contribute to the replication and infectivity differences
observed between strains 181/25 and AF15561, Vero cells were infected at an MOI of 1
PFU/cell with either of the parental strains or viruses containing individual polymorphic
residues in the reciprocal genetic background (Table 11-1). The percentage of infected
cells in each case was quantified after a single round of infection by indirect
immunofluorescence (Figure 11-4). As expected, 181/25 infected a significantly greater
percentage of cells relative to AF15561. Substitution of an arginine at E2 residue 82 in
the AF15561 background enhanced infectivity to levels even greater than those observed
for strain 181/25. Conversely, substitution of a glycine at E2 residue 82 in the 181/25

background significantly diminished 181/25 infectivity. Interestingly, substituting an
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isoleucine at E2 residue 12 in the AF15561 background further decreased infectivity
relative to AF15561. Introducing any of the other polymorphic residues in either
background had no effect on infectivity in these cells. To understand how these findings
might compare to previous studies with these viruses in mice, the parental and variant
viruses were used to infect murine L929 and NIH 3T3 cell lines (Figure 11-5). As
observed in experiments using Vero cells, substitution of an arginine at E2 residue 82 in
the AF15561 background enhanced infectivity in these murine cell lines, whereas
substitution of a glycine at E2 residue 82 in the 181/25 background significantly
diminished infectivity. These data suggest that an arginine at residue 82 in the E2 protein
confers the enhanced infectivity observed for strain 181/25 in mammalian cells.
Because these virus strains differed substantially in infectivity of Vero cells, |
quantified the genome/PFU and genome/FFU ratios for each strain (Table 11-2). In Vero
cells, parental strains AF15561 and 181/25 had genome/PFU ratios of 6,598 and 176,
respectively. Similarly, strains AF15561 and 181/25 had genome/FFU ratios of
9.497x10" and 8.000x10°, respectively. Viral variants containing residues from strain
181/25 in the AF15561 background had reduced genome/PFU and genome/FFU ratios
relative to the parental AF15561. Interestingly, introducing the E2 G82R substitution
resulted in the most modest reduction in genome/PFU ratio, but the greatest reduction in
genome/FFU ratio. In contrast, introducing the E2 R82G substitution in the 181/25
background resulted in increased genome/PFU and genome/FFU ratios, which were the
most dramatic increases of any of the viral variants with AF15561 residues in the 181/25
background. Thus, the E2 82 polymorphism serves as a key determinant of CHIKV

infectivity in mammalian cell culture.
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To determine whether E2 residue 82 contributes to the production of infectious
virus over multiple rounds of infection, Vero cells were infected at an MOI of 0.01
PFU/cell, and viral titers in culture supernatants were determined by plaque assay at 6-h
intervals (Figure 11-4B). Compared with titers of AF15561, titers of AF15561 E2 G82R
were increased 10-fold by 6 h postinfection, 7-fold by 12 h postinfection, and 40-fold by
18 h postinfection. Compared with titers of 181/25, titers of 181/25 E2 R82G were
reduced 145-fold by 18 h postinfection, 60-fold by 24 h postinfection, and 68-fold by 30
h postinfection. Taken together, these data indicate that E2 residue 82 influences both
initial and subsequent rounds of CHIKYV infection.

Because this determinant of CHIKYV infectivity resides in the viral attachment
protein, | tested whether E2 residue 82 influences binding to host cells. For these
experiments, Vero cells were adsorbed with each parental strain and the reciprocal E2 82
variant strains, and the percentage of virus-bound cells was quantified using flow
cytometry (Figure 11-4C). A significantly greater proportion of cells were bound by strain
181/25 than by stain AF15561. In agreement with the infectivity data, introducing the E2
G82R substitution in the AF15561 background significantly enhanced cell-attachment. In
contrast, introducing the E2 R82G substitution in the 181/25 background reduced cell-
binding to undetectable levels. These data suggest that an arginine at position 82 in the
E2 attachment protein is required for the enhanced binding and infectivity observed for

strain 181/25 in mammalian cells.
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Figure 11-2. CHIKYV strain 181/25 replicates to higher titers in multiple mammalian
cell lines than the parental strain AF15561. (A) Vero cells, (B) HelLa cells, and (C)
HBMECs were adsorbed with CHIKYV strains 181/25 or AF15561 at an MOI of 0.01
PFU/cell. At the times shown, viral titers in culture supernatants were determined by
plaque assay using Vero cells. Results are presented as the mean viral titers for triplicate
samples. Error bars indicate standard deviation. Titers of 181/25 and AF15561 were
significantly different at 24 and 30 h postinfection in Vero cells, 30 h postinfection in
Hela cells, and 30 h postinfection in HBMECs. *, P < 0.05, ***, P < 0.001, as
determined by ANOVA followed by Tukey post hoc test.
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Figure 11-3. Schematic depiction of polymorphic residues in CHIKYV strains
AF15561 and 181/25. Distribution of amino acid polymorphisms between strains
AF15561 (top, orange) and 181/25 (bottom, blue) across the ~ 12 kb genome. Numbers

correspond to the amino acid position within each protein.
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Table 11-1. Panel of mutant viruses generated from CHIKYV 181/25 and AF15561.
Positions of the AF15561 (grey) and 181/25 (white) polymorphisms introduced into the
reciprocal backgrounds are shown.

Residue
Virus Background nsP1 301 E2 12 E2 82 6K 42 E1 404

AF15561 wt T T G Cc

181/25 wt I I R P

nsP1 T301I AF15561 I T G C A
E2T12l AF15561 T [ G Cc A
E2 G82R AF15561 T T R Cc A
6K C42P AF15561 T T G P A
E1 A404V AF15561 T T G Cc \
nsP1 1301T 181/25 T I R P \
E2 12T 181/25 I T R P \)
E2 R82G 181/25 I [ G P \
6K P42C 181/25 I I R C \
E1 V404A 181/25 I I R P A
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Figure 11-4. Residue 82 of the E2 attachment protein is a determinant of CHIKV
infectivity in mammalian cells. (A) Vero cells were adsorbed with CHIKYV strains
AF15561, 181/25, or the variant viruses shown at an MOI of 1 PFU/cell and incubated
for 24 h. Cells were stained with CHIKV-specific antiserum and DAPI to detect nuclei
and imaged by fluorescence microscopy. Results are presented as percent infected cells
for triplicate experiments. Error bars indicate standard error of the mean. (B) Vero cells
were adsorbed with AF15561, 181/25, AF15561 E2 G82R, or 181/25 E2 R82G at an
MOI of 0.01 PFU/cell. At the times shown, viral titers in culture supernatants were
determined by plaque assay using Vero cells. Results are presented as the mean viral
titers for triplicate samples. Error bars indicate standard deviation. Titers of AF15561 and
AF15561 E2 G82R were significantly different at 6, 12, and 18 h postinfection, and titers
of 181/25 and 181/25 E2 R82G were significantly different at 12, 18, 24, 30, and 36 h
postinfection. (C) Vero cells were adsorbed with ~ 3 x 10*° genomes of AF15561,
181/25, AF15561 E2 G82R, or 181/25 E2 R82G. After 30-min incubation, cells were
stained with CHIKV E2-specific mAb, and virus-bound cells were quantified by flow
cytometry. Results are presented as percent bound cells for triplicate experiments. No
CHIKV-bound cells were detected for 181/25 E2 R82G. Error bars indicate standard
deviation. *, P < 0.05, **, P < 0.01, ***, P < 0.001, as determined by ANOVA followed
by Bonferroni post hoc test (A and C) and Student's t test (B).
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Figure 11-5. E2 residue 82 is a determinant of CHIKYV infectivity in murine cells. (A)
L929 or (B) NIH 3T3 cells were adsorbed with CHIKYV strains AF15561, 181/25, or the
variant viruses shown at an MOI of 1 PFU/cell and incubated for 24 h. Cells were stained
with CHIKV-specific antiserum and DAPI to detect nuclei and imaged by fluorescence
microscopy. Results are presented as percent infected cells for triplicate samples from a
representative experiment. Error bars indicate standard deviation.
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Table 11-2. Infectivity of CHIKV parental and mutant viruses by genome
equivalents.

Genomes:FFU (x10%)°

Virus strain Genomes:PFU?

Vero C6/36
AF15561 6598 9500 750
181/25 176 80 230
AF15561 nsP1 T301I 1113 1410 150
AF15561 E2 T12I 401 2760 280
AF15561 E2 G82R 5656 760 990
AF15561 6K C42P 2533 3750 460
AF15561 E1 A404V 3478 5350 590
181/25 nsP1 130T 1436 650 1130
181/25 E2 112T 142 50 110
181/25 E2 R82G 2858 9780 460
181/25 6K P42C 36 10 20
181/25 E1 V404A 89 30 40

®Genome copy numbers were determined by triplicate real-time quantitative PCR
reactions. Plague-forming units were determined by plaque assay using Vero cells for
three independent stocks for each virus strain.

PFluorescent-focus units were determined by indirect immunofluorescence in triplicate
for at least two independent experiments.

34



E2 residue 82 contributes to CHIKYV infectivity in mosquito cells. To determine
whether an arginine at E2 residue 82 influences infection and replication in invertebrate
cells, | tested the parental and reciprocal E2 82 variant strains for infection and
replication in mosquito cells (Figure 11-6). Aedes albopictus C6/36 cells were infected at
an MOI of 1 PFU/cell, and the percentage of infected cells was quantified after a single
round of infection by indirect immunofluorescence (Figure 11-6A). In sharp contrast to
my findings using mammalian cells, strain 181/25 infected significantly fewer C6/36
cells relative to AF15561, and substitution of a glycine at E2 residue 82 in the 181/25
background significantly increased 181/25 infectivity in these cells. However,
substitution of an arginine at E2 residue 82 in the AF15561 background did not
significantly diminish C6/36 infection. Surprisingly, only substitution of isoleucine for
threonine at residue 12 in AF15561 E2 was sufficient to reduce infection in these cells,
albeit not to the levels observed for 181/25. Additionally, AF15561 E2 G82R had a
similar genome/FFU ratio compared with AF15561, whereas substitutions at the other
polymorphic sites with residues from strain 181/25 decreased the genome/FFU ratio.
Together, these data indicate that the residue at E2 position 82 provides a fitness
advantage for CHIKYV infectivity depending on the host cell species.

To assess whether E2 residue 82 affects the production of infectious virus from
mosquito cells, C6/36 cells were infected at an MOI of 0.01 PFU/cell, and viral titers in
culture supernatants were determined at 6-h intervals (Figure 11-6B). Relative to titers of
181/25, titers of 181/25 E2 R82G were increased 29-fold by 12 h postinfection, 8-fold by
18 h postinfection, and 13-fold by 24 h postinfection. However, relative to titers of

AF15561, there was no decrease in viral titers when an arginine was introduced at E2 82
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in the AF15561 strain. These data indicate that E2 Gly82 in the genetic background of
181/25 enhances infection of mosquito cells. However, polymorphisms exhibited by

these strains in addition to E2 Gly82 appear to contribute to the enhanced infectivity of

AF15561 in mosquito cells.
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Figure 11-6. Residue 82 of the E2 attachment protein is a determinant of CHIKV
infectivity in mosquito cells. (A) C6/36 mosquito cells were adsorbed with CHIKV
strains AF15561, 181/25, or the variant viruses shown at an MOI of 1 PFU/cell and
incubated for 24 h. Cells were stained with CHIKV-specific antiserum and DAPI to
detect nuclei and imaged by fluorescence microscopy. Results are presented as percent
infected cells for triplicate experiments. Error bars indicate standard error of the mean.
(B) C6/36 cells were adsorbed with AF15561, 181/25, AF15561 G82R, or 181/25 E2
R82G at an MOI of 0.01 PFU/cell. At the times shown, viral titers in culture supernatants
were determined by plaque assay using Vero cells. Results are presented as the mean
viral titers for triplicate samples. Error bars indicate standard deviation. Titers of 181/25
and 181/25 E2 R82G were significantly different at 12, 18, and 24 h postinfection. **, P
<0.01, *** P < 0.001, as determined by ANOVA followed by Bonferroni post hoc test
(A) and Student's t test (B).
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E2 residue 82 influences utilization of glycosaminoglycans. To understand
mechanisms by which E2 residue 82 influences CHIKYV attachment to cells, | next
investigated the dependence of 181/25 and AF15561 on GAGs for infectivity. Wildtype
CHO-K1 and GAG-deficient CHO-pgsA745 cells were infected with purified 181/25,
AF15561, 181/25 E2 R82G, or AF15561 E2 G82R at an MOI of 10 PFU/cell. The
percentage of infected cells for each virus was quantified after a single round of infection
by indirect immunofluorescence (Figure 11-7A). The pgsA745 cells were significantly
less susceptible to infection by all four viruses relative to infection of CHO-K1 cells (P <
0.0001 for 181/25 and AF15561, P < 0.001 for AF15561 E2 G82R, and P < 0.05 for
181/25 E2 R82G). However, the pgsA745 cells were significantly less susceptible to
infection by 181/25 relative to AF15561. Substitution of E2 Gly82 with arginine in the
AF15561 background was sufficient to diminish infectivity in these cells to levels
observed for 181/25. Furthermore, substitution of E2 Arg82 with glycine in the 181/25
background was sufficient to increase infectivity and mitigate GAG dependence to levels
observed for AF15561. These data confirm that strain 181/25 is more dependent on
GAGs for infection than is AF15561 and that E2 residue 82 mediates this dependence.

| also assessed infectivity by determining genome/PFU ratios using Vero cells and
genome/FFU ratios using both CHO-K1 and pgsA745 cells (Table 11-3). | observed a
similar trend in the genome/PFU values of purified stocks of the parental and variant
viruses used in these experiments. Strain AF15561 had higher genome/PFU ratios than
those of 181/25 in both cell lines, and these differences once again segregated with E2
residue 82. Interestingly, all strains had higher genome/FFU ratios in pgsA745 cells

relative to the parental CHO-K1 cells. These data support the hypothesis that viruses

39



containing an arginine at E2 residue 82 are less fit in GAG-deficient cells relative to their
glycine-containing counterparts.

Based on these and previously published findings (94-98), the GAG-dependence
mediated by this residue likely occurs at an early step in the infectious lifecycle.
Therefore, | reasoned that soluble GAGs could act as competitive agonists to block
infectivity of GAG-dependent viruses. To test whether competition with soluble GAGs
inhibits infection, purified virus was incubated with increasing concentrations of soluble
heparin, a highly sulfated GAG, and adsorbed to Vero cells. The percentage of infected
cells was quantified after a single round of infection by indirect immunofluorescence
(Figure 11-7B). Treatment with soluble heparin resulted in a dose-dependent decrease in
the percentage of infected cells for all viruses tested. However, this decrease was most
substantial for strains 181/25 and AF15561 E2 G82R, for which incubation with the
highest concentration of heparin decreased infectivity 15- and 24-fold, respectively. In
contrast, incubation of strains AF15561 and 181/25 E2 R82G with the same
concentration of heparin resulted in only a 4-fold decrease in infectivity. These findings
suggest that CHIKYV strains containing an arginine at E2 residue 82 rely on GAGs for
efficient cell attachment.

To determine whether the CHIKYV strains used in this study directly interact with
GAGs, equivalent genome copies of purified parental or variant viruses were incubated
with either heparin-conjugated or unconjugated agarose beads. Bound material was
resolved by SDS-PAGE and immunoblotted using an E2-specific mAD to detect CHIKV
particles (Figure I1-7C, left). A significantly greater proportion of strain 181/25 was

bound by the heparin-conjugated beads relative to strain AF15561. Substituting AF15561
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E2 Gly82 with arginine increased the proportion of this virus that was bound by the
heparin-conjugated beads. Concordantly, substituting 181/25 E2 Arg82 with glycine
decreased heparin binding. Intensities of the viral protein bands from the particles bound
to the heparin-conjugated beads were quantified for three independent experiments and
normalized to the intensities of protein bands for input virus (Figure 11-7C, right).
Approximately 35% and 37% of 181/25 and AF15561 E2 G82R, respectively, were
captured by the heparin-agarose beads, whereas only 13% and 16% of AF15561 and
181/25 E2 R82G, respectively, bound to heparin. These results suggest that CHIKV
virions directly interact with GAGs and that these interactions are influenced by E2

residue 82.
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Figure 11-7. An arginine at E2 residue 82 confers dependence on
glycosaminoglycans. (A) CHO-K1 and CHO-pgsA745 cells were adsorbed with
AF15561, 181/25, AF1561 E2 G82R, or 181/25 E2 R82G at an MOI of 10 PFU/cell and
incubated for 24 h. Cells were stained with CHIKV-specific antiserum and DAPI to
detect nuclei and imaged by fluorescence microscopy. Results are presented as percent
infected cells for triplicate experiments normalized to the parental CHO-KZ1 cells. Error
bars indicate standard error of the mean. (B) Strains AF15561, 181/25, AF1561 E2
G82R, or 181/25 E2 R82G were treated with BSA at 1000 pg/ml or heparin at the
concentrations shown for 30 min and adsorbed to Vero cells at an MOI of 2.5 PFU/cell.
After incubation for 24 h, cells were stained with CHIKV-specific antiserum and DAPI to
detect nuclei and imaged by fluorescence microscopy. Results are presented as percent
infected cells for triplicate experiments. Error bars indicate standard error of the mean.
(C) The virus strains shown at 5 x 10° genome copies each were incubated with heparin-
conjugated or unconjugated agarose beads for 30 min, resolved by SDS-PAGE, and
detected by immunoblotting with CHIKV E2-specific mAb (left). Twenty-five percent of
input virus is shown as a control. Percent of virus bound to beads was quantified by
optical densitometry for triplicate experiments (right). Error bars indicate standard
deviation. *, P < 0.05, **, P < 0.01, ***, P < 0.001 as determined by Student's t test (A
and C) and Kruskal-Wallis followed by Dunn’s post hoc test (B).
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Table 11-3. Infectivity of purified CHIKV viruses by genome equivalents.

Genomes:FFU (x10%)°

Virus strain Genomes:PFU?

CHO-K1 CHO-pgsA745
AF15561 647 1580 11790
AF15561 E2 G82R 498 870 20490
181/25 92 310 2380
181/25 E2 R82G 316 1860 8150

4Genome copy numbers were determined by triplicate real-time quantitative PCR
reactions. Plaque-forming units were determined by plaque assay using Vero cells for

three independent stocks for each virus strain.

PFluorescent-focus units were determined by indirect immunofluorescence in triplicate

for at least two independent experiments.
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Discussion

In this study, | demonstrate a role for polymorphic residues displayed by strains
AF15561 and 181/25 in the differential infection of mammalian and mosquito cells. In
particular, I identified E2 residue 82 as the dominant determinant of these differences.
Viruses encoding an arginine at E2 residue 82 displayed enhanced infectivity in
mammalian cells, and viruses encoding a glycine at this residue displayed enhanced
infectivity in mosquito cells. My results indicate that an arginine at E2 residue 82
enhances utilization of GAGs by CHIKV to augment infection of mammalian cells.
However, interactions of E2 residue 82 with GAGs in mosquito cells may not occur or
may be insignificant for infection of these cells. Data presented here expand our
knowledge of how CHIKYV E2 residue 82 influences virus-cell interactions to infect
mammalian and invertebrate cells.

Vaccine strain 181/25 was developed by passaging a clinical isolate from
Thailand, strain AF15561, extensively in mammalian cell culture to produce a highly
attenuated, cell culture-adapted virus (79, 80). Accumulation of positively-charged
residues within E2 as a consequence of cell culture passage has been demonstrated for
other alphaviruses to confer binding to negatively-charged GAGs such as heparan sulfate
(94-98). Indeed, | found that strain 181/25 exhibits increased dependence on GAGs for
infection of mammalian cells relative to strain AF15561. Selection of an arginine at E2
residue 82 during the passage of strain AF15561 to generate strain 181/25 provided
additional positive charge to enhance interactions with GAGs. Since introduction of an
arginine at this residue in the AF15561 background was sufficient to enhance GAG

dependence to levels observed for strain 181/25, | conclude that the E2 G82R
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polymorphism is the sole determinant for differences in GAG utilization between these
strains.

E2 residue 82 also may contribute to differences in infectivity by GAG-
independent mechanisms. Strains 181/25 and AF15561 differ in GAG-dependence but
not to the extent observed for 181/25 and other clinical isolates (66, 99, 100). Strain
181/25 infectivity in CHO-pgsA745 cells, which lack all GAGs, was decreased less than
4-fold relative to strain AF15561 (Figure 11-7). In addition, the 1Csy of heparin inhibition
for strains 181/25 and AF15561 were comparable (9.4 and 10.8 pug/ml, respectively).
These data suggest that additional mechanisms may underlie decreased infectivity by
AF15561 in mammalian cells. Since E2 82 is solvent-exposed and lies within a putative
receptor-binding domain of E2 (Figure I1-8A) (39), it is possible that this residue
participates in interactions with cellular receptors other than GAGs. Substituting
AF15561 E2 Gly82 with an arginine enhances infectivity in Vero cells relative to strain
AF15561, likely by promoting interactions with GAGs or other cell-surface moieties to
mediate attachment. Enhanced viral attachment to the cell surface would facilitate more
rapid internalization of the virus and consequent infection. However, infectivity of
AF15561 E2 G82R also was significantly greater than that observed for the 181/25 strain
in Vero cells (Figure 11-4A), although both strains bound heparin-conjugated agarose
beads to a similar extent. Furthermore, substituting AF15561 E2 Gly82 with an arginine
only modestly enhanced binding to Vero cells. Thus, these findings suggest that an
arginine at this residue in the AF15561 background provides a replication advantage in

mammalian cell culture in addition to GAG engagement and attachment to host cells.
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An arginine at E2 residue 82 does not mediate enhancement of infectivity in
mosquito cells as in mammalian cells. These data suggest a GAG-independent function
for this residue in invertebrate cells. Several mosquito species express the enzymes
capable of synthesizing GAGs (101), but a thorough characterization of GAGs expressed
by C6/36 cells has not been reported. Additionally, GAGs are present on the surface of
midgut and salivary gland cells of certain mosquito species (101, 102), but it is not clear
whether these molecules contribute to CHIKV infection in the invertebrate host. In
contrast to mammalian cells, substituting 181/25 E2 Arg82 with glycine enhances
infection of C6/36 cells. This enhancement might result from disrupting interactions with
negatively-charged GAGs or promoting interactions with other mosquito cell factors
either at the cell surface or during later steps in infection. The former possibility would
indicate that interactions with GAGs on the surface of C6/36 cells impede CHIKV
infection. | think this is not the case, as substituting AF15561 E2 Gly82 with arginine
does not diminish infection of these cells. The importance of a glycine at this residue for
viral fitness is evidenced by its striking conservation among CHIKYV isolates (99),
suggesting that it confers an advantage for replication in mosquitoes.

Residues in E2 regulate virion stability by influencing the folding of the protein
and by mediating interactions with the E1 and capsid proteins (103-107). Therefore,
changes in E2, such as the non-conservative G82R substitution, may alter the stability of
the CHIKYV virion as demonstrated for other alphaviruses (103-107). When the E2 Arg82
residue was modeled into the crystal structure of the CHIKV E1/E2 heterodimer (Protein
Data Bank [PDB] accession code 2XFB [(39)]), this residue closely opposes Glu79,

which could result in the formation of a salt bridge between the cationic guanidinium
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group of arginine and the anionic carboxylate group of glutamate (Figure 11-8B). The
formation of this salt bridge may stabilize the E2 protein and, in turn, promote CHIKV
infectivity in cell culture and at sites of initial replication in the host but limit
dissemination to sites of secondary replication.

The effect of the E2 residue 82 and additional polymorphisms between strains
AF15561 and 181/25 on infectivity was largely influenced by the genetic context in
which the mutations were introduced. E2 Arg82 resulted in a greater enhancement of
infectivity when present in the AF15561 background than in the 181/25 background. This
finding was observed in Vero cells and to an even greater extent in murine cells (Figure
[1-5). Additionally, substitution of AF15561 E2 Thr12 with isoleucine from 181/25,
which infects mammalian cells more efficiently, decreased infectivity to levels less than
those observed for AF15561. In mosquito cells, substituting AF15561 E2 Thrl12 with
isoleucine also significantly decreased infectivity, suggesting that the E2 T12]
polymorphism negatively influences infection in multiple cell types but only in the
context of the AF15561 genetic background. Similar to the E2 R82G polymorphism,
substituting 181/25 E1 Val404 with alanine increased infectivity in mosquito cells but not
to the levels observed for strain AF15561. Furthermore, substituting AF15561 E1 Ala404
with valine did not decrease infectivity in mosquito cells. Based on these data, I think that
multiple polymorphisms between strains AF15561 and 181/25 synergize to provide the
replicative advantage observed for strain AF15561. However, the replicative
disadvantage of 181/25 in these cells could be attributable to a single polymorphism at E2

residue 12.
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Elucidating the viral determinants required for interaction with and infection of
host cells is essential for a complete understanding of CHIKYV replication and disease.
These findings suggest that E2 residue 82 is a determinant of infection in both
mammalian and mosquito cells and defines a role for E2 residue 82 in GAG engagement.
| demonstrated that viruses containing E2 Arg82 display enhanced infectivity in
mammalian cells, while viruses containing E2 Gly82 display enhanced infectivity in
mosquito cells. The enhancement provided by an arginine at E2 82 was only partly
attributable to increased cell binding, suggesting that this residue promotes interactions
with other cell-surface molecules or influences steps in the virus lifecycle following
attachment. Studies of GAG-dependent and independent functions of E2 residue 82 will
improve our understanding of CHIKYV replication and the host interactions required to

cause disease.
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Figure 11-8. E2 residue 82 opposes a conserved glutamate at E2 residue 79. (A)
Ribbon tracing of the CHIKV E1/E2 heterodimer with E2 depicted in cyan and E1
depicted in green. E2 residues 12 and 82 are shown in orange. The E1 fusion loop is in
red. (B) Enlarged regions of E2 with ball and stick representation of glycine (AF15561,
left) or arginine (181/25, right) at E2 residue 82 in relation to the highly conserved
glutamate at E2 residue 79.
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CHAPTER 111

CHIKV E2 RESIDUE 82 MODULATES VIRAL DISSEMINATION AND

ARTHRITIS IN MICE

Introduction

Virus interactions with host cell-surface molecules serve a critical first step in
virus infection. Additionally, interactions with cellular receptors can mediate targeting of
virus to discrete sites within the host and contribute to the induction of signaling
pathways and immune responses that ultimately affect disease outcome. The specific
mechanisms used by CHIKYV to disseminate in its host and cause disease have not been
well characterized and largely inferred from related alphaviruses. Furthermore, the
contributions of specific host attachment molecules and virus entry pathways to CHIKV
tissue tropism and immune responses are not known. Understanding the role of
attachment molecules during CHIKYV infection in vivo will provide insight into
mechanisms of CHIKYV tissue tropism and the host responses that lead to disease.

Previously, | determined that residue 82 in the E2 attachment protein is a critical
determinant of infection in mammalian cells and contributes to infection of mosquito
cells (Chapter I1). Moreover, my studies and others found that E2 residue 82 influences
interactions with GAGs in mammalian cells (99, 100). Heparan sulfate-binding viruses
often exhibit reduced viral dissemination and attenuation in vivo (96, 108-111). However,
such viruses can show increased virulence depending on the route of inoculation, as

demonstrated for certain strains of eastern equine encephalitis virus (EEEV) and SFV
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(112-114). A strategy to introduce attenuating heparan sulfate-binding residues within the
CHIKYV E2 attachment protein has been established as a model for CHIKV vaccine
development (66). Wildtype CHIKYV strain LR2006 OPY1 (LR) induces significantly less
footpad swelling and proinflammatory cytokine production following substitution of E2
Gly82 with arginine and Glu79 with lysine, the latter of which was identified following
serial passage in cell culture (66). Introduction of either substitution enhanced sensitivity
to blockade of infection by soluble heparin or salt disruption of ionic interactions (66),
suggesting that viruses attenuated by virtue of these mutations exhibit increased
dependence on GAGs for infection. However, the roles of E2 residue 82 in CHIKV-
induced arthritis and viral tropism are not fully understood. In addition, it is not known
whether GAG utilization is the sole mechanism that underlies CHIKV 181/25
attenuation.

To define the role of E2 residue 82 in CHIKV pathogenesis, | inoculated mice
with virus strains polymorphic at this site and monitored for disease. Using this mouse
model of CHIKV-induced disease, | found that E2 residue 82 influences CHIKV-induced
pathology, including footpad swelling and inflammation and necrosis in the metatarsal
muscle ipsilateral to the site of inoculation. In addition, this residue regulates viral
dissemination to the spleen and establishment of viremia. Viruses containing an arginine
at E2 residue 82 were attenuated for musculoskeletal disease, yet substitution of a glycine
at this residue was not sufficient to confer virulence. I conclude that CHIKV utilization of
GAGs alters viral tropism, tissue inflammation, and tissue injury induced during

infection, resulting in attenuated CHIKV disease.
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Results

CHIKYV EZ2 residue 82 regulates virus-induced pathology. To determine whether E2
residue 82 influences CHIKYV virulence, | tested CHIKYV strains polymorphic at the E2 82
residue for the capacity to induce pathology in a mouse model of CHIKYV disease (57). In
this model, three-week-old mice are inoculated subcutaneously in the left rear footpad.
Infected mice develop signs of disease similar to those observed in humans infected with
CHIKV, including swelling of the feet and ankles, arthritis, myositis, and tenosynovitis.
Mice were inoculated with 10° PFU of 181/25, AF15561, 181/25 E2 R82G, or AF15561
E2 G82R, and virulence was assessed by weight gain and swelling of feet (Figure I11-1).
AF15561-infected mice gained less weight than 181/25-infected mice, indicating that
strain AF15561 is more virulent in these animals (Figure 111-1A). Mice inoculated with
AF15561 E2 G82R gained weight in parallel with mock-infected mice, suggesting that an
arginine at E2 residue 82 in the AF15561 background significantly reduces CHIKV
virulence. However, mice inoculated with 181/25 E2 R82G did not exhibit impaired
weight gain, suggesting that substitution of a glycine at E2 residue 82 in 181/25 is not
sufficient to recapitulate the virulent phenotype.

To determine the effect of E2 residue 82 on CHIKV-induced arthritis, | assessed
swelling of the left and right feet at 1, 3, 5, and 7 days postinoculation (Figure 111-1B). At
3, 5, and 7 days postinoculation, AF15561-infected mice exhibited significant swelling of
the left feet. No swelling was observed in the uninoculated feet of any of the animals.
Inoculation with AF15561 E2 G82R resulted in reduced swelling in the left hind limb at

3 and 5 days postinoculation relative to AF15561, whereas inoculation with 181/25 E2
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R82G only modestly increased swelling at 5 days postinoculation relative to 181/25.
Together, these data suggest that a glycine at E2 residue 82 is necessary but not sufficient
for full virulence of strain AF15561 as assessed by weight gain and foot swelling.

To determine whether E2 residue 82 influences the magnitude of pathologic
injury, left hind limbs of infected mice were processed for histology and assigned a
pathology score based on histologic changes by an observer blinded to the conditions of
the experiment (Figure 111-2). Tissue damage appeared more severe for AF15561-
infected mice relative to 181/25-infected mice at day 7 postinoculation (Figure I11-2A and
B). In particular, there was slightly more inflammation and necrosis in the metatarsal
muscle of AF15561-infected mice compared to that of 181/25-infected mice. However,
levels of myositis and tendonitis induced by these strains were comparable. Substitution
of an arginine at E2 82 in the AF15561 strain led to reduced tissue damage,
inflammation, and necrosis compared to mice inoculated with the parental AF15561
strain (Figure 111-2B). More dramatically, substitution of a glycine at this residue in the
181/25 strain led to consistently more inflammation and necrosis of the metatarsal muscle
as well as more severe tendonitis in the hind limb relative to the hind limbs of 181/25-
infected mice. These data suggest that E2 residue 82 modulates CHIKV-induced disease
and that a glycine at this residue is sufficient to mediate tissue injury in CHIKV-infected

mice.
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Figure 111-1. CHIKYV E2 residue 82 modulates virus-induced pathology. C57BL/6J
mice (20-22 days old) were inoculated with 10° PFU of AF15561, 181/25, AF1561 E2
G82R, or 181/25 E2 R82G in the left rear footpad. (A) Mice were weighed at 24-h
intervals postinoculation. Results are presented as the mean percent starting weight
(weight on day 0). Error bars indicate standard deviation. (D0-D1, n = 17; D2-D3, n = 15;
D4-D5, n = 8; D6-D7, n = 3). (B) Swelling of the left and right hind feet was quantified
using calipers at the times shown. Error bars indicate standard deviation. (D1, n = 2; D3,
n=7;D5 n=5;D7,n=3).* P<0.05 ** P<0.01, ***, P <0.001, as determined by
ANOVA followed by Bonferroni post hoc test.
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Figure 111-2. An arginine at E2 residue 82 diminishes CHIKV-induced arthritis. (A)
C57BL/6J mice (20-22 days old) were inoculated with PBS or 10° PFU of AF15561,
181/25, AF1561 E2 G82R, or 181/25 E2 R82G in the left rear footpad. At day 7
postinoculation, mice were euthanized and perfused with 4% PFA. Consecutive 5-um
sections of the left hind limb were stained with H&E. (A) Representative sections of
three mice per group are shown for mock-infected mice or mice inoculated with the
parental strains and the reciprocal E2 82 variant strains. Scale bars, 50 um. (B) H&E-
stained sections were scored for histologic evidence of inflammation and necrosis in the
metatarsal muscle and tendonitis. Results are expressed as pathology score of tissues
from individual animals. Horizontal black lines indicate mean pathology score. Scores
were assigned based on the following scale: 0, no lesions; 1, minimal, 0-24% of tissue
affected; 2, mild, 25-49% of tissue affected; 3, moderate, 50-75% of tissue affected; and
4, marked, >75% of tissue affected.
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CHIKYV titers in the spleen and serum are influenced by E2 residue 82. To determine
whether differences in virus-induced pathology are a consequence of differences in viral
replication, mice were inoculated subcutaneously in the left rear footpad with 10° PFU of
181/25, AF15561, 181/25 E2 R82G, or AF15561 E2 G82R. Tissues were harvested at 1,
3, and 5 days postinoculation, and viral titers were determined by plaque assay (Figure
[11-3). At 1 day postinoculation, all viruses produced equivalent titers in the left and right
hind limbs (Figure 111-3A). However, AF15561 produced higher titers in the spleen and
serum relative to 181/25. Titers of AF15561 E2 G82R were reduced in the spleen and
serum relative to AF15561 at 1 day postinoculation, and 181/25 E2 R82G produced
higher titers in the spleen and serum relative to 181/25, although this difference was not
statistically significant. These data suggest that a glycine at E2 residue 82 contributes to
higher viral titers in the spleen and serum at early times postinoculation.

By 3 days postinoculation, all viruses produced comparable titers in the left ankle,
but AF15561 replicated to significantly higher titers in the left quadriceps and right ankle
relative to 181/25 (Figure 111-3B). However, this difference in replication did not
segregate with E2 residue 82, as mice inoculated with AF15561 E2 G82R displayed
higher viral titers in the left quadriceps and right ankle relative to 181/25 E2 R82G.
Similarly, higher titers of AF15561 E2 G82R were detected in the right quadriceps and
serum relative to 181/25 E2 R82G. In the spleen, | observed a trend similar to the day 1
timepoint with AF15561 E2 G82R producing lower titers in that organ relative to
AF15561, and 181/25 E2 R82G producing slightly higher titers relative to 181/25.

By 5 days postinoculation, no virus was detected in the serum. In the left and right

quadriceps, titers of AF15561 E2 G82R were higher relative to those of AF15561 (Figure
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[11-3C). In addition, titers of 181/25 were higher in these tissues relative to those of
181/25 E2 R82G. These data suggest that an arginine at E2 residue 82 correlates with
higher viral titers in the quadriceps muscles at later times postinoculation. In contrast,
viruses containing a glycine at E2 82 produced higher titers in the spleen at earlier times
postinoculation. Thus, residue 82 in the E2 glycoprotein contributes to either viral
dissemination to or replication within the hind limbs and spleen and influences

establishment of viremia.

A glycine at E2 residue 82 is selected in the spleens of CHIKV-infected mice. Since
high mutation rates are associated with replication of positive-sense RNA viruses (115,
116), | determined the sequences of viral isolates from CHIKV-infected mice to assess
the stability of the engineered mutations. RNA was isolated from the spleens of CHIKV-
infected mice at 1 day postinoculation, cDONA was generated, and sequences of the E2
open-reading frame from multiple clones were determined (Figure 111-4). Of the clones
derived from mice inoculated with strain AF15561 E2 G82R, 21 of 23 clones (91%)
encoded a glycine at E2 residue 82. In contrast, only 2 of 13 (15%) of the clones derived
from mice inoculated with strain AF15561 encoded an arginine at this position. Viral
RNA could not be recovered from the spleens of 181/25-infected animals at this early
timepoint, which precluded sequence analysis. To confirm that these mutations were not
present in the viral inocula, RNA was isolated from virus stocks, cDNA was generated,
and E2 sequences were determined. Of the 20 clones sequenced from each virus stock, all

encoded the engineered residues in the E2 open-reading frame. These results suggest that
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a glycine at E2 82 is preferentially selected early in CHIKV infection in the spleen, but a

residual population of isolates with an arginine at this position is maintained.
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Figure 111-3. Viral loads following inoculation of parental strains and the reciprocal
E2 82 variant strains. C57BL/6J mice (20-22 days old) were inoculated with PBS or 10°
PFU of AF15561, 181/25, AF1561 E2 G82R, or 181/25 E2 R82G in the left rear footpad.
At days 1, 3, and 5 postinoculation, mice were euthanized, ankles, quadriceps (quad), and
spleen were excised, and serum was collected. Viral titers in tissue and serum
homogenates were determined by plaque assay using BHK-21 cells. Results are
expressed as the mean PFU/gram (tissue) or PFU/mI (serum). Error bars indicate standard
error of the mean. Dashed lines indicate the limit of detection. (D1, n =5; D3, n = 7; D5,
n=5).** P <0.01, *** P <0.001, as determined by ANOVA followed by Bonferroni
post hoc test.

61



Spleen Stock
[ 11 |

AF15561 AF15561 181/25 E2 R82G

Arg
15%

AF15561 E2 G82R AF15561 E2 G82R 181/25

Arg
9%,

Figure 111-4. E2 Gly82 is selected in spleens of CHIKV-infected mice. At 1 day
postinoculation, RNA was isolated from spleens of CHIKV-infected mice or from virus
stocks used for inoculations. cDNA was generated using random hexamers and amplified
using PCR. The mutagenized region of the E2 open-reading frame was sequenced.
Shown are the percentages of virus clones encoding either a glycine or arginine at E2
residue 82 for each sample. Number of clones sequenced: Spleen AF15561 = 13; Spleen
AF15561 E2 G82R = 23; Stock AF15561 = 19; Stock AF15561 E2 G82R = 18; Stock
181/25 E2 R82G = 23; Stock 181/25 = 17.
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Discussion

CHIKYV causes both an acute and chronic disease characterized by debilitating
joint pain and inflammation (28, 117). However, the viral and host determinants
responsible for CHIKYV disease have not been fully defined. Additionally, mechanisms of
pathogenesis for arthritogenic alphaviruses like CHIKV are not completely understood.
CHIKYV strain 181/25, which was isolated following serial passage in mammalian cell
culture, differs from its closest known parental strain, AF15561, at 5 synonymous and 5
nonsynonymous nucleotide positions. One nonsynonymous polymorphism, G82R in the
E2 attachment protein, attenuates virulence in some mouse models (66, 118). In this
study, | demonstrate a role for E2 residue 82 in CHIKV-induced musculoskeletal disease.
Viruses containing a glycine at E2 82 replicated to higher titers in lymphoid tissues and
established higher levels of viremia. Moreover, these viruses induced greater pathologic
injury, including inflammation and necrosis, in joint-associated tissues compared with
viruses containing an arginine at this position. Data presented here provide new
information about the function of CHIKV E2 residue 82 in a mouse model of CHIKV-
induced disease.

My results (Chapter 11) along with previously published data (66, 99, 118)
indicate that an arginine at E2 residue 82 enhances utilization of GAGs by CHIKV to
infect cultured cells and attenuates the virus in mice. However, it is not clear how an
increase in GAG dependence leads to attenuation of CHIKYV. For other alphaviruses, such
as Sindbis virus (SINV) and Venezuelan equine encephalitis virus (VEEV), higher-
affinity interactions with GAGs prevent viral spread to sites of secondary replication or

facilitate viral clearance from the bloodstream (96, 119, 120). | found that CHIKYV strains
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containing an arginine at E2 82 produce lower titers at sites of secondary replication
including the spleen and reduced viremia in immune competent mice. These findings are
consistent with those obtained by Gardner et al. using a similar mouse model (66). Thus,
it appears that GAG-dependent strains of CHIKV disseminate less efficiently, are cleared
more rapidly, or perhaps both.

As early as 1 day postinoculation of strain AF15561 E2 G82R, nucleotide
sequences of most isolates detected in the spleens of infected mice encode a glycine at E2
residue 82. Reversion also was observed by Gorchakov et al. (118) in which 100% of
isolates in the blood encode a glycine at E2 82 by 3 days postinoculation. In contrast,
following inoculation with the E2 T121 variant, only 22% of isolates encoded a threonine
at E2 residue 12 (118). E2 82 may mediate viral tropism specifically in lymphoid tissues
early in infection, and the presence of an arginine at this residue may limit the capacity of
the virus to replicate in lymphoid cells. Consistent with this idea, lower levels of viral
RNA were detected in the popliteal lymph nodes of mice inoculated with viruses
containing an arginine at E2 82 (data not shown). The rapid selection of a glycine at this
residue may explain the higher titers of 181/25 and AF15561 E2 G82R in the spleen and
other tissues of infected mice at later times postinoculation and might support a role for
this residue early in infection. Although viral isolates from the spleens of AF15561-
infected mice encoded a glycine at E2 82, the population was not homogeneous, as a
subset of clones encoded an arginine at this residue. These data suggest that selection at
this position in vivo is not absolute.

Beyond viral attachment and tissue tropism, E2 82 might contribute to host

responses to CHIKYV early in infection. Although there were significant differences in
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swelling and pathology in the left hind limb, titers produced at this site by strains that
vary solely at E2 82 were comparable. These data support the hypothesis that differences
in pathological injury produced by CHIKYV strains with an E2 residue polymorphism
result from differences in immune and inflammatory responses. Such responses could be
tissue-specific and dependent upon replication efficiency in the discrete cell subsets that
are targeted within those tissues. Concordant with this hypothesis, relative to the virulent
CHIKV LR strain, LR-E2 Arg82 induces lower levels of proinflammatory cytokines and
chemokines (66). These data suggest that E2 residue 82 also modulates the induction of
inflammatory pathways that contribute to differences in swelling elicited by these viruses
during infection. Despite similar levels of myositis and tendonitis induced by these
strains, viruses containing E2 Arg82 induced less necrosis in the hind limb metatarsal
muscle compared with viruses containing E2 Gly82. In mice deficient for IFN-o/p
receptors or the STAT1 signal transducer, similar levels of inflammatory infiltrates were
observed in the hind limbs following infection with CHIKV strains LR and 181/25,
despite reduced swelling in 181/25-infected mice (100). These data suggest a correlation
between induction of inflammatory pathways and events that contribute to swelling in the
infected host, which may occur independently of immune cell infiltration.

Results in this chapter demonstrate that a glycine at E2 82 is required for
virulence in the AF15561 background but not sufficient to confer virulence to the
attenuated 181/25 strain. Substituting 181/25 E2 Arg82 with glycine failed to recapitulate
the virulent phenotype as assessed by weight gain and footpad swelling. However,
introducing a glycine at E2 82 was sufficient to induce histopathologic injury in the hind

limbs of infected mice to levels induced by the parental AF15561 strain. Therefore, the
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effects of this residue are dependent on the genetic background in which the mutations
are introduced, as observed with infectivity data presented in Chapter Il. Additionally, the
AF15561 E2 T121 polymorphism was demonstrated previously to contribute to 181/25
attenuation (118) but was not identified in this study in which | used infectivity in
mammalian cells as an in vitro correlate of virulence to screen viral variants. Therefore,
additional polymorphisms displayed by strains AF15561 and 181/25 likely contribute to
attenuation of 181/25 in this mouse model of CHIKYV disease.

Understanding mechanisms of virus entry and the interactions that promote
dissemination and pathogenesis will illuminate new avenues for development of
pathogen-specific therapeutic and prophylactic intervention strategies. This study defines
a role for E2 residue 82 in CHIKV tropism and virulence in vivo. In infected mice,
viruses encoding an arginine at E2 residue 82 exhibit defects in replication in lymphoid
tissues, establishment of viremia, and production of pathological injury in joint-
associated muscle. A glycine at E2 82 is under strong selective pressure in the spleens of
CHIKV-infected mice, but this residue was not static, as an arginine also was selected at
low frequency. These findings support new functions for E2 residue 82 in host-specific
and GAG-independent processes and in the development of joint swelling through
inflammation-mediated events. Future studies to understand mechanisms by which E2
residue 82 influences CHIKYV tropism and host responses during infection will reveal

both viral and host targets to restrict infection and diminish disease.
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CHAPTER IV

ANTAGONISM OF THE SODIUM-POTASSIUM ATPASE

RESTRICTS CHIKV INFECTION

Introduction

Viruses require a multitude of host factors to productively infect target cells and
must employ strategies to evade host defense to allow for efficient replication. CHIKV
displays broad tropism in humans, but many of the host factors required to promote
CHIKYV infection are not fully understood. Furthermore, the molecules and mechanisms
that contribute to virus-induced pathology during disease progression have not been well
characterized. Identification of pro- and anti-viral host factors should illuminate
interactions essential for CHIKYV replication and disease. In turn, such studies may reveal
new targets for CHIKV-specific antiviral therapies.

To identify host mediators of CHIKYV replication, Laurie Silva and | screened a
library of small molecules for the capacity to diminish infection of U-2 OS cells by
CHIKYV replicon particles expressing an enhanced green fluorescent protein (eGFP)
reporter. In this screen, | identified digoxin, a cardiac glycoside that blocks the sodium-
potassium ATPase, as a potent inhibitor of CHIKV infection. Pretreatment of U-2 OS
cells or primary human synovial fibroblasts with digoxin resulted in a dose-dependent
decrease in infection by CHIKV virions. Digoxin treatment of murine cells also inhibited
CHIKYV infection but only after treatment with significantly higher concentrations, which

correspond to the relative transcript levels of the sodium-potassium ATPase a3 subunit.
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Overexpression of the human or murine a3 isoform exacerbated digoxin inhibition of
CHIKYV, suggesting that blockade of the sodium-potassium ATPase by digoxin mediates
the antiviral activity. Digoxin also displayed antiviral activity against other alphaviruses,
including RRV and SINV, and the unrelated mammalian orthoreovirus (called reovirus
here). Digoxin inhibited both entry and post-entry steps in CHIKV infection. Passage of
CHIKYV in digoxin-treated cells selected for multiple mutations in both nonstructural and
structural genes, suggesting multiple mechanisms of CHIKYV inhibition by digoxin. These
data suggest a role for the sodium-potassium ATPase in CHIKV infection and provide a

new target for the development of broad-spectrum antiviral therapeutics.

Results

Identification of digoxin as an inhibitor of CHIKYV infection. To identify host factors
required for CHIKYV infection, Laurie and | screened 727 chemical compounds from the
NIH Clinical Collection (NCC) for the capacity to impede or augment infection by
CHIKYV replicon particles (Figure IV-1A). The NCC library is comprised almost entirely
of compounds that have been used in Phase I, 11, and 11l clinical trials in humans. Human
osteosarcoma (U-2 OS) cells were incubated with dimethyl sulfoxide (DMSO) as a
vehicle control, 100 nM bafilomycin Al as a positive control, or 1 uM of each NCC
compound. Treated cells were adsorbed with CHIKYV strain SL15649 replicon particles
expressing eGFP and incubated for 24 h. The percentage of infected cells was determined
by GFP expression, and robust Z scores were calculated for each compound. Seven

compounds had average Z scores of < -2.0 (inhibited infection) and 20 compounds had
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average Z scores > 2.0 (enhanced infection) (Figure 1VV-1B). The largest class of
compounds that influenced CHIKYV infection alters steroid or other hormonal signaling
and biosynthetic pathways (Figure IV-1C). Significant numbers of compounds also
targeted ion transporters and neurotransmitter receptors, such as those for serotonin and
dopamine. Homoharringtonine, a protein translation inhibitor and known antagonist of
CHIKYV infection (76), had the largest negative Z score, -41.94. Digoxin, an inhibitor of
the sodium-potassium ATPase, produced the second-largest negative Z score, -26.67,

suggesting that a functional sodium-potassium ATPase is required for CHIKYV infection.

Digoxin inhibits CHIKYV infection in a species-specific manner. To determine whether
inhibition of the sodium-potassium ATPase blocks infection by CHIKYV virions, | treated
a variety of cell lines with DMSO, 5-nonyloxytryptamine (5-NT), a serotonin agonist, as
a positive control, or digoxin at increasing concentrations for 1 h prior to adsorption with
CHIKYV strain SL15649 for 1 h, incubated cells for 5 h in the presence of compound, and
scored cells for infection using indirect immunofluorescence (Figure 1V-2). Relative to
DMSO-treated cells, treatment of U-2 OS cells with digoxin resulted in a dose-dependent
decrease in CHIKYV infection with a half maximal effective concentration (ECsp) of 48.8
nM (Figure 1V-2A). Digoxin treatment similarly decreased CHIKYV infection of primary
human synovial fibroblasts (HSFs) with an ECsg of 43.9 nM (Figure 1V-2B), suggesting
that digoxin can impede CHIKYV infection of physiologically relevant target cells in the
host. Digoxin treatment also inhibited CHIKYV infection of Vero cells (data not shown).
Despite inhibition of CHIKV infectivity in multiple human cell types, digoxin treatment

of ST2 cells and other murine cell lines at doses sufficient to block infection of human
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cells did not decrease CHIKYV infection in these cell types (Figure 1VV-2C and data not
shown). In addition, digoxin treatment did not diminish CHIKYV infection of Aedes
albopictus C6/36 cells (Figure IV-2D). Together, these data indicate that digoxin is a
potent inhibitor of CHIKYV infection and that inhibition occurs in a species-specific

manner.
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NIH CHIKV-GFP
Clinical @

‘ ®
Collection o:.‘

Control

1h 24 h
U-2 OS cells
Compound Name Target Z Score
Homoharringtonine Protein synthesis -41.94
Digoxin Sodium-potassium ATPase -26.67
Goserelin Acetate LHRH agonist -3.35
Metyrapone Cortisol synthesis -3.22
Vincristine Sulfate Microtubules -2.48
Perphenazine Dopamine antagonist -2.47
SR 57,227A Serotonin agonist -2.31
Dehydrocholic acid Steroid metabolism 2.00
Benzbromarone Organic anion transporter 2.00
Anastrozole Estrogen synthase 2.08
Balsalazide Prostaglandin synthase and lipoxygenase 212
Cefaclor Bacterial cell wall antibiotic 220
SDM25N Opioid receptor antagonist 2.20
Resveratrol Phosphodiesterase inhibitor 2.24
Lansoprazole Proton-pump inhibitor 2.26
Palonosetron Serotonin antagonist 239
Granisetron Serotonin antagonist 27
Haloperidol Dopamine and glutamate antagonist 278
Fluperlapine Serotonin and az-adrenergic antagonist 2.85
Tibolone Estrogen receptor 2.88
Desoximetasone Glucocorticoid receptor 2.88
Ropivacaine Sodium channel 2.89
Corticosterone Corticoid receptors 2.96
Salmeterol Bo-adrenergic receptor 3.09
Dehydroepiandrosterone Steroid precursor 3.15
Cefixime Trihydrate Bacterial cell wall antibiotic 3.32
5-Methoxytryptamine Serotonin agonist 3.41
Phenothiazine Dopamine antagonist 3.86

Figure 1V-1. High-throughput screening to identify inhibitors of CHIKYV infectivity.
(A) U-2 OS cells were incubated with DMSO, 100 nM bafilomycin A1, or compounds
from the NIH Clinical Collection at a concentration of 1 uM at 37°C for 1 h. Compounds
were removed, and cells were adsorbed with SL15649 eGFP replicon particles at an MOI
of 5 IU/cell and incubated at 37°C for 20-24 h. Cells were stained with Hoechst stain to
detect nuclei and imaged by automated, high-content fluorescence microscopy. Percent
infected cells was determined as ratio of infected cells to total cells. (B) Robust Z scores
were calculated for individual samples. Shown are the average robust Z scores for the
antiviral or proviral candidate compounds with robust Z scores < -2 or > 2 median
absolute deviations from the median of each plate identified in three independent
screening experiments. (C) Distribution of candidate compounds by known biological

target.
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Figure I1V-2. Digoxin potently inhibits CHIKYV infectivity in human cells. (A) Human
U-2 OS cells, (B) primary human synovial fibroblasts, (C) murine ST2 cells, or (D)
mosquito C6/36 cells were incubated with DMSO, 10 uM 5-NT, or increasing
concentrations of digoxin for 1 h prior to adsorption with CHIKV strain SL15649 at an
MOI of 5 PFU/cell. After 1 h-incubation, virus was removed, and cells were incubated
with medium containing the respective concentration of inhibitor for 5 h. Cells were
stained with CHIKV-specific antiserum and DAPI to detect nuclei and imaged by
fluorescence microscopy. Results are presented as percent infected cells normalized to
DMSO-treated cells for triplicate experiments. Error bars indicate standard error of the
mean. *, P <0.05, **, P <0.01, ***, P < 0.001, as determined by ANOVA followed by
Tukey post hoc test.
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CHIKYV inhibition by digoxin is not a result of decreased cell viability. The sodium-
potassium ATPase is essential for homeostasis in most multicellular organisms.
Therefore, | sought to determine whether inhibition of CHIKV infection by digoxin
occurred as a consequence of altered viability of treated cells. To assess the cytotoxic
effects of digoxin treatment, cells were stained with either propidium iodide (PI) or
PrestoBlue® to assess plasma membrane integrity and mitochondrial metabolic activity,
respectively, at 6 h post-treatment with DMSO, STS as an inducer of cell death, or
increasing concentrations of digoxin (Figure 1V-3). Data presented in Figure 1V-3B were
generated by Anthony Lentscher during his rotation in the Dermody laboratory.
Incubation of U-2 OS cells with digoxin for 6 h did not significantly alter membrane
integrity relative to DMSO-treated cells (Figure IVV-3A). In keeping with these results,
viability of U-2 OS cells was not altered significantly by digoxin treatment at early times
post-treatment, as assessed by reduction of the PrestoBlue® substrate (Figure IV-3B). U-
2 OS cell viability was only modestly impaired at 24 h following treatment with 1 pM
digoxin, a dose 20 times the digoxin ECs for CHIKV antiviral activity in these cells.
Digoxin treatment decreased viability of VVero cells at 24 h at all concentrations tested,
suggesting that Vero cells are more susceptible to digoxin cytotoxic effects. Although
higher concentrations of digoxin induced cytotoxicity at the later times, digoxin effects
on CHIKYV infection at earlier times were not associated with cytotoxicity. These data
suggest that the inhibition of CHIKYV by 6 h postinfection is not attributable to cytotoxic

effects.
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Figure IV-3. CHIKYV inhibition by digoxin is not attributable to cytotoxicity. (A) U-2
OS cells were treated with DMSO, 10 uM STS, or increasing concentrations of digoxin
for 6 h. Cell viability was quantified by PI staining. Results are expressed as percent
viable cells normalized to DMSO-treated cells for individual experiments. Horizontal
black lines indicate mean percent viability. (B) U-2 OS cells or Vero cells were treated
with DMSO, 10 uM STS, or increasing concentrations of digoxin for 6 or 24 h. Cell
viability was quantified by PrestoBlue fluorescence assay. Results are presented as
percent viable cells normalized to DMSO-treated cells for triplicate experiments. Error
bars indicate standard error of the mean. *, P < 0.05, *** P < 0.001, as determined by
ANOVA followed by Tukey post hoc test.
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Digoxin treatment inhibits related and unrelated viruses. To determine whether
digoxin blocks infection by other strains of CHIKV as well as related alphaviruses, |
determined the effect of digoxin treatment on infection by CHIKYV strains SL15649 and
181/25, RRV strain T48, and SINV strain TRSB (Figure 1VV-4). U-2 OS cells were treated
with DMSO, 5-NT, or increasing concentrations of digoxin for 1 h prior to adsorption
with CHIKV, RRV, or SINV at an MOI of 1, 10, or 5 PFU/cell, respectively, to adjust for
infectivity differences in these cells. At 6 h postinfection, cells were scored for infectivity
by indirect immunofluorescence. Digoxin treatment significantly diminished infection by
all strains tested with ECs, values of 108.9 nM for CHIKYV strain SL15649, 100.9 nM for
CHIKYV strain 181/25, 126.5 nM for RRV, and 198.9 nM for SINV.

To determine whether digoxin exhibits inhibitory effects against diverse virus
families, I collaborated with Paula Zamora in the Dermody laboratory to assess the
capacity of digoxin to inhibit mammalian reovirus, a nonenveloped, double-stranded
RNA virus. Paula generated the data presented in Figure 1VV-4B. Human brain
microvascular endothelial cells (HBMECs) were treated with DMSO, 5-NT, or digoxin
prior to adsorption with reovirus virions (left) or infectious subvirion particles (ISVPs)
(right). ISVPs are reovirus disassembly intermediates formed following endocytosis and
cleavage of the viral outer capsid by intracellular cathepsins or in vitro following protease
treatment. ISVPs bind to cell-surface receptors and internalize at the plasma membrane,
bypassing the disassembly requirements of virions, including acidic pH and protease
activity. At 20 h postinfection with either reovirus virions or ISVPs, cells were scored for

infection by indirect immunofluorescence. Treatment with digoxin impaired infection by
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both virions and ISVPs, indicating that digoxin inhibits infection by broad families of
viruses. Furthermore, decreased infectivity of ISVPs by digoxin treatment suggests that

digoxin inhibits reovirus infection at one or more steps after internalization.
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Figure 1V-4. Digoxin treatment inhibits multiple alphaviruses and mammalian
reovirus. (A) U-2 OS cells were incubated with DMSO, 10 uM 5-NT, or increasing
concentrations of digoxin for 1 h prior to adsorption with CHIKV strains SL15649 and
181/25 at an MOI of 1 PFU/cell, RRV strain T48 at an MOI of 10 PFU/cell, or SINV
strain TRSB at an MOI of 5 PFU/cell. After 1 h-incubation, virus was removed, and cells
were incubated with medium containing the respective concentration of inhibitor for 5 h.
Cells were stained with virus-specific antiserum and DAPI to detect nuclei and imaged
by fluorescence microscopy. Results are presented as percent infected cells normalized to
DMSO-treated cells for triplicate experiments. Error bars indicate standard error of the
mean. (B) HBMECs were incubated with DMSO, 10 uM 5-NT, or increasing
concentrations of digoxin for 1 h prior to adsorption with reovirus virions (left) or ISVPs
(right) at an MOI of 1500 particles/cell. After 1 h-incubation, virus was removed, and
cells were incubated with medium containing the respective concentration of inhibitor for
20 h. Cells were scored for infection by indirect immunofluorescence. Results are
presented as percent infected cells for duplicate experiments. *, P <0.05, **, P <0.01,
*** P <0.001, as determined by ANOVA followed by Tukey post hoc test.
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Digoxin impairs CHIKYV infection at entry and post-entry steps. | next sought to
define the steps in CHIKYV replication blocked by digoxin. To determine the timing of
digoxin-mediated inhibition of CHIKV infection, U-2 OS cells were treated with DMSO
or 1 uM digoxin at 15-min intervals for 1 h prior to adsorption or at 15- or 60-min
intervals for 4 h after adsorption (Figure IV-5A). As a control for inhibition of CHIKV
entry, 20 mM NH,ClI was added at the same intervals to block acidification of endocytic
compartments. Cells were fixed at 6 h postinfection and scored for infection by indirect
immunofluorescence. Maximal impairment of CHIKV infection by digoxin was achieved
when added 60 min prior to adsorption. The magnitude of inhibition gradually decreased
when drug was added at later times, with only negligible effects observed when it was
added 120 min post-adsorption. CHIKV bypassed digoxin inhibition with similar kinetics
to bypass of NH,4ClI inhibition, suggesting that digoxin restricts CHIKV infection at early
steps in the replication cycle.

If digoxin acts to block CHIKYV infection by inhibiting viral entry steps
(attachment, internalization, and membrane fusion), then electroporation of digoxin-
treated cells with infectious RNA should bypass the inhibition. To test whether RNA
electroporation allows CHIKYV to replicate in the presence of digoxin, cells were treated
with DMSO, 5-NT, or digoxin for 1 h prior to adsorption with CHIKV strain SL15649
(Figure 1V-5B) or electroporation with in vitro-generated SL15649 RNA (Figure 1V-5C).
Infected or electroporated cells were cultured in either complete medium (Figure IV-5B
and C, left) or in medium containing inhibitor (Figure IV-5B and C, right). Viral titers in
supernatants were determined at 6-h intervals after adsorption or electroporation.

Pretreatment of cells with digoxin followed by drug washout had no effect on production
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of progeny virus (Figure 1\VV-5B, left). However, treatment of cells with 100 nM digoxin
before and after adsorption with CHIKYV significantly diminished virus production from
electroporated cells (Figure 1VV-5B, right). In contrast to infected cells, pretreatment of
cells with either 10 nM or 100 nM digoxin prior to electroporation significantly impaired
virus production, as did digoxin treatment before and after electroporation. Remarkably,
no virus was detected in supernatants of cells treated with 100 nM digoxin before and
after electroporation. These data indicate that electroporation of CHIKV RNA does not
bypass digoxin-mediated inhibition and suggest that CHIKV is more sensitive to digoxin

at a post-entry step of the replication cycle.
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Figure IV-5. Digoxin inhibits CHIKYV at entry and post-entry steps of the replication
cycle. (A) U-2 OS cells were incubated with DMSO, 20 mM NH,CI, or 1 uM digoxin
prior to (-60 to -15), during (0 to +45), or after (+60 to +240) adsorption (in min). Cells
were adsorbed with CHIKV 181/25 at an MOI of 5 PFU/cell for 1 h and incubated in the
presence or absence of inhibitors for 5 h. Cells were scored for infection by indirect
immunofluorescence. Results are presented as percent infected cells normalized to
DMSO-treated cells for duplicate experiments. Error bars indicate standard error of the
mean. (B and C) U-2 OS cells pretreated with DMSO, 10 uM 5-NT, 10 nM or 100 nM
digoxin were either (B) adsorbed with SL15649 virus at an MOI of 0.01 PFU/cell for 30
min or (C) electroporated with SL15649 RNA generated in vitro. Cells were incubated in
complete medium (B and C, left) or medium containing DMSO or inhibitor (B and C,
right). At the times shown, viral titers in culture supernatants were determined by plaque
assay using Vero cells. Results are presented as the mean viral titers for triplicate
samples. Error bars indicate standard deviation. Dashed lines indicate the limit of
detection. ***, P < 0.001, as determined by ANOVA followed by Tukey post hoc test.
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Species-specific inhibition by digoxin occurs via the sodium-potassium ATPase.
Blockade of the sodium-potassium ATPase by cardiac glycosides is less effective in
murine cells relative to human cells (121-123), which is attributable to polymorphisms in
the sodium-potassium ATPase catalytic a subunit. The murine ol isoform displays
decreased sensitivity to cardiac glycoside treatment relative to the human al isoform.
Additionally, human and murine a3 isoforms, which are sensitive to cardiac glycoside
treatment, can be differentially expressed and might contribute to differences in digoxin
sensitivity. Given the species-specific differences in sodium potassium ATPase subunits,
| hypothesized that the species-specific antiviral activity mediated by digoxin occurs via
polymorphisms in the sodium-potassium ATPase.

To determine whether blockade of the sodium-potassium ATPase specifically
mediates CHIKYV inhibition, U-2 OS cells were treated with increasing concentrations of
digoxin or ouabain, a related cardiac glycoside, for 1 h prior to adsorption with CHIKV at
an MOI of 5 PFU/cell. At 6 h postinfection, cells were scored for infectivity by indirect
immunofluorescence (Figure IV-6). Similar to digoxin treatment, treatment of cells with
ouabain resulted in a dose-dependent decrease in CHIKYV infection. Ouabain treatment
resulted in 50% reduction of CHIKYV infection at a concentration that was 2.5-fold less
than the concentration of digoxin required for the same reduction. These data suggest that
antagonism of the sodium-potassium ATPase by independent compounds restricts
CHIKYV infection.

To determine whether higher doses of digoxin are capable of inhibiting CHIKV
infection of murine cells, ST2 and C2C12 cells were treated with DMSO, 5-NT, or

increasing concentrations of digoxin for 1 h prior to adsorption with CHIKV at an MOI
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of 5 PFU/cell. At 6 h postinfection, cells were scored for infectivity by indirect
immunofluorescence (Figure 1V-7A). At higher concentrations, digoxin treatment
significantly diminished infection with ECs, values of 16.2 uM in ST2 cells and 23.2 uM
in C2C12 cells, values 330 to 475 times the ECs, of digoxin in U-2 OS cells. These data
indicate that digoxin can inhibit CHIKV infection of murine cells, but significantly
higher concentrations are required to produce an inhibitory effect.

| next assessed whether levels of the a1 and a3 ATPase subunits differ in human
and murine cells. ATP1A1 (al) and ATP1A3 (a3) RNA was isolated from mock-infected
and CHIKV-infected U-2 OS and ST2 cells, used as a template for cDNA synthesis, and
subjected to PCR amplification of the ATP1A1, ATP1A3, and GAPDH as a control
(Figure 1V-7B). Expression of ATP1A1 was detected in both U-2 OS and ST2 cells and
did not differ significantly following infection. In contrast, the ATP1A3 transcript was
detected in U-2 OS cells but not in ST2 cells. PCR with two additional primer sets
specific for murine ATP1A3 produced similar results, while all primers allowed
amplification when a murine ATP1A3 cDNA construct was used as template (data not
shown). Although the ATP1A3 transcript was detected in U-2 OS cells, transcript levels
were increased in CHIKV-infected cells. Thus, decreased expression of ATP1A3 in
murine cells correlates with reduced sensitivity to digoxin-mediated inhibition of
CHIKV. In addition, these findings suggest that expression of sodium-potassium ATPase
subunits is modulated during CHIKYV infection.

To test directly whether the o subunits influence digoxin inhibition of CHIKV,
human and murine isoforms of the ol and a3 subunits were overexpressed in U-2 OS

cells. Transfected cells were treated with DMSO or increasing concentrations of digoxin

84



prior to adsorption with CHIKV, and cells were scored for infectivity by indirect
immunofluorescence (Figure 1VV-7D). Treatment of cells with 50 nM digoxin decreased
CHIKYV infectivity to a similar extent in cells transfected with the human or murine
constructs. However, treatment with higher concentrations of digoxin resulted in greater
impairment of CHIKYV infection in cells transfected with human ATP1A1, ATP1A3, and
murine ATP1A3. Following treatment with 100 nM digoxin, cells transfected with
murine ATP1AL1 displayed similar impairment of CHIKYV infection to that observed for
mock-transfected cells. Interestingly, CHIKV infection was least impaired following
treatment with 250 nM digoxin in cells transfected with murine ATP1AL1. These data
indicate that overexpression of the human or murine a3 isoforms or the human ol
isoform of the sodium-potassium ATPase enhance sensitivity to digoxin-mediated
effects. Furthermore, these results suggest that the murine al isoform is refractory to
digoxin inhibition and limits antiviral activity of digoxin in murine cells. Collectively,
these findings pinpoint antagonism of the sodium-potassium ATPase as the mechanism

of digoxin-mediated inhibition of CHIKV infection.
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Figure 1V-6. Inhibition by digoxin occurs via the sodium-potassium ATPase. U-2 OS
cells were incubated with DMSO, 10 uM 5-NT, or increasing concentrations of digoxin
or the related cardiac glycoside, ouabain, for 1 h prior to adsorption with CHIKV
SL15649 at an MOI of 5 PFU/cell. After 1 h, virus was removed, and cells were
incubated with medium containing the concentration of inhibitor shown for 5 h. Cells
were scored for infection by indirect immunofluorescence. Results are presented as
percent infected cells normalized to DMSO-treated cells for triplicate experiments. Error
bars indicate standard error of the mean. ***, P < 0.001, as determined by ANOVA
followed by Tukey post hoc test.
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Figure IV-7. Reduced digoxin sensitivity of CHIKV in murine cells is mediated by
the alpha subunits of the sodium-potassium ATPase. (A) ST2 cells or (B) C2C12 cells
were incubated with DMSO, 10 uM 5-NT, or increasing concentrations of digoxin for 1 h
prior to adsorption with CHIKYV strain SL15649 at an MOI of 5 PFU/cell. After 1 h, virus
was removed, and cells were incubated with medium containing the concentration of
inhibitor shown for 5 h. Cells were stained with CHIKV-specific antiserum and DAPI to
detect nuclei and imaged by fluorescence microscopy. Results are presented as percent
infected cells normalized to DMSO-treated cells for triplicate experiments. Error bars
indicate standard error of the mean. (C) RNA was isolated from U-2 OS cells (top) and
ST2 cells (bottom) and used for generation of cDNA and amplification of ATP1AL,
ATP1A3, and GAPDH transcript. (D) U-2 OS cells were transfected with human (Hs) or
mouse (Mm) ATP1A1 or ATP1A3 24 h prior to adsorption with CHIKV strain 181/25 at
an MOI of 5 PFU/cell. After 1 h, virus was removed, and cells were incubated with
medium containing DMSO or the concentration of inhibitor shown for 5 h. Cells were
stained with CHIKV-specific antiserum and DAPI to detect nuclei and imaged by
fluorescence microscopy. Results are presented as percent infected cells for triplicate
samples. Error bars indicate standard deviation. *, P < 0.05, ***, P < 0.001, as
determined by ANOVA followed by Tukey post hoc test.
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Digoxin-resistant CHIKYV populations encode mutations in the nonstructural
proteins. To enhance understanding of mechanisms by which digoxin restricts CHIKV
infection, | passaged CHIKYV strains SL15649 and 181/25 in cells treated with either
DMSO or digoxin to select digoxin-resistant viruses. U-2 OS cells were adsorbed with
either SL15649 or 181/25 at an MOI of 0.01 PFU/cell for 1 h. Virus was removed, and
cells were incubated with medium containing either DMSO or 100 nM digoxin until
comparable CPE was observed. Supernatants from infected cells were used to inoculate
fresh cells, and the process was repeated with increasing concentrations of digoxin until
CPE was observed with doses 5 times the ECs value in U-2 OS cells. Interestingly,
digoxin resistance was only observed with passage of virulent strain SL15649 and not
with passage of attenuated strain 181/25. To test whether supernatants of digoxin-treated
cells contained drug-resistant viruses, U-2 OS cells were pretreated with DMSO, 10 uM
5-NT, or increasing concentrations of digoxin prior to adsorption with Passage x14
supernatants from DMSO- and digoxin-treated cells. Infected cells were scored for
infection by indirect immunofluorescence at 6 h postinfection (Figure 1V-9). Treatment
of cells with 5-NT prevented infection by both SL15649pms0 and SL15649p;goxin
supernatant stocks. However, significantly higher levels of digoxin were required to
inhibit infection by SL15649p;gxin COMpared to SL15649pmso0. Treatment of cells with
500 nM digoxin completely inhibited infection by SL15649pmso, but this dose only
resulted in approximately 50% inhibition of infection by SL15469pigoxin. These data
suggest that virus populations present in supernatants of digoxin-treated cells are resistant

to inhibition by digoxin.

88



To determine the genetic basis for digoxin resistance, | determined the full-length
nucleotide sequences of virus stocks prepared from the DMSO or digoxin passage series
(Table 1V-1). Sequence analysis identified 12 nonsynonymous mutations in the virus
population of supernatants from digoxin-treated cells. The majority of these
polymorphisms (11 of 12) were in the nonstructural cassette and 7 were in nsP3. Two
amino acid polymorphisms in nsP2 (P16L and G641A) and in nsP3 (A137V and
Stop524C) and 1 polymorphism in E2 (S159R) were identified in multiple virus clones
sequenced from digoxin-treated cell supernatants. In addition, several of the mutations
resulted in a charge change. These findings indicate that multiple mutations are selected
during passage of virus in digoxin-treated cells. Furthermore the selection of mutations in
nonstructural and structural proteins provides additional evidence for multiple

mechanisms of CHIKYV inhibition by digoxin.
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Figure 1V-8. Passage of CHIKV in presence of digoxin selects for drug-resistant
viruses. U-2 OS cells were incubated with DMSO, 10 uM 5-NT, or increasing
concentrations of digoxin for 1 h prior to adsorption with CHIKYV strains that had been
passaged 14 times in the presence of either DMSO (SL15649pmso) or digoxin
(SL15649pigoxin) at an MOI of 5 PFU/cell. After 1 h, virus was removed, and cells were
incubated with medium containing the concentration of digoxin shown for 5 h. Cells were
stained with CHIKV-specific antiserum and DAPI to detect nuclei and imaged by
fluorescence microscopy. Results are presented as percent infected cells normalized to
DMSO-treated cells.
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Table I'V-1. Nonsynonymous mutations selected during passage of CHIKV in
digoxin-treated cells.

Number of clones

Viral gene Polymorphism encoding mutation
P16L 4/4
nsP2 D509N 1/4
G641A 212
Al137V 3/4
T412A 1/1
P435L 1/4
nsP3 P463L 1/4
D486N 1/4
Stop524C 2/4
Stop524_L525del 1/4
nsP4 R63K 1/4
E2 S159R 212
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Discussion

CHIKYV has reemerged to cause epidemics of arthritis throughout Africa, South
and Southeast Asia, and the Caribbean. The rapid, mosquito-borne transmission of
CHIKYV has resulted in millions of cases of CHIKV disease in the last decade alone. The
high attack rate and global significance of CHIKYV infection warrant the development of
CHIKV-specific therapeutics and vaccines. Thus far, no therapeutic or prophylactic
therapies are available.

To enhance an understanding of the host factors required for CHIKYV infection,
we screened a library of chemical compounds for the capacity to diminish or enhance
CHIKYV infection in U-2 OS cells. I identified digoxin, a cardiac glycoside, as a potent
inhibitor of CHIKYV infection and replication. | demonstrate that digoxin impedes CHIKV
infection at both entry and post-entry steps of the replication cycle via antagonism of the
sodium-potassium ATPase. Digoxin treatment also inhibited infection by other
alphaviruses, including RRV and SINV, and mammalian reovirus. Furthermore, passage
of CHIKV in digoxin-treated cells selected for several mutations across the genome,
particularly in the nonstructural proteins, nsP2 and nsP3. Taken together, these findings
indicate that a functional sodium-potassium ATPase is required for CHIKV infection.
Furthermore, antagonism of the sodium-potassium ATPase highlights a new strategy for
development of therapeutics to limit CHIKV replication and disease.

The sodium-potassium ATPase is the only known target of cardiac glycosides
and, therefore, inhibition of CHIKYV likely occurs via antagonism of this ion exchanger.
In support of this hypothesis, CHIKV infection also is inhibited by ouabain, a related

cardiac glycoside. In addition, sensitivity to cardiac glycoside treatment is species-

92



specific (121-123), which parallels species-specific differences in susceptibility of
CHIKV-mediated inhibition observed in this study. Cardiac glycoside sensitivity is
dictated by isoforms of the a subunit (122, 123). The murine a1 isoform is more resistant
to cardiac glycoside treatment compared with the human al isoform. In the murine cells
tested here, higher levels of the al isoform were detected relative to the a3 isoform.
Overexpression of an a3 isoform (human or mouse) conferred sensitivity to digoxin-
treatment (Figure IV-7B and C), as noted previously. Digoxin also did not inhibit CHIKV
infection in mosquito cells, likely on the basis of the absence of the sodium-potassium
ATPase in these cells. These data indicate that direct and specific blockade of the
sodium-potassium ATPase by digoxin impairs CHIKV infection.

Inhibition of the sodium-potassium ATPase disrupts ion transport and alters many
cellular biosynthetic, signaling, and vesicular sorting pathways (124). However, the
precise alterations that restrict CHIKV infection are not known. The sodium-potassium
ATPase is an antiporter-like enzyme that mediates efflux of 3 sodium ions and influx of 2
potassium ions in a single transport cycle. This ion movement functions to maintain
cellular resting potential and volume and influences other transporters and signal-
transduction pathways. Inhibition of the ATPase increases levels of intracellular sodium,
which triggers influx of calcium to allow sodium efflux by the sodium-calcium
exchanger, which is responsible for the inotropic effects of digoxin treatment (125).
Cardiac glycoside treatment also triggers interactions between the sodium-potassium
ATPase and the inositol 1,4,5-trisphosphate receptor (Ins[1,4,5]P3R) to elicit calcium
oscillations and nuclear transcription factor kB (NFxB) transcriptional activation (126,

127).
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During viral infection, activation of pattern recognition receptors (PRRs)
ultimately leads to NF-«xB transcriptional activation (128). However, NF-kB activation is
inhibited following CHIKYV infection by the induction of miR-146a expression (129).
Evasion of NF-«xB activation suggests that CHIKV replication is susceptible to NF-«xB-
dependent restriction if a sufficiently high threshold is reached (i.e., following digoxin
treatment). Excess intracellular calcium also contributes to osmotic stress and the
induction of apoptotic and necrotic cell death (130). Cardiac glycosides also reduce
endosomal pH (131, 132). Optimal fusion of CHIKV with endosomal membranes occurs
at a pH of 5.3 (133). However, it is not clear whether a lower pH impedes CHIKV
infection. A strongly acidic intracellular environment may induce conformational
changes in the E1 or E2 glycoproteins on the virion surface to prevent or prematurely
trigger fusion at sites incompatible with productive infection.

| envision two possible mechanisms underlying digoxin-mediated inhibition of
CHIKYV infection. One possibility is that increased endosomal acidification might
destabilize CHIKV glycoproteins and prevent efficient fusion. It is probable that CHIKV
requires a particular ion composition for discrete steps of the viral replication cycle,
perhaps for coordinating the functions of specific viral proteins. A second possibility is
that digoxin may induce stress responses in the cell that induce an antiviral state to
prevent CHIKYV replication. Digoxin appears to inhibit CHIKV entry and post-entry steps
in replication. Treatment of cells with digoxin maximally inhibited CHIKV when added
60 min prior to infection, whereas addition of drug 60 min after CHIKV adsorption had
no effect (Figure IV-5A). The temporal window in which digoxin inhibition occurs

mirrored that of ammonium chloride, which further supports the hypothesis that digoxin
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blocks CHIKYV entry. Digoxin treatment does not inhibit viral attachment to cells (data
not shown) but instead appears to block internalization, fusion, or release of the viral
genome into the cytoplasm. However, electroporation of viral RNA to bypass the
digoxin-mediated entry defect was not sufficient to restore viral replication to levels in
untreated cells (Figure 1VV-5C). In an analogous case, proteolytic cleavage of reovirus
virions to form ISVPs in vitro was sufficient to overcome restriction by the entry
inhibitor, 5-NT, but ISVPs failed to produce yields in treated cells comparable to those in
untreated cells. ISVPs are thought to enter cells at the plasma membrane and, thus, are
not susceptible to inhibition by compounds that inhibit reovirus internalization or
disassembly (134-136). Other evidence suggests that ISVPs are internalized via
endocytosis, and penetrate into the cytoplasm from a very early endocytic vesicle (137).
Ouabain treatment prevents conversion of ISVPs to the subsequent disassembly
intermediate, termed ISVP*, which is required for delivery of the viral core into the
cytoplasm (138). The digoxin-mediated post-entry block to reovirus replication is
undefined. Selection of multiple mutations in nonstructural proteins of the CHIKV
genome following passage of virus in digoxin-treated cells also points to inhibition of
post-entry steps of the replication cycle.

The complexity of cardiac glycoside-mediated effects on cells likely explains the
capacity of digoxin to inhibit CHIKV at multiple steps in the replication cycle. In
addition, inhibition of CHIKV by more than one mechanism would make it difficult to
select digoxin-resistant mutants. Indeed, passage of CHIKYV in digoxin-treated cells led to
development of drug resistance only after approximately 14, 72-h passages, suggesting

that inhibition of the sodium-potassium ATPase is a favorable candidate for antiviral drug
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development. Digoxin is currently FDA-approved for treatment of persons with
congestive heart failure and cardiac arrhythmias, but reported side effects of digoxin
preclude its widespread clinical use (139-141). Derivatives of digoxin are effective in
inhibition of Ty17 cell differentiation in the treatment of autoimmune diseases with
reduced toxicity (142). The capacity of ouabain to inhibit CHIKV infection suggests that
these analogous compounds also would diminish CHIKYV infection in a similar manner.
Identification of CHIKV-specific therapies requires an improved understanding of
CHIKYV biology and pathogenesis. Findings presented in this chapter elucidate functions
of the sodium-potassium ATPase in CHIKV infection. Antagonism of this ion transporter
with digoxin inhibited CHIKYV infection of human cells and mice. Digoxin inhibited
multiple steps of the CHIKYV replication cycle as evidenced by time-of-addition and
electroporation-bypass experiments. Further studies to delineate mechanisms by which
blockade of the sodium-potassium ATPase impedes CHIKYV infection will illuminate host
factors and pathways required for CHIKV infection. Such factors may serve as additional

drug targets.
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CHAPTER V

COMPONENTS OF THE IMMUNOPROTEASOME

ALTER CHIKV INFECTION

Introduction

Host factors are essential for viral infection and serve critical functions in disease
pathogenesis. The host immune response to CHIKYV infection contributes to CHIKV-
induced tissue injury (61, 143-146). However, little is known about the specific host
factors that act during CHIKYV infection to impede viral replication. RNAI screens offer
an unbiased approach to identify cellular factors that promote or antagonize the
replication of several pathogenic viruses including DENV, HCV, HIV, and WNV (147-
150) as well as the related alphavirus SINV (151). Identifying host determinants that
regulate CHIKYV infection may reveal new targets for antiviral therapeutics. As these
targets may be host-specific molecules, they would be impervious to the rapid mutation
of viral genomes that often leads to treatment failure.

Using high-throughput, RNA interference (RNAI) screening, 18,055 genes of the
human genome were screened for the capacity to restrict infection by GFP-expressing
CHIKYV replicon particles. Silencing of 36 genes resulted in a significant increase in
CHIKYV infectivity in 3 of 3 biological replicates. Additionally, silencing of 174 genes
resulted in a significant increase in GFP-intensity, a correlate of virus replication
efficiency, in all replicates. Of the genes that enhanced CHIKYV infection, a majority were

interferon-regulated. Subsequent validation of these ISG candidates identified PSMEZ2, a
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component of the immunoproteasome 11S regulatory complex, as a negative regulator of
CHIKYV infection. Diminished expression of PSME2 resulted in increased infectivity or
GFP intensity in all 3 screens with Z scores > 2. Silencing of PSME?2 also resulted in
increased production of viral progeny at early times postinfection. PSME2 knockdown by
SiRNA transfection was confirmed by RT-PCR and immunoblotting. Furthermore,
knockdown of PSME2 by single siRNAs produced similar increases in CHIKV infection.
Treatment of cells with epoxomicin, a proteasome-specific inhibitor, also increased
CHIKYV infectivity, suggesting broader mechanisms of CHIKYV restriction by the
proteasome. In support of this idea, SIRNA knockdown of PSMF1, an inhibitor of the 11S
and 19S complexes, significantly decreased CHIKYV infection. These data point to a role

for the proteasome in regulating CHIKYV infection.

Results

Identification of host genes that impede CHIKYV infection. Candidate cellular
determinants of CHIKYV infection in U-2 OS cells were identified using high-throughput
RNAI screening. U-2 OS cells were transfected with pools of gene-specific SIRNAs from
the Dharmacon ON-TARGET Plus library and seeded into wells of 384-well plates. Cells
were transfected with siRNAs specific for luciferase as a non-targeting control and the
6VC subunit of the vacuolar-type H*-ATPase (V-ATPase) as a positive control for
decreased infectivity. Cells were cultured for 48 h to allow for efficient knockdown and
then infected with CHIKYV strain SL15649 replicon particles expressing eGFP and

incubated for 24 h. The percentage of infected cells and average GFP intensity were
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determined, and robust Z scores were calculated for each siRNA. Targets of sSiRNAs that
resulted in Z scores > 2 from three biological replicates of the screen were compared to
identify overlapping genes (Figure V-1). Of the 18,055 genes screened, knockdown of
608 genes resulted in a significant decrease in the percentage of CHIKV-infected cells in
at least 2 of the 3 screens. Knockdown of 388 genes resulted in a significant decrease in
the average GFP intensity of infected cells in at least 2 of 3 screens. In addition,
knockdown of 130 and 555 genes resulted in a significant increase in the percentage of
infected cells or GFP intensity, respectively, in at least 2 of 3 screens. To identify
potential immune regulators and host cell restriction factors of CHIKV, | focused
validation experiments on genes under interferon control in which siRNA knockdown
increased CHIKYV infection. Of the genes that increased CHIKYV infectivity or replication
in 3 of 3 screens, 71 are regulated by type | or type Il interferon (Table V-1). Knockdown
of 16 of these 71 interferon-regulated genes resulted in Z scores > 2 by both percent
infection and GFP intensity. From this subset of genes, | focused validation studies on

PSMEZ2, a component of the immunoproteasome 11S regulatory complex.
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Figure V-1. Number and overlap of gene candidates identified from siRNA screen.
Venn diagrams present the number of gene candidates with Z scores >2 or <- 2
identified by each screening replicate. Shown are the gene candidates that result in a
decrease or increase in the percentage of infected cells or GFP intensity.
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Table V-1. Z scores for known and predicted interferon-regulated gene candidates
identified in 3 of 3 RNAI screen replicates.

Average Z scores (n=3)

Gene Symbol Entrez Gene ID  NCBI RefSeq
Infectivity Intensity

ADORA3 140 NM_020683 2.12 2.15
AES 166 NM_198970 2.01 1.86
ALAD 210 NM_000031 1.23 2.60
AMIGO2 347902 NM_181847 2.09 1.47
ANLN 54443 NM_018685 1.54 2.66
ARHGAPS 394 NM_001173 1.59 3.44
ASPA 443 NM_000049 -0.03 2.25
AZl1 22994 NM_001009811 0.92 2.65
BCL3 602 NM_005178 1.79 3.55
BEX2 84707 NM_032621 1.37 2.56
BRD2 6046 NM_005104 0.26 241
CALCRL 10203 NM_005795 0.63 2.24
CARD9 64170 NM_052813 1.59 4.07
CDH18 1016 NM_004934 2.33 1.60
CREB3L3 84699 NM_032607 1.15 2.59
CROCC 9696 NM_014675 -0.13 3.09
DCT 1638 NM_001922 151 2.66
DDX42 11325 NM_203499 1.76 2.45
DNAJC12 56521 NM_201262 2.23 1.18
EFS 10278 NM_032459 0.95 3.15
ELF1 1997 NM 172373 2.50 2.74
ESM1 11082 NM_007036 -0.15 3.33
EXOSC9 5393 NM_005033 0.40 3.08
FCGR2B 2213 NM_001002273 -0.04 2.44
FOXC1 2296 NM_001453 -0.01 2.43
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GNA12
GNAI3
GSTK1
GTF2H5
GUCY1A2
IL15SRA
IL2RA
INCENP
LATS1
LBX2
LIMS3
LTA
MAP3K5
MRPL17
NAP1L2
NAT2
NCOA7
NFATS
OPN3
PDE7A
PKIG
POLB
POLR2F
PRICKLEZ2
PRPS2
PSME2
RGS18
RHOV
RUNX2

2768
2773
373156
404672
2977
3601
3559
3619
9113
85474
96626
4049
4217
63875
4674
10
135112
10725
23596
5150
11142
5423
5435
166336
5634
5721
64407
171177
860

NM_007353
NM_006496
NM_015917
NM_207118
NM_000855
NM_002189
NM_000417
NM_020238
NM_004690

NM_001009812

NM_033514
NM_000595
NM_005923
NM_022061
NM_021963
NM_000015
NM_181782
NM_173215

NM_001030011

NM_002603
NM_007066
NM_002690
NM_021974
NM_198859
NM_002765
NM_002818
NM_130782
NM_133639

NM_001015051

1.86
2.26
2.28
1.84
1.55
1.53
1.72
2.86
0.80
1.54
2.53
2.19
1.78
1.82
1.20
2.74
1.67
1.40
2.28
0.85
2.44
2.05
2.00
2.06
1.61
2.18
2.17
1.33
1.34

4.24
2.78
4.43
3.02
2.88
2.74
2.83
3.18
2.67
1.10
2.63
1.33
2.31
0.73
3.67
3.40
1.24
3.29
1.49
2.40
2.93
2.73
3.96
3.03
2.33
2.90
0.74
2.76
2.95
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SKI
SLC19A1
SLC35A3
SNRP70
SNURF
SPINT1
TARBP1
TFF3
TGFBI
TMEMS35
TOMMY7
TRIM31
TUBGCP2
VEGFC
VIPR1
VPS18
WDFY4
YARS

6497
6573
23443
6625
8926
6692
6894
7033
7045
59353
54543
11074
10844
7424
7433
57617
57705
8565

NM_003036
NM_194255
NM_012243
NM_003089
NM_022804

NM_001032367

NM_005646
NM_003226
NM_000358
NM_021637
NM_019059
NM_052816
NM_006659
NM_005429
NM_004624
NM_020857
NM_020945
NM_003680

2.15
1.75
1.78
0.96
1.93
1.33
1.46
1.98
2.13
2.07
1.85
1.30
2.02
1.76
2.73
2.08
0.84
1.18

3.20
3.27
3.30
3.50
-0.09
2.78
2.74
3.16
1.00
1.95
1.17
3.25
3.13
2.56
3.47
2.27
3.17
2.70
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Silencing of PSME2 enhances CHIKYV infection. Knockdown of PSME2 in U-2 OS
cells resulted in an increase in the percentage of infected cells and in GFP intensity
relative to luciferase-transfected cells (Figure V-2A and B). The magnitude of these
increases was not as dramatic as the reduction in CHIKV infectivity and GFP intensity
observed following knockdown of 6V,C but was similar to increases in infection in
previously published reports of virus restriction factors identified using siRNA-based
methods (152, 153). To determine whether PSME2 limits the production of infectious
virus over multiple rounds of infection, U-2 OS cells were transfected with nonspecific or
PSME2-targeting siRNAs and infected with CHIKYV strain 181/25 at an MOI of 1
PFU/cell. Viral titers in culture supernatants were determined by plaque assay over a time
course (Figure V-2C). Strain 181/25 replicated to higher titers in cells transfected with
PSME2-specific SiRNAs relative to cells transfected with nonspecific SIRNA at early
times postinfection. Titers of 181/25 were increased 15-fold by 6 h postinfection
following knockdown of PSMEZ2, but this increase did not persist at later time points.
These data suggest that silencing of PSME2 enhances CHIKYV infection during early
rounds of replication, suggesting that PSME2 restriction can be overcome as infection
progresses.

To confirm that transfection of PSME2-specific SIRNAs results in efficient
knockdown, I used RT-PCR and immunoblotting to probe for expression of PSME2
(Figure V-3). Relative to control-transfected cells, little to no PSMEZ2 transcript was
detected in cells transfected with PSME2-specific sSiRNAs, whereas GAPDH transcript
levels were unchanged (Figure V-3A). Furthermore, transfection of cells with PSME2-

specific SiRNA decreased PSME2 protein levels by greater than 95% (Figure V-3B),
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suggesting that changes in CHIKYV infection correlate with diminished PSME2

expression.
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Figure V-2. PSME2 restricts CHIKYV infection and replication. U-2 OS cells were
transfected with Dharmacon ON-TARGETplus® SMARTpool® siRNAs 48 h prior to
infection with CHIKV SL15649 eGFP replicon particles. sSiRNAs targeting luciferase
(Luc), 6V,oC, and STAT1 were included as nonspecific, positive, and negative controls,
respectively. At 24 h postinfection, cells were stained with Hoechst dye to detect nuclei,
and GFP-positive cells were quantified by fluorescence microscopy. Results are
presented as (A) percent infected cells or (B) GFP intensity normalized to Luc-
transfected cells for triplicate experiments. Error bars indicate standard error of the mean,
but were not visible. (C) U-2 OS cells were transfected with Luc siRNA or Dharmacon
SIGENOME® SMARTpool® siRNAs to PSME2 and adsorbed with CHIKYV strain
181/25 at an MOI of 1 PFU/cell. At the times shown, viral titers in culture supernatants
were determined by plaque assay using BHK-21 cells. Results are presented as the mean
viral titers for triplicate samples. Error bars indicate standard deviation. **, P < 0.01, ***,
P < 0.001, as determined by ANOVA followed by Tukey post hoc test.
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Figure V-3. Expression and siRNA knockdown of PSME2. (A) U-2 OS cells were
transfected with nonspecific (-) or SiRNA pools targeting PSME2 (+) and incubated for
48 h. RNA from transfected cells was isolated and used for generation of cDNA and
amplification of PSME2 or GAPDH transcript by RT-PCR. (B) Cell lysates of
transfected cells were resolved by SDS-PAGE and immunoblotted using antibodies to
detect PSME2 or (-actin as a loading control (left). Relative PSME2 protein expression
was quantified by optical densitometry using ImageJ (right).
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Enhancement of CHIKYV infection correlates with degree of PSME2 knockdown.
Although transfection of a pool of PSME2-specific sSiRNAs resulted in significant
depletion of PSME2 transcript and protein, SiRNAs can mediate off-target effects if seed
sequences are similar or identical at other loci in the genome. Therefore, | next sought to
assess effects of PSME2 knockdown on CHIKYV infection and transcript levels using
individual siRNAs that target different regions of the PSME2 gene (Figure V-4). U-2 OS
cells and HBMECs were transfected with either control sSiRNAs or individual SIRNAs
specific for PSME2. Transfected cells were adsorbed with SL15649 replicon particles (U-
2 OS cells) or strain 181/25 (HBMECSs) and assessed for infection by indirect
immunofluorescence (Figure V-4A and B) or subjected to RT-PCR to assess expression
of PSMEZ2 (Figure V-4C and D). Transfection of both U-2 OS cells and HBMECs with
pooled siRNAs specific for PSME?2 resulted in a significant increase in the percentage of
infected cells relative to cells transfected with nonspecific SiRNA. Once again,
transfection of pooled siRNAs specific for PSME2 resulted in decreased PSME?2
expression in U-2 OS cells. This finding also was observed in HBMECSs, albeit to a lesser
extent. In U-2 OS cells, transfection of three of the individual sSiRNAs (Singles 2-4)
resulted in a significant increase in the percentage of infected cells, with the level of the
increase corresponding to the extent of PSME2 knockdown. Of these individual SIRNAs,
transfection of one (Single 2) also significantly enhanced CHIKYV infection in HBMECs.
Transfection of one of the individual sSiRNAs (Single 1) produced the opposite
phenotype, significantly diminishing infection in both cell types tested. Although this
individual siRNA reduced PSME2 expression levels, additional off-target effects likely

contribute to the decrease in CHIKYV infection observed in these cells. These data suggest
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that the enhancement of CHIKYV infection mediated by siRNA knockdown of PSME2 are

not due to off-target effects and demonstrate a role for PSME2 in multiple cell types.

Proteasome inhibition enhances infectivity of CHIKV. The 26S proteasome is
composed of a 20S core and a 19S regulator and functions to degrade proteins and
peptides within the cell (154). However during infection or oxidative stress, the
constitutive proteasome is modified by replacement of the 19S regulator with the 11S
regulator to form the immunoproteasome (155). The immunoproteasome functions in the
degradation small peptides and processing of antigen for MHC Class | presentation (155,
156). Because PSME2 encodes one of the three subunits that form the 11S regulator, |
reasoned that PSME2 might restrict CHIKV infection through its role in modulating the
proteasome. To test this hypothesis, | used the compound epoxomicin to selectively
inhibit the 20S proteasome. U-2 OS cells were pretreated with DMSO, 10 uM 5-NT as a
positive control for decreased infection, or increasing concentrations of epoxomicin for 2
h prior to adsorption with CHIKYV strain SL15649 at an MOI of 5 PFU/cell for 1 h. Cells
were assessed for infection at 6 h postinfection by indirect immunofluorescence (Figure
V-b). Treatment of cells with epoxomicin resulted in a significant (64%) increase in the
percentage of CHIKYV infected cells relative to DMSO-treated cells. These data indicate
the inhibition of the proteasome enhances CHIKYV infection and suggest broad

mechanisms of CHIKV restriction by the proteasome.
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Figure V-4. CHIKYV infection is enhanced by PSME2 knockdown with single
siRNAs. (A, C) U-2 OS cells and (B, D) HBMECs were transfected with nonspecific
(Luc), control (6V,C), or PSME2-specific pooled (Dharmacon siGENOME®
SMARTpool®) or single siRNAs and incubated for 48 h. Cells were infected with (A)
CHIKYV SL15649 eGFP replicon particles for 24 h or (B) CHIKV strain 181/25 for 6 h.
Cells were stained with Hoechst (A) or DAPI dye (B) to detect nuclei, and GFP-positive
cells were quantified by fluorescence microscopy. Results are presented as percent
infected cells for triplicate samples. Error bars indicate standard deviation. RNA from
transfected (C) U-2 OS cells and (D) HBMECs was isolated and used for generation of
cDNA and amplification of PSME2 or GAPDH transcript. Products were resolved on 1%
agarose gels (top), and relative PSME2 RNA levels were quantified by optical
densitometry using ImageJ (bottom) for duplicate experiments. Error bars indicate
standard deviation. *, P < 0.05, **, P < 0.01, ***, P <0.001, as determined by ANOVA
followed by Tukey post hoc test.
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Figure V-5. Proteasome inhibition by epoxomicin treatment enhances CHIKV
infection. U-2 OS cells were incubated with DMSO, 10 uM 5-NT, or increasing
concentrations of epoxomicin for 2 h prior to adsorption with CHIKV strain SL15649 at
an MOI of 5 PFU/cell. After 1 h, virus was removed, and cells were incubated with
complete medium for 5 h. Cells were stained with CHIKV-specific antiserum and DAPI
to detect nuclei and imaged by fluorescence microscopy. Results are presented as percent
infected cells for triplicate samples. Error bars indicate standard deviation. *, P < 0.05,
** P <0.01, ***, P <0.001, as determined by ANOVA followed by Tukey post hoc test.
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Components of the constitutive and immunoproteasome influence CHIKYV infection.
To determine whether additional components of the constitutive or immunoproteasome
contribute to CHIKYV infection, U-2 OS cells were transfected with control siRNAs or
SiRNAs specific for PSME2, PSMA2, or PSMF1. PSMA2 encodes a component of the
20S proteasome, and PSMF1 encodes an inhibitor of 20S proteasome activation by the
11S and 19S regulators. Transfected cells were adsorbed with CHIKV SL15649 eGFP
replicon particles at an MOI of 5 1U/cell and assessed for infection at 24 h by indirect
immunofluorescence (Figure V-6). Whereas knockdown of PSMEZ2 significantly
increased the percentage of infected cells (Figure V-6) and GFP intensity (Figure VV-6B),
knockdown of PSMAZ2 significantly decreased CHIKYV infection and replication relative
to cells transfected with nonspecific SIRNA. Infection was decreased to levels even below
those observed for cells transfected with siRNAs specific for 6V,C. This result suggests
that PSMAZ2 promotes CHIKYV infection and is consistent with reports of enhancement of
VEEV, EEEV, and WEEYV by proteasome activity (157). In addition, transfection of
PSMF1-specific sSiRNAs significantly decreased CHIKYV infection and replication. Since
PSMF1 is an inhibitor that functions in opposition to PSME?2 to prevent activation of the
20S proteasome, one would expect PSMFL1 to serve an opposite role in CHIKV infection.
These findings indicate a role for components of both the constitutive and

immunoproteasome in regulating CHIKV infection.
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Figure V-6. Components of constitutive and immunoproteasome modulate CHIKV
infection. U-2 OS cells were transfected with SiRNA pools 48 h prior to infection with
CHIKYV SL15649 eGFP replicon particles at an MOI of 5 IU/cell. siRNAs targeting
luciferase (Luc) and 6V,C were included as non-targeting and positive controls,
respectively. AllStars, a proprietary siRNA pool that induces cell death following
transfection, was included to assess transfection efficiency. At 24 h postinfection, cells
were stained with Hoechst dye to detect nuclei, and GFP-positive cells were quantified by
fluorescence microscopy. Results are presented as (A) percent infected cells or (B) GFP
intensity for duplicate experiments. Error bars indicate standard error of the mean. **, P
<0.01, ***, P <0.001, as determined by ANOVA followed by Tukey post hoc test.
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Discussion

Host responses during CHIKYV infection serve antiviral functions but also result in
exacerbation of disease. Elucidating differences in the factors and mechanisms involved
in these dichotomous roles will enhance an understanding of CHIKV pathogenesis and
shed light on new approaches for antiviral development. To gain mechanistic insights
into cell-intrinsic antiviral strategies, | used high-throughput, RNAI screening to identify
host genes that impede CHIKYV infection. This screen identified 71 interferon-regulated
genes as candidate CHIKYV restriction factors, including PSME2. siRNA knockdown of
PSMEZ2, a component of the immunoproteasome 11S regulatory complex, resulted in
significant increases in CHIKV infection and replication. Inhibition of the 20S
proteasome by epoxomicin treatment also increased CHIKYV infection. Interestingly,
knockdown of other genes and regulators of the constitutive and immunoproteasome
decreased CHIKYV infection, indicating that proteasome components may serve opposing
functions in CHIKYV infection. These findings reveal new functions for the proteasome in
the regulation of CHIKV.

Silencing of PSME2 enhances CHIKYV infection and replication, but mechanisms
of PSME2-mediated restriction are not understood. Knockdown of this gene by single
siRNAs suggests that the enhancement is not a result of off-target effects. Furthermore,
increased infection following inhibition of the 20S proteasome by epoxomicin suggests
that a PSME?2 activity may be mediated through its interactions with the 20S proteasome.
Indeed, silencing PSMF1, which functions to prevent 11S activation of the proteasome,
decreased CHIKYV infection. In these cells, activity of the 11S regulatory subunit would

not be limited by PSMF1 expression and could function to restrict CHIKV infection.
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These data support a role for immunoproteasome activation in CHIKV infection.
However, specific activity of the immunoproteasome will need to be determined to assess
the role of this protein complex in restriction of CHIKV infection.

While evidence presented in this chapter suggests that multiple components of the
proteasome influence CHIKYV infection, individual proteins of the proteasome could
mediate separate functions in CHIKV infection. This hypothesis is supported by the
finding that silencing of PSMAZ2, a component of the 20S proteasome, decreases CHIKV
infection. These data support opposing roles of the constitutive and immunoproteasome
in CHIKV infection. The immunoproteasome is activated during infection and stress and
functions in presentation of MHC Class | peptides (155, 156). Therefore, antiviral
activity by the immunoproteasome and activators of the immunoproteasome would be
probable. An opposite role for the constitutive proteasome in CHIKV infection seems
logical given the essential role of this molecule in degradation of aberrant cellular
proteins. Silencing of proteasome components may induce cell stress responses that
mediate inhibition of CHIKYV infection by indirect mechanisms. Alternatively, PSME2
and PSMAZ2 could function in CHIKV infection through proteasome-independent
activities. PSME2 may interact with CHIKV proteins and modulate delivery of these
proteins or peptides to the immunoproteasome for degradation. However, it is not known
whether CHIKYV proteins are ubiquitylated or directly interact with proteasome proteins.
PSME?2 also may facilitate degradation of additional host factors essential for CHIKV
replication, but the identities of these factors are not known.

Understanding the host determinants and mechanisms of host cell restriction of

CHIKV will provide new knowledge of CHIKV biology and may inform the design of
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CHIKV-specific therapeutics. Using high-throughput, RNAI screening, | identified
several antiviral gene candidates, including PSMEZ2, critical activator of
immunoproteasome activation. Knockdown of PSME2 or chemical inhibition of the
proteasome enhanced CHIKYV infection. In addition, | demonstrate that other components
of the proteasome also contribute to CHIKV infection, suggesting that the ubiquitin-
proteasome may serve a broad role in CHIKV restriction. Future studies will focus on
elucidating mechanisms by which components of the cellular proteasome either augment

or restrict CHIKV infection.
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CHAPTER VI

SUMMARY AND FUTURE DIRECTIONS

Thesis Summary

Chikungunya virus reemerged in 2004 to cause devastating epidemics of fever,
rash, and arthritis. Over the past decade CHIKYV disease has been well characterized, in
part, because of the rapid spread and high attack rate of this mosquito-borne virus.
However, the molecular mechanisms of CHIKV pathogenesis are not known. An
important determinant of viral pathogenesis is tropism for specific cells and tissues in the
host. Both viral and host factors can dictate virus tropism, and these factors can vary
between host species. Host restriction factors form another class of important
determinants of viral pathogenesis. These factors also can influence virus tropism and are
often regulated by cell-intrinsic immune responses following viral infection. The research
presented in this thesis examines the viral and host determinants of CHIKV tropism and
replication and how these determinants influence disease pathogenesis.

| began studies of CHIKV tropism by focusing on polymorphisms displayed by a
virulent strain, AF15561, and an attenuated strain, 181/25. These strains differ at 5
synonymous and 5 nonsynonymous positions. The goal of my studies presented in
Chapters 11 and 111 was to determine which of these polymorphisms are responsible for
181/25 attenuation. In Chapter Il, I demonstrate that strain 181/25 consistently replicates
to higher titers relative to AF15561 in mammalian cells. To identify the polymorphisms

responsible for these differences in replication, | engineered and tested a panel of viruses
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that vary at each of the nonsynonymous sites for the capacity to infect mammalian cells. |
found that a G82R polymorphism in the E2 attachment glycoprotein mediated enhanced
infectivity in these cells. However, in mosquito cells, the E2 G82R polymorphism did not
enhance infectivity. Instead, introducing a glycine at this position in strain 181/25
enhanced infectivity in mosquito cells, suggesting that E2 residue 82 mediates different
interactions with mammalian and mosquito cells. Moreover, additional polymorphisms in
E2 and the E1 fusion protein displayed by strains AF15561 and 181/25 contributed to
infection of these cells.

To understand mechanisms by which E2 residue 82 mediates enhancement of
CHIKY infection, | tested the role of this residue in CHIKV attachment to host cells.
Strains encoding an arginine at E2 82 more efficiently bound to host cells and exhibited a
greater dependence on GAG utilization for infection compared with strains encoding a
glycine at this position. These findings suggest that GAG interactions promote CHIKV
infection in mammalian but not mosquito cells and that residue 82 of the E2 glycoprotein
modulates these interactions.

GAGs are expressed widely in the host (158) and could serve a critical role in
CHIKYV tropism and virulence. To determine the role of GAG utilization in CHIKV
disease, | assessed the capacity of the E2 82 reciprocal polymorphic strains to replicate,
spread, and induce pathology using a mouse model of CHIKYV disease. In Chapter Ill, |
determine that E2 residue 82 contributes to CHIKV-induced pathology. Relative to the
parental strain AF15561, mice inoculated with AF15561 E2 G82R gained weight more
efficiently and displayed reduced swelling and muscle necrosis at the site of inoculation.

However, E2 residue 82 did not strictly correlate with disease, as introduction of a
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glycine at this position in strain 181/25 did not enhance virulence in mice. These data
suggest that additional polymorphisms are required for full CHIKV virulence. Strains
containing an arginine at E2 residue 82 replicate to equivalent titers in the hind limbs of
infected mice, but display reduced titers in secondary sites of replication (e.g., spleen and
serum) as compared to strains encoding a glycine at this residue. Interestingly, a glycine
at E2 residue 82 was selected in the spleens of mice inoculated with AF15561 E2 G82R,
suggesting a role for this residue in tissue-specific replication of CHIKV. Thus, E2
residue 82 is a critical viral determinant of CHIKYV pathogenesis, likely by modulating
interactions with GAGs.

To identify host factors that promote or impede CHIKV infection, | performed
high-throughput chemical compound and siRNA screens in collaboration with Laurie
Silva in our laboratory. In Chapter IV, | present data describing the function of the
sodium-potassium ATPase in CHIKYV infection in cell culture and replication in vivo. |
demonstrate that antagonism of this ion transporter by the cardiac glycoside digoxin
impairs CHIKYV infection in human cells. This inhibition was not attributable to toxicity
induced by digoxin treatment but, instead, occurred via on-target effects of this
compound. | determined that inhibition of CHIKYV infection occurred via blockade of the
sodium-potassium ATPase by mimicking inhibition with a related cardiac glycoside,
ouabain. Furthermore, inhibition was dependent on the relative expression of the human
or murine o3 or human al isoforms of the sodium-potassium ATPase, which are known
to be sensitive to digoxin-mediated inhibition. Transfection of digoxin-sensitive U-2 OS
cells with the digoxin-resistant murine al isoform decreased sensitivity of these cells to

digoxin inhibition of CHIKYV infection. Digoxin inhibited CHIKV at both entry and post-
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entry steps in the replication cycle, as determined by time-of-addition and
electroporation-bypass assays. Importantly, treatment of mice with digoxin prior to
inoculation with strain SL15649 decreased viral loads in musculoskeletal tissues. Passage
of CHIKYV in digoxin-treated cells selected several mutations, the majority of which
mapped to nsP2 and nsP3, suggesting that alterations in these genes confer resistance to
digoxin inhibition. These findings suggest that a functional sodium-potassium ATPase is
required for CHIKYV infection of cells and mice and reveal a new pathway for the
development of antiviral therapeutics.

Host factors involved in the restriction of CHIKV were identified in a high-
throughput siRNA screen in U-2 OS cells. In Chapter V, | provide evidence to support a
role for PSMEZ2, an interferon-regulated component of the immunoproteasome 11S
regulatory complex, in CHIKV restriction. Knockdown of PSME2 by pooled or single
siRNAs significantly enhanced CHIKYV infection and replication in U-2 OS cells and
HBMECs. Knockdown of PSME2 by siRNA resulted in a greater than 95% decrease in
PSMEZ2 protein. Inhibition of the 20S by epoxomicin treatment resulted in a dose-
dependent increase in infection by CHIKV. Moreover, knockdown of additional genes
involved in proteasomal degradation, PSMA2 and PSMF1, altered CHIKV infection. Of
particular interest, silencing of PSMF1, an inhibitor of proteasome activation by the 11S
complex, significantly decreased CHIKYV infection, as would be predicted by the results
obtained using PSME2 siRNA. This work implicates the proteasome in CHIKV
restriction.

Collectively, findings presented in this thesis enhance an understanding of viral

and host determinants of CHIKYV infection and pathogenesis. Information gathered from
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this work has revealed mechanisms of CHIKYV attenuation and strategies for antiviral

therapy.

Future Directions

Influence of other polymorphic residues on the E2 G82R polymorphism. Although
the CHIKV E2 G82R polymorphism enhances infection in cell culture, the magnitude of
the enhancement is dependent largely on the genetic background in which the mutations
were introduced. Introducing an arginine at E2 82 in the AF15561 background resulted in
nearly a 4-fold higher percentage of infected cells relative to strain 181/25, which also
contains this polymorphism. These data suggest that additional polymorphisms between
strains 181/25 and AF15516 influence the differences in infectivity observed for these
viruses. As a first step toward understanding how additional polymorphisms between
strains 181/25 and AF15561 influence the E2 G82R polymorphism, | engineered these
parental strains to contain the combinatorial E2 mutations and assessed infection in Vero
cells (Figure VI-1). | found that increased infection by the E2 82 G82R polymorphism
predominated over the decrease in infection associated with the E2 T12I polymorphism
when these polymorphisms were engineered together in the AF15561 background. In
contrast, the E2 112T polymorphism predominated over the E2 R82G polymorphism
when these polymorphisms were engineered together in the 181/25 background. |
conclude that viruses encoding an isoleucine at E2 residue 12 display higher infectivity
following introduction of an arginine at E2 residue 82 (181/25 and AF15561 DM) but

display lower infectivity with introduction of a glycine at E2 residue 82 (181/25 R82G
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and AF15561 E2 T121). These data support the hypothesis that E2 residues 12 and 82
influence each other, but the mechanism of this interplay is not known.

CHIKYV E2 residues 12 and 82 reside in separate, yet neighboring domains of the
E2 protein (Figure 11-8) (39, 118). E2 residue 12 maps to the E2 beta ribbon, which
interacts with the E2 A domain in which E2 residue 82 is found. Although these residues
are physically separated, the polar and charge changes that result from these
polymorphisms could alter interactions between these domains and influence the
phenotypes associated with each residue. To determine whether alteration of one of these
residues induces conformational changes that affect the other, crystallographic studies
could be performed with recombinant forms of the wildtype and mutant E2 proteins.
Furthermore, conformation-specific antibodies could be used to test whether
polymorphisms at residues 12 and 82 of E2 induce alterations in the folding of the
protein. In addition to structural and infectivity assays, these mutant viruses could be
assessed for attachment and fusion. Such experiments would define a role for these
residues at discrete steps within the replication cycle.

In mice, the E2 G82R polymorphism appears to be influenced by additional
polymorphisms. | demonstrated that introduction of an arginine at E2 82 in strain
AF15561 was sufficient to attenuate the virus, but introducing the reciprocal R82G
substitution was not sufficient to confer virulence in attenuated strain 181/25 (Chapter
[11). The AF15561 E2 T12I polymorphism was shown previously to contribute to 181/25
attenuation (118), and this residue may influence the effect of E2 residue 82 in CHIKV
disease as in cell culture. To determine whether residues 12 and 82 in the E2 protein

cooperate to influence CHIKYV disease, mice could be inoculated with the double-mutant
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viruses in each reciprocal parental background. Viral loads, joint swelling, and
histopathology could be assessed following inoculation with these strains. This work
would provide a clearer picture of the role of E2 polymorphisms in CHIKV tropism and

disease.
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Figure VI-1. Polymorphisms at residues 12 and 82 in E2 function in concert to
influence infectivity. Vero cells were adsorbed with CHIKV strains AF15561, 181/25, or
the variant viruses shown at an MOI of 1 PFU/cell and incubated for 24 h. Cells were
stained with CHIKV-specific antiserum and DAPI to detect nuclei and imaged by
fluorescence microscopy. Results are presented as percent infected cells for triplicate
wells. Error bars indicate standard deviation.
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Role of polymorphisms between CHIKYV strains 181/25 and AF15561 in mosquito
cell infection. Studies of polymorphisms displayed by strains AF15561 and 181/25
revealed a role for E2 residue 82 in infection of mosquito cells. In contrast to mammalian
cells, the E2 R82G polymorphism enhances infectivity in mosquito cells. Several
possible mechanisms could contribute to the infectivity enhancement observed for this
polymorphism. First, this residue may mediate interactions with host molecules on the
surface of mosquito cells that are different or nonexistent in mammalian cells. The
presence of a charged residue at this position may interfere with these mosquito cell-
specific interactions. An alternative explanation is that the temperature at which these
cells are maintained could influence protein folding. Whereas mammalian cells are grown
at 37°C, mosquito cell cultures are maintained between 28 and 30°C. The E2 molecule
could adopt different conformations at lower temperature as observed for DENV (159)
and influence the orientation of residue 82 or adjacent residues. To assess the
temperature-dependence of E2 residue 82, Vero cells were inoculated with parental
viruses or the reciprocal E2 82 mutant viruses at 30°C (Figure VI-2). The E2 G82R
polymorphism still enhanced infectivity in mammalian cells at the reduced temperature,
but the magnitude of the difference was less striking. C6/36 cells could not be tested at
37°C as these cells were not viable at this temperature (data not shown). Additional
studies, perhaps at intermediate temperatures, could be performed to determine whether

phenotypes mediated by E2 residue 82 are dependent on temperature.
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Figure VI-2. Enhancement of mammalian cell infectivity by the E2 G82R
polymorphism occurs independently of temperature. Vero cells were adsorbed with
CHIKV strains AF15561, 181/25, AF1561 E2 G82R, or 181/25 E2 R82G at an MOI of 1
PFU/cell and incubated at 30°C for 24 h. Cells were stained with CHIKV-specific
antiserum and DAPI to detect nuclei and imaged by fluorescence microscopy. Results are
presented as percent infected cells for duplicate experiments. Error bars indicate standard
error of the mean.
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An additional mechanism by which the E2 R82G polymorphism could enhance
infection in mosquito cells is through diminished interactions with GAGs. Interactions
with GAGs enhance infection in mammalian cells but may preclude interactions with a
receptor required for efficient infection of mosquito cells. To understand the function of
GAG:s in infection of mosquito cells, | determined whether preincubation of CHIKV
strains polymorphic at E2 residue 82 with soluble heparin diminished infection in
mosquito cells (Figure VI1-3). Heparin pretreatment significantly decreased or abolished
infection of CHIKYV strains in Vero cells (Figure VI-3A) but did not decrease infection in
C6/36 cells. These data suggest that infection of C6/36 cells by CHIKYV is not dependent
on GAGs. However, it would be important to assess the level of GAG expression on
these cells. Likewise, cell-surface molecules engaged by CHIKYV on both mosquito and
mammalian cells should be identified. E2 residue 82 may contribute critical interactions
with additional receptors and attachment factors, particularly in mosquito cells in which
GAGs do not appear to be used.

Although E2 residue 82 influences infectivity in mosquito cells, other
polymorphisms between strains AF15561 and 181/25 also contribute to differences in
infectivity in mosquito cells exhibited by these strains. In Chapter |1, | show that
introducing an isoleucine at E2 residue 12 in strain AF15561 significantly decreases
infectivity in mosquito cells. The infectivity observed for the AF15561 E2 T12l virus was
not as low as that observed for strain 181/25, but this variant was the most impaired of all
viruses generated in the AF15561 background. However, exchanging this isoleucine for a
threonine in strain 181/25 did not enhance infectivity in mosquito cells. These data

support similar functions for E2 residue 12 in both mammalian and mosquito cells.
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Because differences in infectivity did not segregate strictly with a single polymorphism, |
hypothesize that these mutations function in concert to influence mosquito cell infection.
To identify residues important for mosquito cell infection, AF15561 and 181/25 viruses
encoding individual or multiple polymorphisms at E2 12, E2 82, and E1 404 could be
tested for the capacity to infect these cells. Since these residues may influence distinct
steps in the replication cycle, it is also important to assess the capacity of these viruses to
bind and fuse with target cells. Virus attachment and fusion are highly synchronized
events during CHIKYV infection with both properties mediated by trimers of the E1/E2
heterodimer. Therefore, it is probable that residues in these proteins interact. Virus fusion
could be assessed using a fusion-from-without assay (FFWA). Virus would be adsorbed
to cells at 4°C to prevent internalization, and low pH medium would be added to trigger
viral fusion at the plasma membrane. Media with a range of pH values could be used to
determine the pH required for efficient fusion for each virus strain. Viruses that require
considerably lower or higher pH to efficiently fuse with host cells may exhibit reduced

infectivity and fitness.
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Figure VI-3. Pretreatment of CHIKYV strains with soluble heparin does not diminish
infection of mosquito cells. Strains AF15561, 181/25, AF1561 E2 G82R, or 181/25 E2
R82G were treated with VDB, BSA at 1000 pg/ml, or heparin at the concentrations
shown for 30 min and adsorbed to (A) Vero or (B) C6/36 cells at an MOI of 2.5 PFU/cell.
After incubation for 24 h, cells were stained with CHIKV-specific antiserum and DAPI to
detect nuclei and imaged by fluorescence microscopy. Results are presented as percent
infected cells for triplicate wells. Error bars indicate standard deviation.
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Mechanisms of attenuation of GAG-dependent CHIKYV strains. A correlation
between GAG utilization and attenuation of alphaviruses has been reported (96, 98, 114),
but the specific mechanisms are not known. GAG-dependent strains of CHIKV may
disseminate less efficiently as a consequence of enhanced binding to tissues during
primary replication or may be cleared more readily by the host immune response. To
distinguish between these possibilities, wildtype and Rag1” mice can be inoculated with
CHIKYV strains that vary in GAG utilization, and viral titers could be determined at days
1, 3, 5, and 7 postinoculation. Because viral titers do not correlate strictly with disease,
pathology could be assessed using calipers to measure swelling, and tissues could be
processed for histology. The use of Ragl” mice will diminish clearance of CHIKV by T
and B cells, which contribute importantly to clearance and persistence of CHIKV in mice
(59). Therefore, decreased viral titer in the serum will be a consequence of decreased
dissemination and not a result of increased clearance. Additionally, wildtype and Rag1™
mice can be inoculated subcutaneously or intravenously to identify potential bottlenecks
in CHIKV dissemination that result from enhanced GAG dependence. If failure of GAG-
dependent viruses to establish serum viremia is associated with attenuation, then
intravenous inoculation should bypass this dissemination block. This approach also will
identify steps in CHIKV dissemination required for virulence.

Based on findings presented in Chapter 111, GAG utilization may alter tissue
tropism to contribute to attenuation. Only viruses containing the E2 R82G polymorphism
replicated to high titers in the spleens of infected mice at early times postinoculation,
suggesting that GAG utilization prevents dissemination to or replication within the

spleen. Along these lines, a glycine at E2 residue 82 was selected in the majority of virus
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clones isolated from this site. To assess the role of GAG utilization in tissue tropism,
tissues from infected mice could be evaluated for the distribution of virus using CHIKV
antigen-specific immunofluorescence and CHIKV RNA-specific fluorescence in situ
hybridization (FISH).

To complement studies using viruses with altered GAG utilization, mice deficient
in GAG biosynthetic enzymes can be used to define functions of specific GAG molecules
in CHIKYV tissue tropism and disease pathogenesis. Many such mice are viable, including
those that lack xylosyltransferase 2, an initiating enzyme of GAG biosynthesis (160-162).
To determine the role of tissue-specific GAGs in CHIKYV infection, tissue-specific GAG
knockout mice could be engineered using CRISPR/Cas9 technology. These mice could
be inoculated via multiple routes to assess the roles of tissue-specific GAGs in CHIKV
dissemination. These studies would elucidate functions of specific GAGs in CHIKV

attenuation.

Sites targeted by CHIKYV required for dissemination and pathogenesis. CHIKV
replication in affected tissues of experimentally infected animals does not strictly
correlate with the magnitude of disease. In Chapter Ill, strains attenuated for disease in
mice produce similar titers at the site of inoculation but lower titers in the spleen and
serum (Figure 111-3). Despite comparable viral titers in the left hind limb, strain AF15561
induced more swelling in the feet of infected mice, suggesting mechanisms independent
of viral load underlie CHIKV-induced pathology. Infection of mice with virulent CHIKV
strains is associated with increased neutrophil recruitment to the site of inoculation and

increased muscle cell necrosis relative to mice inoculated with an attenuated strain
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(Figure 111-2). However, the discrete cell types targeted by CHIKV in infected tissues in
the host during acute and persistent phases of infection are unknown. Thus, it is essential
to define the cell types responsible for tissue damage in vivo to understand how CHIKV
causes disease.

To identify the cell types targeted by CHIKV that mediate pathology, mice can be
inoculated with CHIKYV strains that are restricted from replicating at discrete sites in the
host. One strategy to limit virus replication in a cell type-specific manner would be to
establish mice that express CHIKV-targeting miRNAs in specific tissues to ablate
replication solely at those sites. Another strategy would be to generate conditionally
replicative viruses by engineering virulent CHIKYV strains to contain tissue-specific
miRNA seed sequences. This approach has been used successfully to study
coxsackievirus infection of skeletal muscle (163, 164), dengue virus infection of
hematopoietic cells (165), species-specific restriction of influenza virus infection (166),
and, importantly, SFV (an alphavirus) infection of the CNS (167). Potential tissue-
specific miRNAs to be inserted into CHIKV include those expressed in skin or
keratinocytes (miR-203 [(168)]), skeletal muscle (miR-206 [(163, 169)]), osteoblasts
(miR-2861 [(170)]), endothelial cells (miR-126 [(171)]), and hematopoietic cells (miR-
142-3p [(172)]). Virus strains can be engineered to encode four copies of the miRNA
target sequence inserted in the nonstructural cassette using the nsP3/nsP4 protease site
(Figure VI1I-5). Replication of engineered viruses can be compared to a control CHIKV
strain encoding a scrambled miRNA target sequence to confirm that the engineered
alterations do not compromise viability. Cell- and tissue-specific restriction of engineered

viruses can be confirmed using single and multicycle replication experiments with
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primary murine keratinocytes, muscle cells, osteoblasts, endothelial cells, and
hematopoietic-derived cells or murine cell lines. C2C12 and ST2 cells are known to
express the muscle and osteoblast-specific miRNAs mentioned above (170, 173) and can
be used to confirm restriction of engineered viruses. Once confirmed, mice can be
inoculated with these miRNA seed sequence-containing viruses to determine the cell
types targeted by CHIKYV for replication in the host.

CHIKYV infection of specific cell types may dictate the tissues subsequently
targeted or the route of dissemination. CHIKYV strains encoding an arginine at E2 residue
82 displayed enhanced dependence on GAGs for infection and impaired dissemination in
mice. Interactions with GAGs may contribute to altered tropism in vivo to prevent or
misdirect virus dissemination in the host. Using virus strains encoding miRNA seed
sequences, the contribution of infection of specific cells and tissues to CHIKV tropism
and dissemination can be assessed by quantifying viral titers in musculoskeletal and
lymphoid tissues during acute and chronic infection. In addition, joint swelling, CHIKV
antigen-specific immunofluorescence or flow cytometry, and histopathology can be
assessed to determine the role of tropism in CHIKV disease. Information obtained from
this work will elucidate the cell types required for CHIKV dissemination and
pathogenesis.

In addition to the sites of virus replication in the host, the cellular targets that
influence immune responses during infection remain undefined. In humans, CHIKV
infection induces the production of a multitude of proinflammatory cytokines, including
IL-1B, IL-6, MCP-1, MIG, IP-10, MIF, and RANTES. High levels of these cytokines are

associated with increased disease severity and a greater predisposition for persistence of
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clinical symptoms (61-65). Proinflammatory cytokines recruit immune cells to sites of
CHIKYV infection to exacerbate tissue injury and disease. To define the specific cell types
targeted by CHIKYV to elicit inflammatory responses, mice can be inoculated with
mIiRNA seed sequence-containing viruses, and levels of these proinflammatory cytokines
could be quantified using ELISA and gRT-PCR. These cytokines could be assessed in the
serum and at sites of tissue injury. Additionally, specific cell populations from CHIKV-
infected tissues could be isolated, stained for cell-specific markers, and quantified by
flow cytometry. Sections from CHIKV-infected mice also could be stained for cell-
specific markers to better assess localization of specific inflammatory infiltrates. This
work will allow us to define the CHIKYV target cells that initiate the inflammatory
processes that contribute to tissue injury and disease. These experiments also would
discriminate molecules that merely correlate with CHIKV infection from molecules that

contribute to CHIKYV disease.
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Figure VI-4. Insertion of tissue-specific miRNA seed sequences in the CHIKV
SL.15649 infectious clone. Four copies of miRNA seed sequences will be inserted
between endogenous and duplicated nsP3/nsP4 protease cleavage sites (black boxes). The
inserted sequence element will be flanked by unique restriction sites generated by silent
mutations to facilitate introduction into the cDNA clone. Sequences encoding nsP3/nsP4
protease cleavage sites will be altered at synonymous positions (indicated in red) to
diminish the possibility of recombination and seed sequence excision.
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Mechanisms of digoxin-mediated inhibition of CHIKV. The effects of digoxin
antagonism of the sodium-potassium ATPase have been well characterized. However,
mechanisms by which digoxin inhibits CHIKV remain to be determined. Evidence
presented in Chapter 1V does not support a direct interaction with digoxin and the virus.
Therefore, | hypothesize that effects induced by sodium-potassium ATPase antagonism
mediate inhibition of CHIKV. A major consequence of disrupted sodium transport is an
increase in intracellular calcium levels. To determine whether altered calcium levels or
signaling pathways contribute to CHIKYV inhibition by digoxin, intracellular calcium
levels could be assessed in CHIKV-infected cells treated with DMSO as a control or
digoxin. Cells can be incubated with Fura-2, a fluorescent dye that binds free intracellular
calcium, and cells could be imaged by fluorescence microscopy. In addition, chemical
compounds that induce calcium release, such as thapsigargin, could be tested for anti-
CHIKYV activity. To complement these studies, the cell-permeable calcium chelator,
BAPTA-AM, could be tested for the capacity to reverse inhibition of CHIKV infection
by decreasing intracellular calcium concentrations.

Another byproduct of blockade of the sodium-potassium ATPase is increased
acidification of endocytic vesicles. Trafficking of CHIKV particles to endocytic vesicles
with lower pH may impair viral fusion and release of the genome into the cytoplasm. The
pH of the endocytic compartment could be measured following treatment of cells with
DMSO or digoxin. To assess pH changes induced by digoxin treatment, CHIKV virions
could be labeled with a pH-sensitive dye such as pHrodo, and internalization of CHIKV
particles could be visualized using confocal microscopy. Upon encountering low pH,

pHrodo becomes fluorescent and can be visualized by fluorescence microscopy. Altered
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endocytic pH may also affect the development of endosomes. As such, the distribution of
specific markers for early and late endosomes could be assessed using confocal
microscopy of digoxin-treated, infected cells. Cells could be stained with antibodies
specific for Rab5 and early endosome antigen 1 (EEAL) to detect early endosomes and
Rab7, Rab9, and LAMP1 to detect late endosomes and lysosomes. Decreases in
endocytic pH following digoxin treatment might reduce the number of Rab5- and EEA1-
positive cells.

If digoxin treatment decreases endocytic pH, the effect of decreased pH on
CHIKYV infection could be investigated. A FFWA could be used to determine whether
fusion at the plasma membrane bypasses the inhibitory effect in the endocytic
compartment. FFWA might not provide sufficient bypass if pH changes affect multiple
steps in the CHIKV replication cycle. In this case, viral transcription could be assessed by
gRT-PCR and formation of replication complexes could be monitored by indirect
immunofluorescence microscopy using antibodies specific for nonstructural proteins with
and without digoxin treatment. Furthermore, chemical compounds that increase endocytic
pH, such as bafilomycin A and NH,4CI, could be used in combination with digoxin to test
the capacity of these compounds to restore CHIKYV infectivity in cells.

Passage of CHIKYV in cells treated with digoxin selected several mutations,
particularly in the nonstructural cassette (Table IVV-1). However, the extent to which these
polymorphisms contribute to digoxin-resistance is not known. To elucidate mechanisms
of CHIKYV resistance to digoxin, these mutations could be introduced individually or in
combination into the CHIKV SL15649 background. Variant viruses could be tested for

the capacity to infect digoxin-treated cells. Confirmed digoxin-resistant viruses could be
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assessed for attachment, kinetics of internalization and replication, and subcellular
localization to gain insights into mechanisms of digoxin-resistance. If digoxin-resistant
mutant viruses display altered replication relative to wildtype strains, these strains could
be used to infect mice. Studies of these viruses in vivo would test functions of these
digoxin-resistant mutations in CHIKV dissemination and disease. This work would

reveal host processes used by CHIKV to infect and replicate in its host.

Functions of the constitutive and immunoproteasome in CHIKYV infection. Data
presented in Chapter VV demonstrate a role for PSME2 and other proteasome components
in CHIKV infection. However, these studies were performed primarily using sSiRNA-
based techniques. Although single siRNAs are less likely to exhibit off-target effects
relative to pooled siRNAs, off-target knockdown can still occur. To validate a role for
PSME2 in CHIKYV infection, CHIKV infection and replication could be assessed in
PSME2-deficient cells obtained from knockout animals or engineered using
CRISPR/Cas9 technology. PSME1/PSME2™" (PA280/B™") mice have been established
and are viable. Wildtype and knockout mice could be inoculated with CHIKV, and viral
loads could be quantified in musculoskeletal and lymphoid tissues. In addition, joint
pathology and persistence could be assessed in these animals to determine whether
PSME2 antagonizes CHIKYV disease.

Once PSME?2 is validated using these approaches, specific functions of PSME2
that mediate restriction of CHIKV could be investigated. To determine whether PSME2
limits CHIKV infection via the immunoproteasome, inhibitors (e.g., IPS1-001) or

siRNAs specific to immunoproteasome subunits (B11, B2i, and B5i) could be tested for the
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capacity to enhance CHIKYV infection. Enhancement of CHIKV would suggest that
immunoproteasome activity restricts CHIKV infection.

To determine whether PSME2 interacts directly with CHIKV, | infected U-2 OS
cells with CHIKYV strain 181/25, stained cells for CHIKV antigen and PSME2, and
visualized cells by confocal microscopy (Figure VI-5). In CHIKV-infected cells, the
distribution of PSME2 (green) was considerably less diffuse than in uninfected cells.
Instead, PSME?2 localized to a perinuclear site in CHIKV-infected cells, most likely the
ER. To determine whether PSMEZ2 localizes to the ER during CHIKV infection, CHIKV
cells infected could be stained with antibodies specific for PSME2 and an ER marker,
such as protein disulfide isomerase (PDI) or ER tracker. Colocalization could be
determined using confocal microscopy or higher-resolution techniques like structured
illumination microscopy (SIM). If these techniques reveal colocalization of PSME2 with
CHIKYV proteins, PSME2 and individual CHIKV proteins could be co-
immunoprecipitated to assess whether these proteins directly interact. If PSME2 co-
immunoprecipitates CHIKV proteins, mutant constructs of PSME2 and CHIKYV proteins

could be expressed in cells to determine sequences required for these interactions.
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Figure VI-5. Localization of PSMEZ2 is altered in CHIKV-infected cells. U-2 OS cells
were adsorbed with CHIKYV strain 181/25 at an MOI of 1 PFU/cell for 1 h at 37°C. At6 h
postinfection, cells were fixed in formalin and stained for CHIKV (red) and PSME2
(green). Nuclei were detected with TOPRO (blue). Cells were imaged by confocal
microscopy. Single images from a Z-stack are shown. Inset depicts enlarged area from
boxed region.
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Conclusions

The findings described in this thesis identify viral and host determinants of
CHIKYV infection and disease in the host. The future studies presented in this chapter will
elucidate the molecular mechanisms by which these determinants modulate CHIKV
infection in mammalian and mosquito cell culture and in vivo. Elucidation of these
mechanisms will enhance an understanding of CHIKV pathobiology and unveil new

approaches for mitigating CHIKYV disease.
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CHAPTER VII

MATERIALS AND METHODS

Cells, Chemical Inhibitors, Antibodies, Plasmids, and siRNAs

Vero cells (ATCC CCL-81) and baby hamster kidney cells (BHK-21; ATCC
CCL-10) were maintained in alpha-minimal essential medium (eMEM; Gibco)
supplemented to contain either 5% fetal bovine serum (FBS; Gibco) or 10% FBS and
10% tryptose phosphate (TP; Sigma), respectively. MRC-5 cells (ATCC CCL-171) were
maintained in aMEM supplemented to contain 10% FBS. HeLa cells were maintained in
Dulbecco’s modified Eagle’s medium (DMEM) supplemented to contain 10% FBS.
Human brain microvascular endothelial cells (HBMECs) were provided by Kwang Sik
Kim (Johns Hopkins University) and maintained in RPMI 1640 medium supplemented to
contain 10% FBS, 10% NuSerum (BD Biosciences), nonessential amino acids (Sigma), 1
mM sodium pyruvate, and MEM vitamins (Mediatech). L929 cells were maintained in
Joklik’s minimum essential medium supplemented to contain 10% FBS. NIH 3T3 cells
were provided by John V. Williams (Vanderbilt University) and maintained in DMEM
supplemented to contain 10% FBS. Aedes albopictus clone C6/36 cells (ATCC CRL-
1660) were maintained in Leibovitz’s L-15 medium (Gibco) supplemented to contain
10% FBS and 10% TP. CHO-K1 and CHO-pgsA745 cells (174) were provided by
Benhur Lee (Mount Sinai School of Medicine) and maintained in F-12 Nutrient Mixture
(Gibco) supplemented to contain 10% FBS. U-2 OS cells (ATCC HTB-96) were

maintained in McCoy’s SA medium (Gibco) supplemented to contain 10% FBS. Primary
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human synovial fibroblasts (HSFs) were provided by James W. Thomas (Vanderbilt
University) and maintained in RPMI 1640 medium with 25 mM HEPES (Gibco)
supplemented to contain 20% FBS (175). ST2 cells were provided by Julie A. Sterling
(Vanderbilt University) and maintained in RPMI 1640 medium with 25 mM HEPES
supplemented to contain 10% FBS. C2C12 cells were provided by David M. Bader
(Vanderbilt University) and maintained in DMEM supplemented to contain 10% FBS.
All media for cell maintenance were supplemented to contain 2 mM L-glutamine
(Gibco), 100 U/ml of penicillin, 100 pg/ml of streptomycin (Gibco), and 25 ng/ml of
amphotericin B (Sigma).

Bafilomycin Al (Sigma), digoxin (Sigma), 5-nonyloxytryptamine oxalate (5-NT;
Tocris), ouabain octahydrate (Ouabain; Sigma), and staurosporine (STS; Cell Signaling
Technology) were resuspended in DMSO. Polyclonal antisera obtained from ATCC were
used for CHIKV (VR-1241AF), RRV (VR-1246AF), and SINV (VR-1248AF) infectivity
assays. CHIKV E2-specific monoclonal antibodies (mAbs) CHK-152 and CHK 48-G8
were provided by Michael Diamond (Washington University) and used for CHIKV
binding assays. Reovirus-specific polyclonal antiserum (176) was used for reovirus
infectivity assays. PSME2-specific mAb (Abcam) and B-actin-specific polyclonal
antibody (Santa Cruz) were used for indirect immunofluorescence and immunoblot
analysis. Human and murine ATP1A1 and ATP1A3 plasmids encoding the al and a3
isoforms of the sodium-potassium ATPase were provided by David Cortez (Vanderbilt
University). 6VoC, Allstars, luciferase, STATL, and individual PSME2 siRNAs were

obtained from Qiagen. PSMA2, PSME2, and PSMF1 pooled siRNAs were obtained from
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the Dharmacon siGENOME® SMARTpool® Human siRNA Library (GE Healthcare

Life Sciences).

Generation of CHIKYV Infectious Clone Plasmids

CHIKYV strain 181/25 was provided by Robert Tesh (University of Texas Medical
Branch). Viral RNA was isolated from a plaque-purified isolate, and cDNA was
generated using reverse transcriptase-polymerase chain reaction (RT-PCR) with random
hexamers. Overlapping fragments were amplified, cloned into pCR2.1 TOPO
(Invitrogen), and sequenced. The 5’ untranslated region was sequenced using 5' rapid
amplification of cDNA ends. Using the sequence data obtained, along with the 3’
untranslated region (UTR) sequence determined previously (Ann Powers, personal
communication), and the polyA sequence from strain SL15649, the infectious clone
(181/25ic, Figure VI1-1) was synthesized by GenScript (Piscataway, NJ) in four
fragments (CHIKYV vaccine strain [CV/VS] 1-4). Each fragment was synthesized in the
same parental plasmid (pUC57) and assembled using endogenous restriction sites unique
to the CHIKYV genome. The assembled genome was subcloned into a low-copy-number
plasmid (pSinRep5) to maintain genome stability in bacteria. The CHIKV strain SL15649
infectious clone was provided by Mark Heise (University of North Carolina at Chapel

Hill) (57).

Site-Directed Mutagenesis
Amino acid substitutions (nsP1 I301T, E2 112T, E2 R82G, 6K P42C, and E1

V404A) were engineered individually or in combination by site-directed mutagenesis of
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the 181/25 infectious clone plasmid using KOD Hot Start DNA Polymerase (Novagen).
All five amino acid substitutions were introduced into the 181/25 plasmid to generate the
AF15561 infectious clone plasmid. Reciprocal amino acid substitutions (nsP1 T301l, E2
T121, E2 G82R, 6K C42P, and E1 A404V) also were generated individually or in
combination in the AF15561 infectious clone plasmid. cDNA from each clone was

sequenced to verify that only the desired mutations were introduced.

Biosafety
Experiments involving the generation and testing of CHIKV SL15649 replicon
particles and replication-competent CHIKV were conducted in a certified biological
safety level 3 (BSL3) facility in biological safety cabinets with protocols approved by the
Vanderbilt University Department of Environment, Health, and Safety and the VVanderbilt

Institutional Safety Committee.

Generation of CHIKYV Stocks
Infectious clone plasmids were linearized with Notl restriction enzyme and
transcribed in vitro using mMessage mMachine SP6 transcription kits (Ambion). BHK-
21 cells were electroporated with viral RNA and incubated at 37°C for 24 h. Supernatants
containing progeny virus were collected from electroporated cells and stored at -80°C. In
some cases, viral particles were purified by ultracentrifugation of supernatants through a
20% sucrose cushion in TNE buffer (50 mM Tris-HCI [pH 7.2], 0.1 M NaCl, and 1 mM

EDTA) at ~115,000 x g in a Beckman 32Ti rotor. Virus pellets were resuspended in

145



virus diluent buffer (VDB; RPMI medium with 25 mM HEPES and 1% FBS) and stored

at -80°C. Viral titers were determined by plaque assay using Vero cells.
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Figure VII-1. Schematic of CHIKV 181/25 infectious cDNA clone and cloning
strategy. The genome of strain 181/25 was synthesized in fragments within the same
parental vector (pUC57). Endogenous restriction sites flank each genome fragment and
facilitate the generation of the intact infectious cDNA clone. The Notl site allows
linearization of the 181/25ic plasmid encoding the full-length genome for in vitro
transcription.
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CHIKYV Infectivity Assay

Vero, C6/36, CHO-K1, or CHO-pgsA745 cells seeded onto no. 2 glass coverslips
(VWR) in 24-well or 96-well plates (Costar) were adsorbed with CHIKYV strains in VDB
at a multiplicity of infection (MOI) of 1 (Vero and C6/36) or 10 (CHO-K1 and CHO-
pgsA745) plaque forming units (PFU)/cell at 37°C (Vero, CHO-K1, and CHO-pgsA745)
or 28°C (C6/36) for 1 h. The inoculum was removed, complete medium was added, and
cells were incubated at 37°C or 30°C for an additional hour. Medium was then
supplemented to contain 20 mM ammonium chloride to prevent subsequent cycles of
infection. After 24 h, cells were fixed with ice-cold 100% methanol, washed with
phosphate-buffered saline (PBS), and incubated with PBS containing 5% FBS and 0.1%
Triton X-100 (TX) at room temperature for 1 h. Cells were incubated with CHIKV-
specific polyclonal antiserum (1:1500) in PBS with FBS and TX at 4°C overnight. Cells
were washed three times with PBS and incubated with Alexa Fluor 488-labeled anti-
mouse 1gG (1:1000) in PBS with FBS and TX at room temperature for 2 h. Cells also
were incubated with 4',6-diamidino-2-phenylindole (DAPI; Invitrogen) to stain nuclei.
Cells and nuclei were visualized by indirect immunofluorescence using an Axiovert 200
fluorescence microscope (Zeiss). CHIKV-positive cells were enumerated in three fields
of view containing at least 100 cells per field of view for triplicate samples. For some
experiments, cells were visualized using an ImageXpress Micro XL imaging system
(Molecular Devices) at the Vanderbilt High-Throughput Screening Facility. Total and
CHIKV-infected cells were quantified using MetaXpress software (Molecular Devices)

in four fields of view containing at least 100 cells per field of view for triplicate samples.
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Percent infectivity was determined by dividing the number of CHIKV-infected cells by
the total number of cells per field.

For testing of chemical inhibitors, U-2 OS, HSF, ST2, and C6/36 cells seeded in
96-well plates (Costar) were adsorbed with CHIKYV strains in VDB at an MOI of 5
PFU/cell at 37°C (U-2 OS, HSF, and ST2) or 28°C (C6/36) for 1 h. The inoculum was
removed, complete medium containing DMSO or inhibitor was added, and cells were
incubated at 37°C or 28°C for an additional 5 h. After incubation, cells were fixed, and
CHIKV-infected cells were detected by indirect immunofluorescence using an
ImageXpress Micro XL imaging system. Total and CHIKV-infected cells were quantified
using MetaXpress software in four fields of view containing at least 100 cells per field of
view for triplicate samples. Percent infectivity was determined by dividing the number of

CHIKV-infected cells by the total number of cells per field.

Assessment of CHIKYV Replication by Plaque Assay
Vero or C6/36 cells were adsorbed with CHIKV strains in VDB at an MOI of
0.01 PFU/cell at 37°C (Vero) or 28°C (C6/36) for 1 h. The inoculum was removed, cells
were washed with PBS, and complete medium was added. After incubation at 37°C or
28°C for various intervals, 10% of the cell supernatant was collected and replaced with
fresh medium. Viral titers in culture supernatants were determined by plaque assay using

Vero cells.

149



Real-Time Quantitative RT-PCR

RNA was isolated using a PureLink RNA minikit (Life Technologies). The
number of viral genomes/ml for each virus stock was quantified using the gScript XLT
One-step RT-gPCR ToughMix kit (Quanta Biosciences) as described (99). CHIKV
sequence-specific forward (CHIK Vfor: 874 5°-AAAGGGCAAGCTTAGCTTCAC-3’)
and reverse (CHIK Vrev: 961 5> GCCTGGGCTCATCGTTATTC-3’) primers were used
with an internal fluorogenic probe (CHIK Vprobe: 899 5'-6-carboxyfluorescein [dFAM]-
CGCTGTGATACAGTGGTTTCGTGTG-black hole quencher [BHQ]-3'; Biosearch
Technologies). To relate Ct values to copies of genomic RNA, standard curves were
generated from ten-fold dilutions, from 10 to 10 copies, of in vitro-transcribed genomic

181/25 RNA.

CHIKYV Binding Assay

Vero cells were adsorbed in suspension with 3 x 10*° genomes of various virus
strains in VDB at 4°C for 30 min. Cells were washed with incomplete medium and PBS
and fixed in PBS with 1% electron microscopy (EM)-grade paraformaldehyde (Electron
Microscopy Sciences). Cells were washed with fluorescence-activated cell sorting
(FACS) buffer (PBS with 2% FBS) and incubated with CHIKV E2-specific mAb CHK-
152 (1:1000) in FACS buffer at 4°C for 30 min. Cells were incubated with Alexa Fluor
488-labeled anti-mouse 1gG (1:1000) in FACS buffer at 4°C for 30 min and analyzed
using a BD LSRII flow cytometer. Cell staining was quantified using FlowJo software

(Tree Star).
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Inhibition of CHIKYV Infection with Soluble Glycosaminoglycans
Virus was pretreated with soluble heparin (Sigma) or bovine serum albumin (BSA;
Sigma) at 4°C for 30 min. Vero cells were adsorbed with pretreated virus strains at an
MOI of 1 PFU/cell at 37°C for 2 h. The inoculum was removed, and complete medium
supplemented to contain 20 mM ammonium chloride was added to prevent subsequent
cycles of infection. After incubation at 37°C for 24 h, cells were fixed and incubated with
CHIKYV-specific polyclonal antiserum and DAPI to detect nuclei. Infection was scored by
indirect immunofluorescence. CHIKV-positive cells were enumerated in three fields of
view containing at least 100 cells per field of view for triplicate samples and normalized

to total cells per field.

Heparin-Agarose Binding Assay
Heparin-conjugated or unconjugated agarose beads were incubated with 5 x 10°

genomes of various virus strains at 4°C for 30 min as described (99). Beads were washed
with VDB containing 0.02% Tween 20, and beads or input virus were resuspended in
sample buffer (50 mM Tris-HCI [pH 6.8], 2% [wt/vol] sodium dodecyl sulfate [SDS], 1%
-mercaptoethanol, 10% [vol/vol] glycerol, 0.04% [wt/vol] bromophenol blue) and boiled
for 10 min. Samples were resolved by SDS-polyacrylamide gel electrophoresis (PAGE)
in 10% polyacrylamide gels (Bio-Rad) and transferred to an Immun-Blot polyvinylidene
difluoride (PVDF) membrane (Bio-Rad). Membranes were incubated with Tris-buffered
saline (TBS) containing 5% milk at room temperature for 1 h followed by incubation
with CHIKV-specific mAb CHK 48-G8 (1:2000) in TBS with 0.1% Tween 20 (TBS-T)

at 4°C overnight. Membranes were washed three times with TBS-T and incubated with
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IRDye 750 CW-labeled goat anti-mouse 1gG (1:5000; LI-COR) in TBS-T at room
temperature for 2 h. Membranes were washed three times with TBS-T and once with

TBS. CHIKV-specific signal was detected using an Odyssey imaging system (LI-COR).

Infection of Mice

C57BL/6J mice were obtained from The Jackson Laboratory to establish breeding
colonies. Mice (20-22 day old) were inoculated in the left rear footpad with 10° PFU of
virus in PBS containing 1% bovine calf serum (BCS) in a 10 pl volume. Mock-infected
animals received diluent alone. Mice were monitored for clinical signs of disease and
weighed at 24-h intervals. At various intervals following infection, mice were euthanized
by isoflurane overdose, blood was collected by cardiac puncture, and mice were perfused
by intracardiac injection of PBS. Swelling of the feet was quantified using calipers. For
analysis of viral replication, tissues were collected in PBS containing BCS, weighed,
homogenized with a MagNA Lyser (Roche), and stored at -80°C. Viral titers in tissue
homogenates were determined by plaque assay using BHK-21 cells. For RNA analysis,
tissues were collected and homogenized in TRIzol Reagent (Life Technologies).

In Chapter IV, mice were inoculated subcutaneously in the left rear footpad with
10° PFU of SL15649 and treated on the day prior to infection and thereafter for 2 days
with 40 pug of digoxin diluted in PBS containing 1% BCS by intraperitoneal injection.
Tissues were harvested at 2 days postinoculation, and viral titers were determined by

plaque assay using BHK-21 cells.
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Animal husbandry and experiments were performed in accordance with all
University of Colorado School of Medicine Institutional Animal Care and Use

Committee guidelines. All mouse studies were performed using BSL3 conditions.

Histological Analysis

At day 7 postinoculation, mice were euthanized and perfused by intracardiac
injection of 4% paraformaldehyde (PFA, pH 7.3). Tissues were resected and incubated in
PFA at 4°C for at least 72 h. Fixed tissues were embedded in paraffin, and 5-um sections
were stained with hematoxylin and eosin (H&E) to assess histopathologic changes.
Tissues were scored by an observer blinded to the conditions of the experiments for the
presence, distribution, and severity of histologic lesions. For all tissue changes, the
following scoring system was used: 0, no lesions; 1, minimal, 0-24% of tissue affected; 2,
mild, 25-49% of tissue affected; 3, moderate, 50-75% of tissue affected; 4, marked, >75%

of tissue affected.

Analysis of Sequence Reversion
RNA was isolated using a PureLink RNA minikit (Life Technologies). cDNA was
generated using the Superscriptlll First Strand kit (Life Technologies) with random
hexamers and used for PCR amplification by KOD polymerase (Novagen) with CHIKV
E2 sequence-specific forward (CHIKVE2for: 8336 5°-
GGGCCGAAGAGTGGAGTCTT-3’) and reverse (CHIKVE2rev: 9089 5’

GACACCCCTGATCGCACATT-3’) primers. Amplicons were cloned into pCR2.1
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TOPO (Life Technologies) and sequenced over the mutagenized region of the E2 open-

reading frame.

Generation of CHIKYV Replicon Particles

A three-plasmid replicon system was used to generate CHIKV SL15649 replicon
particles. Plasmids encoding CHIKV nonstructural proteins and eGFP, capsid protein,
and the envelope glycoproteins (E3-E1) were linearized and transcribed in vitro using
mMessage mMachine SP6 transcription kits (Ambion). BHK-21 cells were
electroporated with viral RNAs generated from the three plasmids and incubated at 37°C
for 24 h. Supernatants containing replicon particles were collected from electroporated
cells, clarified by centrifugation, and stored at -80°C. Replicon particles were tested for
propagation-competent recombinant virus by serial passage of replicon stocks on
monolayers of Vero cells. Stocks were removed from the BSL3 laboratory only if

cytopathic effect (CPE) was not detected 72 h after the second passage.

High-Throughput Screening of NIH Clinical Collection
U-2 OS cells seeded in 384-well plates were treated DMSO, 100 nM bafilomycin
Al, or compounds from the NIH Clinical Collection (NCC) at a concentration of 1 uM
using a Bravo Automated Liquid Handling Platform (Velocity 11/Agilent) and incubated
at 37°C for 1 h. CHIKV SL15649 eGFP-expressing replicon particles were inoculated
into wells at an MOI of 5 infectious units (IU)/cell and incubated at 37°C for 20-24 h.
Medium was aspirated using an ELx405® Microplate Washer (Biotek), and cells were

stained with Hoechst dye using a Multidrop® Combi Reagent Dispenser to stain nuclei.
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Cells and nuclei were visualized by indirect immunofluorescence using an ImageXpress
Micro XL imaging system. Total cells, infected cells, and GFP intensity were quantified
using MetaXpress software in two fields of view per compound. The plate median and
median absolute deviation (MAD) were calculated for each well and used to calculate
robust Z scores with the following equation: Z score = (log[percent infection]-
logz[median])/(log2[MAD] x 1.486). Candidates were considered positive if the robust Z

score was < -2 or > 2 in at least two of three independent replicates.

Assessment of Cell Viability
U-2 OS cells seeded in 60-mm dishes were incubated with DMSO, STS as an inducer of
apoptosis, or digoxin at increasing concentrations at 37°C for 6 h. Cells were washed
with FACS buffer and stained with propidium iodide (PI; Sigma). Cell staining was
quantified using a BD LSRII flow cytometer and FlowJo software (Tree Star).
Alternatively, U-2 OS cells, HSFs, and Vero cells seeded in 96-well plates were
incubated with DMSO, STS, or digoxin at increasing concentrations at 37°C for 6 h.
PrestoBlue® reagent (Molecular Probes) was added to supernatants of compound-treated
cells, and cells were incubated at 37°C for 30 min. Fluorescence as a surrogate for cell

viability was quantified using a Synergy H1 plate reader (BioTek).

Generation of RRV and SINV Stocks
Plasmids containing the full-length cDNA sequences of RRV strain T48 (pRR64)
and SINV strain AR339 (pTRSB) were provided by Richard Kuhn (Kuhn et al, Virology,

1991) and Robert Johnson (Polo et al, J. Virol., 1988), respectively, and were generated
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as described (177, 178). RRV and SINV infectious clone plasmids were linearized with
Sacl and Xhol restriction enzymes, respectively, and transcribed in vitro using mMessage
mMachine SP6 transcription kits. BHK-21 cells were electroporated with viral RNA and
incubated at 37°C for 24 h. Supernatants containing progeny virus were collected from

electroporated cells, clarified by centrifugation, and stored at -80°C.

RRV and SINV Infectivity Assay

Vehicle or compound-treated U-2 OS cells seeded in 96-well plates (Costar) were
adsorbed with RRV or SINV in VDB at an MOI of 10 or 5 PFU/cell, respectively, at
37°C for 1 h. The inoculum was removed, complete medium containing DMSO or
compound was added, and cells were incubated at 37°C for an additional 5 h. Cells were
fixed with ice-cold 100% methanol, washed with PBS, and incubated with PBS
containing 5% FBS and 0.1% TX at room temperature for 1 h. Cells were incubated with
RRV or SINV-specific polyclonal antiserum (1:1500) in PBS with FBS and TX at 4°C
overnight. Cells were washed three times with PBS and incubated with Alexa Fluor 488-
labeled anti-mouse IgG (1:1000) in PBS with FBS and TX at room temperature for 2 h.
Cells also were incubated with DAPI to stain nuclei. Cells and nuclei were visualized by
indirect immunofluorescence using an ImageXpress Micro XL imaging system. Percent
infectivity was determined by dividing the number of virus-infected cells by the total

number of cells per field.
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Generation of Reovirus Virions and ISVPs
Reovirus strain T1L M1 P208S (179) was generated using plasmid-based reverse
genetics (180). Purified virions were prepared as described (181). Reovirus particle
concentration was determined from the equivalence of 1 unit of optical density at 260 nm
to 2.1 x 10* particles (182). Viral titers were determined by plaque assay using L929
cells (180). ISVPs were generated by treating particles with a-chymotrypsin (Sigma) as

described (183).

Reovirus Infectivity Assay

Vehicle or compound-treated HBMECs seeded in 96-well plates (Costar) were
adsorbed with reovirus virions or ISVPs at an MOI of 1500 particles/cell at room
temperature for 1 h. The inoculum was removed, and cells were washed with PBS and
incubated with medium containing DMSO or compound at 37°C for 20 h. After
incubation, cells were fixed with ice-cold 100% methanol, washed with PBS, and
incubated with PBS containing 5% BSA at room temperature for 15 min. Cells were
incubated with reovirus-specific polyclonal antiserum (1:1000) in PBS with 0.5% TX at
37°C for 30 min. Cells were washed three times with PBS and incubated with Alexa
Fluor 488-labeled anti-rabbit 1gG (1:1000) in PBS with 0.5% TX at 37°C for 30 min.
Cells also were incubated with DAPI to stain nuclei. Cells and nuclei were visualized by
indirect immunofluorescence using an ImageXpress Micro XL imaging system. Percent
infectivity was determined by dividing the number of virus-infected cells by the total

number of cells per field.

157



RNA Electroporation Bypass of Virus Entry

U-2 OS cells pretreated with DMSO or inhibitor were removed from the culture
dish, washed with PBS, and resuspended to a final concentration of 10 cells/ml. Cells
were incubated with CHIKV SL15649 at an MOI of 0.01 PFU/cell at 37°C or
electroporated with SL15649 RNA generated in vitro. Infected or electroporated cells
were seeded into 24-well plates in complete medium or in medium containing DMSO or
inhibitor. After incubation at 37°C for various intervals, 10% of the cell supernatant was
collected and replaced with fresh medium. Viral titers in culture supernatants were

determined by plaque assay using Vero cells.

Transient Transfections

In Chapter IV, U-2 OS cells seeded in 96-well plates were transfected with
plasmids encoding human and murine ol and o3 isoforms of the sodium-potassium
ATPase using FUGENE 6 transfection reagent (Roche) according to the manufacturer’s
instructions. At 24 h post-transfection, cells were adsorbed with CHIKYV strain 181/25
and infection was quantified by indirect immunofluorescence.

In Chapter V, U-2 OS cells or HBMECs were transfected with 10 nM nonspecific
SIRNA, 6V,C-specific SiRNA, or PSME2-specific single or pooled siRNAs using
Lipofectamine RNAI Max transfection reagent (Invitrogen) according to the
manufacturer’s instructions. At 48 h post-transfection, cells were harvested for
determination of MRNA and protein levels or adsorbed with CHIKYV strains. Infection
was quantified by indirect immunofluorescence, and production of progeny virus was

quantified by plaque assay.
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Expression of Gene Transcripts by RT-PCR

In Chapter IV, RNA was isolated from U-2 OS and ST2 cells treated with 1 pM
digoxin or infected with CHIKV 181/25 at an MOI of 5 PFU/cell for various intervals
using a PureLink RNA minikit. cDNA was generated using the Superscriptlll First
Strand kit with random hexamers and used for PCR amplification by KOD polymerase
with primers specific for the al and a3 isoforms of the sodium-potassium ATPase and
GAPDH (Table VII-1). Reaction products were resolved by electrophoresis in 1%
agarose gels (Life Technologies).

In Chapter VV, RNA was isolated from U-2 OS cells and HBMECs that were
untransfected or transfected with nonspecific (luciferase) SIRNA or siRNAs specific for
PSMAZ2, PSME2, or PSMF1. cDNA was generated and used for PCR amplification with

primers specific for GAPDH, PSMA2, PSMEZ2, and PSMFL1 (Table VII-1).
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Table VII-1. Primer sequences used to detect expression of gene transcripts.

Gene Species Forward Primer Reverse Primer
ATPIAL | Human CTG TGG ATT GGA GCG ACC AGT GAG CGA GGA
ATTCTT GTTAT
CCT GGA TGA ACT CCA TAGCACTTCGGATGCCAT
ATP1A1 Mouse TCG TAA A AAG
GAG GTC TGC CGG AAA GAG AAG CAG CCAGTG
ATP1A3 | Human TAC AA ATG AT
CAG GGT CTG ACACAC CAC TAT GCC CAG GTA
ATPIA3 | Mouse | AT AAA G CAG ATT G
GAPDH Human/ | CCC ATC ACCATCTTC ATG ACCTTG CCC ACA
mouse | CAG GCC
PSMA2 Human TGT GTA CCA AGA ACC CCTCTGTCATTT GCC
CAT TCC CTT CA
PSME?2 Human GCA AGAGGACTCCCT CTTCTG GCT TAA CCA
CAATGT GGG CA
PSMF1 Human GTG GTG ACA CACGGT GAA GCT CCT CACTGT
TACTT TCT TGT
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Identification of Digoxin-Resistant Mutations

CHIKYV strains SL15649 and 181/25 were passaged serially in U-2 OS cells in the
presence of DMSO or digoxin to select drug-resistant mutant viruses. U-2 OS cells
seeded in T25 flasks were adsorbed with CHIKV SL15649 or 181/25 at an MOI of 0.01
PFU/cell in VDB at 37°C for 1 h. Virus was removed, and complete medium containing
either DMSO or 100 nM digoxin was added to cells. Cells were incubated at 37°C for 48-
72 h or until CPE was comparable between DMSO- and digoxin-treated cells. Cell
culture supernatants were harvested, and 20% was used to inoculate a fresh flask of U-2
OS cells. The remaining supernatant was stored at -80°C. The digoxin concentration was
increased when CPE developed with similar kinetics between DMSO- and digoxin-
treated cells. Viruses were passaged in this manner until the digoxin concentration
required to inhibit CPE production was 5 times the ECs for the drug in U-2 OS cells.
Titers of cell-culture supernatants at each passage were determined by plagque assay using
Vero cells. Cell-culture supernatants were tested for infection in digoxin-treated U-2 OS
cells. RNA was isolated from cell-culture supernatants using a PureLink RNA minikit.
cDNA was generated using the Superscriptlll First Strand kit with random hexamers and
subjected to PCR amplification using KOD polymerase with CHIKV-specific primer sets
to enable amplification of the entire viral genome (Table VI1-2). Amplicons were cloned
into pCR2.1 TOPO and sequenced. Candidate mutations for digoxin-resistance were
identified as polymorphic residues in virus stocks passaged in the presence of digoxin

compared with those passaged in the presence of DMSO.
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Table VII-2. Primers used for sequencing of CHIKYV strain SL15649.

Genome Region
(Approximate)

Forward Primer

Reverse Primer

1-809 igg AGACACACGTAG CCT | 116 cGT CAG GTC TGT TGA AC
455-1300 égA CAGAGAGCAGACGTC | 11 ACT GAA GGC TTG GGC G
1032-1900 | ATG ACC GGC ATC CTT GCT AC | ACG TCT TCA CTT GCT CCG CT
15300515 | ACT GCCCAACTAACAGAC | CGG TGC TGA TTT CTT GGC

CAC GTC G AGT TTT C
2239-3104 gge GAAAGAAAG AAAACT | 106 Acc TCC CAC TCC TTA AT
TCA GAG CAC GTC AAC GTA | TTA GTA GGC AGT GCA AGG
2827-3700
cT TT
3442-4307 gﬁc ACT CAT TAG TGG CCG TTT GCG GTT CCT ACT GGT GT
4028-4956 | GTT ACC GGG TGACGG TGTT | TGC ATC ATC CAC CGG GCA TT
s6s5.5045 | ACAGAG GCC AAT GAG CAA | GTA CTC GGT GGT GCC TGA
GT AG
5247-6100 éﬁg CTGACTGTGACATGT | AT CAT TAC ATG CTG CCA CT
5840-6760 | CGG ACT ACA TAT CCG GCG | CCC ACA TAG GTA TGC TGT CG
6424-7300 ,iég GATGTACCAATGGAT | cAA GCT GTT CCT GTC ACA GT
7004-7921 I&g ATGAACATG GAAGTG | con 17T TCA TGC ACA TCC TC
7656-8530 gie TACCCCAACAGAAGC | o1 AGG GTT TCC TCC GGT TC
GGG CCG AAG AGT GGA GTC | AAT GTG CGA TCA GGG GTG
8280-9136
T TC
8894-9720 | CAC CCA TTT CAC CAC GAC CC ggA TAC CCA CCATCG ACA
045210300 | GAG GTCACG TGG GGC AAC | ATG GGT AGA CGC CGG TGA
AA AG
10093-10920 | TCG CTT GAT TAC ATC ACG TG ggA CAT GTC CGT TAA AGA
10601-11520 EC;G CTAAAAGAACGC GGG | st 16C GTA GCC CTT TGA TC
AAT TAA GTA TGA AGG TAT | GCG CGC TTT TTT TTT TTT TT1
11239-12039 ATG TG TTITTTTTTG
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High-Throughput RNAI Screening

Lipofectamine® RNAIMAX (Life Technologies) was incubated in McCoy’s 5A
medium at room temperature for 5 min and dispensed into 384-well plates containing
either nonspecific (Luciferase), control (6VoC, or STAT1), or pooled siRNAs from the
Dharmacon ON-TARGETplus® SMARTpool® Human siRNA Library (GE Healthcare
Life Sciences). After 15 min, U-2 OS cells were added to wells and incubated at 37°C for
48 h. Transfection reagent and cells were dispensed using a MultiFlo Microplate
Dispenser (Biotek). Medium was removed using a Bravo Automated Liquid Handling
Platform, and CHIKV SL15649 eGFP-expressing replicon particles were inoculated into
wells at an MOI of 5 1U/cell using a Multidrop® Combi Reagent Dispenser (Thermo
Scientific) and incubated at 37°C for 18-24 h. Medium was aspirated using an ELx405®
Microplate Washer (Biotek), and cells were stained with Hoechst dye using a Multidrop®
Combi Reagent Dispenser to stain nuclei. Cells and nuclei were visualized by indirect
immunofluorescence using an ImageXpress Micro XL imaging system. Total cells,
infected cells, and GFP intensity were quantified using MetaXpress software in two fields
of view per siRNA pool. The plate median and median absolute deviation (MAD) were
calculated for each well and used to calculate robust Z scores with the following

equation: Z score = (log[percent infection]-log,[median])/(log,[MAD] x 1.486).

Immunoblotting for PSME2
Total cell lysates of U-2 OS cells transfected with nonspecific or PSME2-specific
siRNAs were resolved by SDS-PAGE in 10% polyacrylamide gels and transferred to an

Immun-Blot PVDF membrane. Membranes were incubated with TBS containing 5%
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milk at room temperature for 1 h followed by incubation with PSME2-specific mAb
(1:2000) in TBS with 0.1% Tween 20 (TBS-T) at 4°C overnight. Membranes were
washed three times with TBS-T and incubated with IRDye 750 CW-labeled goat anti-
mouse IgG (1:5000; LI-COR) in TBS-T at room temperature for 2 h. Membranes were
washed three times with TBS-T and once with TBS, and CHIKV-specific signal was

detected using an Odyssey imaging system (LI-COR).

Confocal Microscopy of CHIKV-Infected Cells

U-2 OS cells seeded onto no. 2 glass coverslips (VWR) in 24-well plates were
adsorbed with CHIKYV strain 181/25 in VDB at an MOI of 1 PFU/cell at 37°C for 1 h.
Virus was removed, and cells were incubated in complete medium for 5 h. Cells were
washed with PBS, fixed with 10% formalin, and quenched with 0.1 M glycine. Cells
were incubated with 1% TX for 5 min and PBS-BGT (PBS, 0.5% BSA, 0.1% glycine,
0.05% Tween 20) for 10 min. Cells were incubated with PSME2-specific monoclonal
antiserum (1:500) and CHIKV-specific polyclonal antiserum (1:1500) in PBS-BGT for 1
h, washed with PBS-BGT, and incubated with Alexa Fluor 488 1gG and Alexa Fluor 546
IgG (1:1000) in PBS-BGT for 1 h. Nuclei were visualized by incubating cells with TO-
PRO-3 stain (Invitrogen) conjugated to Alexa Fluor 642 (1:1000) in PBS-BGT for 20
min. Cells were washed with PBS-BGT, and coverslips were placed on slides using
Aqua-Poly/Mount mounting medium (Polysciences, Inc.). Images were captured using a

Zeiss LSM 510 Meta laser scanning confocal microscope.
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Statistical Analysis
Mean values for at least duplicate experiments were compared using an unpaired
Student's t test, one-way analysis of variance (ANOVA) followed by Bonferroni or
Tukey post hoc test, or Kruskal-Wallis followed by Dunn’s post hoc test (GraphPad

Prism). P values of < 0.05 were considered to be statistically significant.
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ABSTRACT Mammalian reovirus binds to cell-surface glycans and junctional adhesion molecule A and enters cells by receptor-
mediated endocytosis in a process dependent on 1 integrin. Within the endocytic compartment, reovirus undergoes stepwise
disassembly, allowing release of the transcriptionally active viral core into the cytoplasm. To identify cellular mediators of reovi-
rus infectivity, we screened a library of small-molecule inhibitors for the capacity to block virus-induced cytotoxicity. In this
screen, reovirus-induced cell killing was dampened by several compounds known to impair microtubule dynamics. Microtubule
inhibitors were assessed for blockade of various stages of the reovirus life cycle. While these drugs did not alter reovirus cell at-
tachment or internalization, microtubule inhibitors diminished viral disassembly kinetics with a concomitant decrease in infec-
tivity. Reovirus virions colocalize with microtubules and microtubule motor dynein 1 during cell entry, and depolymerization of
microtubules results in intracellular aggregation of viral particles. These data indicate that functional microtubules are required
for proper sorting of reovirus virions following internalization and point to a new drug target for pathogens that use the endo-
cytic pathway to invade host cells.

IMPORTANCE Screening libraries of well-characterized drugs for antiviral activity enables the rapid characterization of host pro-
cesses required for viral infectivity and provides new therapeutic applications for established pharmaceuticals. Our finding that

microtubule-inhibiting drugs impair reovirus infection identifies a new cell-based antiviral target.
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he interplay between viruses and host cells regulates each step

of the virus-host encounter. Viral tropism is restricted by the
availability of cell-surface receptors and host molecules that pro-
mote viral internalization, replication, assembly, and release. Un-
derstanding the cellular components that underlie productive vi-
ral infection can illuminate new targets for development of
antiviral therapies, improve viral vector design, and enhance an
understanding of cellular processes at the pathogen-host inter-
face.

Mammalian orthoreovirus (called reoviruses here) are nonen-
veloped, double-stranded RNA viruses that are formed from two
concentric protein shells (1). Reoviruses infect most mammalian
species, and although most humans are exposed during child-
hood, infection seldom results in disease (1, 2). The reovirus ge-
nome can now be engineered using reverse genetics, leading to the
recovery of viable viruses with targeted alterations (3). Coupled
with the capacity to elicit mucosal immune responses (1, 4) and
natural attenuation in humans (1), this technology provides an
opportunity to develop reovirus as a vaccine vector. Moreover,
reovirus is currently being tested in clinical trials for efficacy as an
oncolytic agent against a variety of cancers (5).

Reovirus attaches to host cells via interactions with cell-surface
glycans (6, 7) and junctional adhesion molecule A (JAM-A) (8-
10). Following attachment to JAM-A, reovirus is internalized in a
Bl integrin-dependent manner via receptor-mediated endocyto-
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sis (11). Following internalization, reovirus activates Src kinase
(12) and traverses through early and late endosomes (13). In late
endosomes, virions undergo stepwise acid-dependent proteolytic
disassembly catalyzed by cysteine cathepsin proteases to form in-
fectious subvirion particles (ISVPs). ISVPs are characterized by
the loss of outer-capsid protein o3 and cleavage of outer-capsid
protein wl. The w1 cleavage fragments mediate endosomal mem-
brane penetration and release of the transcriptionally active viral
core into the cytoplasm (14-16). ISVPs also can be generated in
vitro by treatment of virions with a variety of proteases (14, 16).
These particles bind JAM-A to initiate infection but are thought to
penetrate at or near the cell surface (8, 17, 18), bypassing a require-
ment for acid-dependent proteolytic disassembly (16, 18). Host
factors that mediate internalization and endosomal transport of
reovirus virions are not completely understood.

Microtubules are long, filamentous protein polymers com-
posed of a-tubulin and B-tubulin heterodimers (19). These struc-
tures regulate a wide variety of cellular functions, including mito-
sis, maintenance of cell shape, and intracellular transport (19).
Posttranslational modifications of tubulin subunits and the inter-
action of microtubule-associated proteins with microtubules reg-
ulate polymerization dynamics (20). Because of the essential role
in cell division, microtubules are targets for several anticancer
chemotherapeutic agents (20, 21). For example, paclitaxel was
originally developed for use against ovarian cancer but also is used
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to treat other cancers, including metastatic breast cancer (20-22).
Vinca alkaloids, including vindesine sulfate, are used to treat non-
small-cell lung cancer, leukemia, lymphoma, and breast cancer
(20, 21, 23). Microtubule-inhibiting compounds are classified
into two groups based on whether the drug stabilizes or destabi-
lizes microtubules. Stabilizing agents, such as taxanes, enhance
microtubule polymerization, whereas destabilizing agents, such as
vinca alkaloids and colchicine, inhibit microtubule polymeriza-
tion by directly binding to microtubule subunits (20). Microtu-
bule motors are used for bidirectional transport of cargo (24).
Minus-end motors (dyneins) transport cargo toward the cell in-
terior, whereas plus-end motors (kinesins) move cargo toward the
cell periphery (24). It is not known whether microtubules or mi-
crotubule motors are required for reovirus entry.

In this study, we identified microtubule inhibitors in a high-
throughput screen of small molecules for blockade of reovirus-
mediated cell death. These drugs do not impede reovirus attach-
ment or internalization but delay the intracellular transport of
incoming virions, with a concomitant decrease in viral infectivity.
Diminished expression of the dynein 1 heavy chain by RNA inter-
ference (RNAi) decreases reovirus infection. These findings indi-
cate that reovirus uses microtubules and dynein 1 to efficiently
enter and infect host cells, providing a potential new therapeutic
option for viruses that penetrate deep into the endocytic pathway
to establish infection.

RESULTS

Identification of microtubule inhibitors using a high-
throughput small-molecule screen. To identify cellular factors
required for reovirus cytotoxicity, we performed a high-
throughput screen using small molecules from the NIH Clinical
Collection (NCC), a library that contains 446 compounds that
have been used in phase L, I, and III clinical trials in humans (see
Fig. S1A in the supplemental material). Small molecules in the
NCC were initially developed for use against a variety of diseases,
including central nervous system, cardiovascular, and gastrointes-
tinal malignancies, as well as numerous anti-infectives. HeLa S3
cells, which undergo cell death following reovirus infection (25),
were incubated with dimethyl sulfoxide (DMSO) (vehicle con-
trol), 10 uM cysteine-protease inhibitor E64-d as a positive con-
trol (26), or a 10 uM concentration of each of the compounds in
the NCC, adsorbed with cytopathic reovirus strain T3SA+ (6,27),
and incubated for 48 h. Cellular ATP levels were assessed as a
proxy for cell viability. Z scores were calculated to identify com-
pounds that significantly diminished reovirus-induced cell death
(see Table S1 in the supplemental material). Eleven compounds
had Zscores of greater than 2.0, with Z scores in this group ranging
from 2.758 to 8.444 (Fig. S1B). Interestingly, 5 of the 11 com-
pounds identified are drugs that influence microtubule stability
and function (20) (Fig. S1C). Microtubule-inhibiting compounds
constitute <1% of the total number of small molecules in the
NCC, suggesting that the large number of microtubule inhibitors
identified does not reflect bias within the screen. Thus, these data
suggest that functional microtubules are required for reovirus-
induced cytotoxicity.

Microtubule inhibitors diminish reovirus-mediated cell
death and infectivity. To verify that microtubule-inhibiting drugs
block cytotoxicity induced by reovirus, HeLa S3 cells were incu-
bated with DMSO, E64-d, or NH,Cl as positive controls, or in-
creasing concentrations of microtubule-inhibiting drugs for 1 h

2 mBio mbio.asm.org

prior to reovirus adsorption. Cell viability was assessed by quan-
tifying cellular ATP levels 48 h after adsorption (Fig. 1A). Similar
to the observations made using the NCC screen, we observed a
dose-dependent decrease in reovirus-mediated cytotoxicity with
increasing concentrations of microtubule-inhibiting compounds,
E64-d, or NH,CI. The observed inhibition was statistically signif-
icant at concentrations of 0.1 to 1.0 uM for all compounds tested
except for flubendazole, which inhibited at concentrations of 1.0
and 10 uM. These data confirm findings obtained from the small-
molecule screen and provide further evidence that microtubule
function is required for reovirus-induced cell death.

To determine whether microtubule function is required for
reovirus infectivity in epithelial and endothelial cells, we tested the
effect of microtubule-inhibiting compounds on reovirus infection
of CCL2 HelLa cells, HeLa S3 cells, and human brain microvascu-
lar endothelial cells (HBMECs). Both CCL2 and S3 HeLa cells are
highly susceptible to reovirus infection and have been used in
studies to understand cellular mediators of reovirus cell entry (12,
13). HBMECs are highly transfectable and provide a tractable
model cell line for studies of virus replication in endothelial cells
(28). Cells were treated with DMSO, E64-d, NH,CI, or increasing
concentrations of microtubule inhibitors for 1 h prior to adsorp-
tion with reovirus T3SA+, incubated in the presence of inhibitors,
and scored for infection by indirect immunofluorescence
(Fig. 1B). For all cell lines tested, treatment with vindesine sulfate
yielded a statistically significant decrease in infectivity. While col-
chicine and docetaxel also decreased infectivity in the cell types
tested, the effects were not as pronounced as those observed with
vindesine sulfate. Interestingly, among the compounds from the
NCC, we identified three vinca alkaloid compounds, vindesine
sulfate, vincristine sulfate, and vinorelbine bitartrate, that im-
paired reovirus-mediated cytotoxicity. These data suggest that
vinca alkaloids are more potent as anti-infectives against reovirus
than other microtubule-inhibiting agents. Together, these data
indicate that microtubule function is required for maximal reovi-
rus infectivity and reovirus-mediated cell killing.

Vindesine sulfate blocks reovirus replication at early times of
infection. To define the temporal window in which microtubule
inhibitors act to impair reovirus infection, CCL2 HeLa cells were
treated with DMSO, NH,CI, or 1 uM vindesine sulfate for 1 h
prior to reovirus adsorption or in 1-h increments up to 2 h post-
adsorption. Cells were then incubated in the presence or absence
of inhibitors and scored for infection by indirect immunofluores-
cence 20 h after adsorption (Fig. 2A). Since microtubules depoly-
merize at cold temperatures (29), virus was adsorbed at room
temperature to prevent microtubule depolymerization while also
allowing sufficient time for reovirus to attach to cells. For the
remainder of the descriptions of our studies, 0 min represents the
initiation of infection following adsorption at room temperature.
Vindesine sulfate treatment 1 h prior to or immediately following
adsorption substantially decreased reovirus infection. However,
addition of vindesine sulfate 1 h or more after adsorption de-
creased reovirus infection much less efficiently. These data indi-
cate that vindesine sulfate is most potent in diminishing reovirus
infection during the first hour of the infectious cycle, suggesting
that reovirus requires microtubule function during the interval
required for viral entry and uncoating. In addition, these findings
demonstrate that impairment of reovirus infection by vindesine
sulfate is not attributable to toxicity of the compound.

To determine whether vindesine sulfate impairs infection by
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FIG 1 Microtubule-inhibiting compounds diminish reovirus-mediated cytotoxicity and inhibit reovirus infectivity. (A) HeLa S3 cells were incubated with
DMSO, increasing concentrations of docetaxel, flubendazole, nocodazole, vindesine sulfate, colchicine, or NH,Cl, or 2 uM E64-d, adsorbed with T3SA+, and
incubated for 48 h. Cell viability was quantified using an ATP-dependent luminescence assay. Results are presented as total luminescence intensity values from
experiments performed in quadruplicate. Error bars indicate standard deviations. (B) CCL2 HeLa cells, HeLa S3 cells, or HBMECs were incubated with DMSO
or increasing concentrations of colchicine, docetaxel, vindesine sulfate, E64-d, or NH,Cl and adsorbed with T3SA+ at an MOI of either 5 PFU/cell for HeLa S3
cells and HBMECs or 1 PFU/cell for CCL2 HeLa cells. Cells were incubated in the presence of inhibitors for 20 h and scored for infection by indirect
immunofluorescence. Results are presented as percent mean fluorescence intensity compared with DMSO, normalized to cell number and background fluores-
cence, for quadruplicate experiments with CCL2 HeLa cells and triplicate experiments with HeLa S3 cells and HBMECs. Error bars indicate standard errors of
the mean. ***, P < 0.05 in comparison to DMSO by one-way ANOVA with Dunnett’s multiple-comparison test.

ISVPs, which bind JAM-A at the cell surface but do not require
intracellular transport for infection (8, 16-18), CCL2 HeLa cells
were treated with DMSO, 20 mM NH,Cl, or increasing concen-
trations of vindesine sulfate for 1 h, adsorbed with reovirus virions
or ISVPs, and scored for infection by indirect immunofluores-
cence 20 h after adsorption (Fig. 2B). As observed previously,
treatment of cells with NH,CI or vindesine sulfate diminished
infection following adsorption with virions. In contrast, treat-
ment of cells with NH,Cl or vindesine sulfate did not signifi-
cantly alter infection following adsorption with ISVPs. These
data indicate that vindesine sulfate blocks a step in reovirus repli-
cation following attachment to JAM-A but prior to viral protein
synthesis.

Microtubules are required for endocytic sorting of reovirus
during cell entry. To determine whether reovirus uses microtu-

July/August 2013 Volume 4 Issue 4 e00405-13

bule tracks during cell entry, CCL2 HeLa cells were treated with
DMSO or 1 uM vindesine sulfate for 1 h, adsorbed with reovirus,
and incubated for 0, 20, or 120 min. Cells were stained for reovirus
and a-tubulin and imaged using confocal microscopy (Fig. 3). In
DMSO-treated cells, virions were detected on microtubule tracks
at 0, 20, and 120 min, with an increasing number of particles
observed in the perinuclear area at 120 min. The perinuclear dis-
tribution of reovirus virions is consistent with access to late endo-
somes for disassembly by cathepsin proteases to allow productive
infection (13). In vindesine sulfate-treated cells, virions were as-
sociated with depolymerized microtubules at 0 and 20 min, but by
120 min, particles appeared to form clusters in the cytoplasm.
Treatment of HBMECs with vindesine sulfate also resulted in ag-
gregation of viral particles at 120 min postadsorption, although
the clusters were not as prominent as those observed in vindesine
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FIG 2 Vindesine sulfate blocks reovirus replication at early times of infection.
(A) CCL2 HelLa cells were incubated with DMSO, 20 mM NH,CI, or 1 uM
vindesine sulfate, adsorbed with T3SA+ at an MOI of 5 PFU/cell, and incu-
bated in the presence of inhibitors for 20 h. Alternatively, cells were incubated
with 1 uM vindesine sulfate immediately following adsorption or at 1-h inter-
vals after adsorption. Cells were scored for infection by indirect immunofluo-
rescence. (B) CCL2 HelLa cells were incubated with DMSO, NH,Cl, or vin-
desine sulfate, adsorbed with T3SA+ virions or ISVPs atan MOI of 1.63 X 103
particles/cell, and incubated in the presence of inhibitors for 20 h. Cells were
scored for infection by indirect immunofluorescence. Results are presented as
percent mean fluorescence intensity compared with DMSO, normalized to cell
number and background fluorescence, for triplicate experiments. ***, P <
0.05 in comparison to DMSO by one-way ANOVA with Dunnett’s multiple-
comparison test.

sulfate-treated CCL2 HeLa cells (data not shown). These observa-
tions suggest that depolymerization of microtubules by vindesine
sulfate leads to missorting of reovirus virions during cell entry.
Vindesine sulfate does not affect internalization of reovirus
into cells. Since depolymerization of microtubules impairs reovi-
rus intracellular transport and infectivity, we sought to determine
whether vindesine sulfate inhibits internalization of viral particles
from the cell surface. CCL2 HeLa cells were treated with DMSO or
1 uM vindesine sulfate for 1 h, adsorbed with Alexa 546-labeled
reovirus, and incubated for 0, 60, or 120 min. Cells were stained
for extracellular virus using reovirus-specific antiserum under
nonpermeabilizing conditions, and the ratio of extracellular to
internalized reovirus particles was quantified by flow cytometry
(Fig. 4A). Over the course of the infection, we observed a decrease

4 mBio mbio.asm.org

in extracellular virus in the presence and absence of vindesine
sulfate. These results suggest that vindesine sulfate does not sig-
nificantly impede internalization of reovirus, at least up to
120 min after adsorption. Consistent with this finding, vindesine
sulfate treatment did not diminish cell-surface expression of
JAM-A or B1 integrin (data not shown). These results suggest that
microtubule function is not required for reovirus attachment or
internalization.

Vindesine sulfate impairs reovirus access to intracellular
acidified compartments. To determine whether vindesine sulfate
alters transport of reovirus to acidified compartments during cell
entry, CCL2 HelLa cells were treated with DMSO or 1 uM vin-
desine sulfate for 1 h, adsorbed with reovirus labeled with a pH-
sensitive dye (pHrodo), and incubated for 0, 60, or 120 min. The
fluorescence intensity of intracellular virus was quantified by flow
cytometry (Fig. 4B). In DMSO-treated cells, mean fluorescence
intensity increased over time, indicating that virions gain access to
an acidified compartment between 60 and 120 min after adsorp-
tion, consistent with prior studies of the kinetics of reovirus deliv-
ery to acidified endosomes (13, 30). In contrast, mean fluores-
cence intensity was dampened during the interval of reovirus
entry into vindesine sulfate-treated cells. Importantly,
microtubule-inhibiting drugs do not affect the intraluminal pH of
endosomes (31). These data suggest that vindesine sulfate impairs
reovirus infection by impeding transport of virions to acidified
intracellular organelles.

During cell entry, reovirus traverses through Rab5-marked
early endosomes en route to Rab7- and Rab9-marked late endo-
somes for proteolytic disassembly (12). To determine whether
vindesine sulfate treatment leads to retention of reovirus particles
in early endosomes, CCL2 HeLa cells were transfected with en-
hanced green fluorescent protein (EGFP)-Rab5A, incubated with
DMSO or 1 uM vindesine sulfate for 1 h, adsorbed with Alexa-
labeled reovirus, incubated for 120 min, and imaged by confocal
microscopy. Analysis of the spectral overlap of fluorescently la-
beled virions and Rab5A-positive compartments showed no sta-
tistically significant difference in the percentages of virions in early
endosomes in cells treated with either DMSO or vindesine sulfate
(Fig. 4C). These data suggest that inhibition of microtubule func-
tion by vindesine sulfate does not lead to an accumulation of re-
ovirus particles in early endosomes.

In a complementary experiment, CCL2 HeLa cells were incu-
bated with DMSO or 1 uM vindesine sulfate for 1 h, adsorbed with
Alexa-labeled reovirus, and incubated for 60 or 120 min. Cells
were stained for lysosomal-associated membrane protein 1
(LAMP1) to identify late endosomes and lysosomes (Fig. 4D).
Analysis of the spectral overlap of fluorescently labeled virions and
LAMPI-positive compartments revealed a higher percentage of
viral particles distributed to LAMPI-positive endosomes in
control-treated cells than in those treated with vindesine sulfate
(Fig. 4E). Concordant with these observations, vindesine sulfate
decreased reovirus colocalization with Rab7-marked endosomes
compared to that seen with control-treated cells (data not shown).
Together, these data indicate that although vindesine sulfate does
not inhibit reovirus internalization or lead to retention of virus in
early endosomes, the drug impedes efficient transport of virions to
acidified intracellular compartments where viral disassembly
takes place.

Reovirus requires dynein 1 to efficiently infect cells. To de-
termine whether reovirus uses minus-end microtubule motor dy-
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FIG 3 Reovirus uses microtubules to enter cells. CCL2 HeLa cells were adsorbed with T3SA+ at an MOI of 2 X 10* particles/cell at room temperature and
incubated at 37°C for 0, 20, or 120 min. Cells were fixed in methanol, stained for reovirus (red) or a-tubulin (green), and imaged by confocal microscopy. Single
sections from a Z-stack as well as a merged image are shown for each stain. Insets depict enlarged areas from boxed regions. Scale bars, 10 wm.

nein 1 for transport into the cell interior, HBMECs were trans-
fected with small interfering RNAs (siRNAs) specific for the
dynein 1 heavy chain, adsorbed with reovirus strains type 1 Lang
(T1L) or type 3 Dearing (T3D), incubated for 48 h, and scored for
infection by indirect immunofluorescence (Fig. 5A). Of the cell
lines used in this study, diminished expression of dynein 1 caused
by RNAI treatment is most efficient in HBMECs (data not shown).
Consistent with a requirement for microtubule function for effi-
cient reovirus infection, diminished dynein 1 heavy chain expres-
sion caused by RNAI treatment decreased infection by both T1L
and T3D. To further define the role of dynein 1 in reovirus cell
entry, cells were adsorbed with T1L, incubated for 20 min, stained
for reovirus and dynein 1 heavy chain, and imaged by confocal
microscopy. Virions were observed in close proximity to dynein 1
in both HBMEC:s (Fig. 5B) and CCL2 HelLa cells (Fig. 5C), sug-
gesting that reovirus uses dynein 1 to promote cell entry. To-
gether, these data indicate that reovirus requires the microtubule
minus-end motor dynein 1 to efficiently infect cells.

CHKY does not require microtubules to infect cells. Chikun-
gunya virus (CHKV), a mosquito-transmitted alphavirus that

July/August 2013 Volume 4 Issue 4 e00405-13

causes epidemics of arthritis (32), requires acidification to effi-
ciently enter cells, but unlike reovirus, CHKV does not require
access to late endosomes (33). To determine whether vindesine
sulfate inhibits CHKV infection, BHK-21 cells, which are suscep-
tible to CHKV, were treated with DMSO or 1 uM vindesine sulfate
for 1 h, adsorbed with CHKV vaccine strain 181/25 or virulent
strain SL15649, incubated for 10 h, and scored for infection by
indirect immunofluorescence (Fig. 6A and B). In contrast to find-
ings made in our studies of reovirus, vindesine sulfate did not
impair CHKYV infection, suggesting that CHKV does not require
microtubule function to efficiently enter cells. These results are in
agreement with a requirement for microtubules in the maturation
of early to late endosomes (34) and provide additional evidence
that the drug does not impair reovirus infection by nonspecific
cytotoxic effects.

Vindesine sulfate alters reovirus disassembly kinetics. As a
final experiment to define the step in reovirus replication blocked
by microtubule inhibitors, we tested whether inhibition of micro-
tubule function alters the kinetics of reovirus disassembly. CCL2
HeLa cells were treated with DMSO or 1 uM vindesine sulfate for
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FIG 4 Vindesine sulfate impairs transport of reovirus in the endocytic pathway. (A) CCL2 HeLa cells were incubated with DMSO or 1 uM vindesine sulfate,
adsorbed with A546-labeled T3SA+ at an MOI of 5 X 103 particles/cell, and incubated with DMSO or 1 uM vindesine sulfate for the times shown. Cells were
stained with reovirus-specific antiserum using nonpermeabilizing conditions. Mean fluorescence intensity (MFI) was assessed by flow cytometry. Results are
presented as a ratio of extracellular to total mean fluorescence intensity for triplicate samples. Error bars indicate standard deviations. (B) CCL2 HeLa cells were
incubated with DMSO or 1 uM vindesine sulfate, adsorbed with pHrodo-labeled T3SA+ atan MOI of 5 X 103 particles/cell, and incubated with DMSO or 1 uM
vindesine sulfate for the times shown. MFI was assessed by flow cytometry. Error bars indicate standard deviations. (C) CCL2 HeLa cells were transfected with
EGFP-Rab5A, incubated with DMSO or 1 uM vindesine sulfate, adsorbed with A546-labeled T3SA+ at an MOI of 10* particles/cell, and incubated with DMSO
or 1 uM vindesine for 120 min. Cells were fixed and imaged by confocal microscopy. Results are expressed as percent colocalization of reovirus particles with
Rab5A-positive endosomes (n = 8 cells per condition). Error bars indicate minimum and maximum values. (D) CCL2 HeLa cells were incubated with DMSO
or 1 uM vindesine sulfate, adsorbed with A546-labeled T3SA+ (red) at an MOI of 10# particles/cell, and incubated with DMSO or 1 uM vindesine sulfate for 60
or 120 min. Cells were fixed, stained with a LAMP1-specific antibody (green), and imaged by confocal microscopy. Representative images from 120 min shown.
Insets depict enlarged areas of boxed regions. Scale bars, 10 wm. (E) Percent colocalization of reovirus particles with LAMP-1-positive endosomes (1 = 10 cells

per condition). Error bars indicate minimum and maximum values. ¥, P < 0.05 in comparison to DMSO by Student’s ¢ test.

1 h, adsorbed with reovirus, and incubated from 0 to 120 min.
Whole-cell lysates were resolved by SDS-PAGE and immunoblot-
ted using a reovirus-specific antiserum to detect viral capsid pro-
tein nl and its major cleavage fragment, & (Fig. 6C). In control-
treated cells, 8 was detected by 20 min, with increasing band
intensity noted over the experimental time course. In vindesine
sulfate-treated cells, 6 was not detected until 60 min after adsorp-
tion. Densitometric analysis of three independent experiments
showed delayed w1-to-6 conversion at all times tested in vindesine
sulfate-treated cells in comparison to control cells (Fig. 6D). We
conclude that inhibition of microtubule function leads to ineffi-
cient access to acidified endosomal compartments, which in turn
delays the disassembly of internalized virions.

DISCUSSION

In this study, we found that reovirus colocalizes with microtubule
tracks during cell entry and requires microtubule function and
microtubule motor dynein 1 to efficiently traverse the endocytic
pathway. Microtubule function is not required for internalization
of reovirus virions but rather facilitates targeting of reovirus to
acidified endosomes for viral disassembly. Treatment of cells with
microtubule inhibitors blocks reovirus infection in a temporal
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window in which the virus transits from early to late endosomes.
These results highlight a new function for microtubules in reovi-
rus replication and suggest that impairment of microtubule activ-
ity might diminish infection by viruses that require access to late
endosomes to establish productive infection.

Endocytic uptake of macromolecular cargo requires the coor-
dinated action of several host factors, including receptors, Rab
GTPases, and enzymes that regulate endocytic transport by mod-
ifying targets at specific intracellular sites. For some cargo, micro-
tubules and microtubule-associated motors are required for
transport to and from the cell surface. Importantly, the matura-
tion of early to late endosomes is dependent on microtubule func-
tion (34). Rab-interacting lysosomal protein (RILP), a Rab7
adapter, recruits dynactin and dynein to late endosomes, promot-
ing late endosome movement toward the cell interior (35). Reo-
virus is transported to Rab7-marked endosomes during cell entry
(13), and expression of dominant-negative RILP inhibits reovirus
infection (13). Thus, disruption of microtubule function appears
to delay reovirus disassembly by slowing the maturation of the
reovirus-containing endosomal fraction. This model is supported
by the observed decrease in colocalization of reovirus with
LAMPI1-marked endosomes. Additional support comes from the
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FIG 5 Reovirus uses microtubule motor dynein 1 to efficiently infect cells.
(A) (Left panel) HBMECs were transfected with a nonspecific siRNA (scram-
bled) or an siRNA specific for dynein 1 heavy chain (dynein 1), adsorbed with
reovirus strains T1L or T3D at an MOI of 15 PFU/cell, and incubated for 24 h.
Cells were scored for infection by indirect immunofluorescence. Results are
presented as mean fluorescence intensity normalized to cell number and back-
ground fluorescence for triplicate wells. Error bars indicate standard devia-
tions. (Right panel) Whole-cell lysates of HBMECs transfected with nonspe-
cific or dynein 1-specific siRNAs were analyzed by immunoblotting using
dynein 1 heavy chain (HC)-specific or actin-specific antibodies. (B and C)
HBMECs (B) or CCL2 HeLa cells (C) were adsorbed with T1L atan MOI of 10*
particles/cell and incubated for 20 min. Cells were stained for reovirus (red)
and dynein 1 heavy chain (green) and imaged by confocal microscopy. A single
section from a Z-stack is shown. Insets depict enlarged areas from boxed re-
gions. Scale bars, 10 um.

observation that vindesine sulfate does not diminish infection af-
ter adsorption of ISVPs, which are uncoated in vitro and thus do
not require access to cathepsin-containing organelles to establish
infection (16-18). As an important control, vindesine sulfate does
not inhibit infection by CHKV, which uncoats in early endosomes
(33). Impairment of endosomal maturation might be responsible
for the aggregates of reovirus particles observed in vindesine
sulfate-treated cells. Interestingly, reovirus virions do not accu-
mulate in early endosomes in cells treated with vindesine sulfate
(Fig. 4C). Instead, viral particles in vindesine sulfate-treated cells
aggregate in clusters in the cytoplasm. These observations suggest
that in the absence of microtubule function, viral particles are
missorted during cell entry and not trapped in early endosomes.
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Our report highlights the potential for drugs that inhibit endo-
somal maturation for use as broadly active anti-infectives. Such
drugs could inhibit viruses, bacteria, bacterial toxins, and para-
sites that require access to late endosomes and lysosomes to me-
diate pathological effects. Avian reovirus, a fusogenic reovirus
that, unlike mammalian reovirus, enters cells via caveolin-1 and
causes infected cells to form syncytia (36, 37), also uses microtu-
bules to enter cells (36). This finding suggests that employment of
microtubules by fusogenic and nonfusogenic reoviruses is a con-
served cell entry mechanism despite the use of different endocytic
uptake pathways. Adenovirus (38) and Borna disease virus (39)
also use microtubules and microtubule motors during cell entry
(40). Enterococcus faecalis requires microtubules for efficient in-
ternalization into cells (41). Cytotoxic necrotizing factor 1
(CNF1), a toxin produced by some pathogenic Escherichia coli
strains, requires microtubule function to access late endosomes
for the processing required for cytotoxicity (42). Flubendazole, a
compound identified in our screen as impairing reovirus cytotox-
icity, inhibits infection by nematodes (43). While currently avail-
able microtubule-inhibiting compounds are associated with sig-
nificant adverse effects (21), it is possible that safer agents could be
developed for anti-infective therapies that transiently inhibit en-
dosomal maturation.

Reovirus strain T3D, which has been trademarked as Reolysin,
is being evaluated in clinical trials for efficacy as an oncolytic agent
in combination with various chemotherapeutic drugs, including
the microtubule inhibitor docetaxel (5). Our findings suggest that
pairing reovirus with microtubule-inhibiting agents during onco-
lytic therapy may limit virus-induced cell killing. Cancer treat-
ment regimens that use reovirus and microtubule-inhibiting
drugs may be more efficacious if the administration of virus and
chemotherapeutic is not simultaneous. We found that addition of
vindesine sulfate to reovirus-infected cells at up to 1 h after infec-
tion fails to significantly diminish infection. Thus, we think it
important to assess the effects of pharmacological agents on viral
infectivity when these treatments are used in combination.

The NCC screen yielded six candidate compounds that do not
target microtubules. Procarbazine, which promotes DNA damage
(44), and 6-azauridine, which inhibits pyrimidine synthesis (45),
likely impair reovirus replication by affecting viral transcription
or genome replication. The identification of nicotinic acetylcho-
line receptor and serotonin receptor agonists as drugs that impair
reovirus-induced cytotoxicity points to interesting cellular tar-
gets. The nicotinic acetylcholine receptor is expressed in the brain
(46), and serotonin receptors are expressed in both the brain and
gastrointestinal tract (47). Both of these organs are sites for reovi-
rus replication in the infected host (1). Finally, the identification
of indomethacin, which inhibits cyclooxygenase 1 and 2 (48), sug-
gests a yet-uncharacterized function for cyclooxygenases in reovi-
rus replication. Further studies are required to determine whether
these drugs inhibit reovirus replication and to define the antiviral
mechanisms by which they act.

The identification of host molecules that regulate steps in viral
replication enhances an understanding of how viruses use basic
cellular processes to propagate and disseminate. These studies also
yield new knowledge about cellular functions and illuminate new
targets for antiviral drug development. In this study, we used a
high-throughput screening approach to identify microtubules
and microtubule motor dynein 1 as host factors required for reo-
virus cell entry, initiation of infection, and consequent cell death.
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FIG 6 Vindesine sulfate does not affect CHKV infection but alters reovirus disassembly kinetics. (A) BHK-21 cells were incubated with DMSO or 1 uM
vindesine sulfate, adsorbed with CHKV strain 181/25 or SL15649 at an MOI of 1 PFU/cell, and incubated with DMSO or vindesine sulfate for 10 h. Cells were
stained with CHKV-specific antiserum and DAPI to detect nuclei. Infection was quantified by indirect immunofluorescence. Results are presented as percent
infected cells from triplicate wells. Error bars indicate standard deviations. (B) Images of DMSO- or vindesine sulfate-treated BHK-21 cells infected with CHKV
strain 181/25 or SL15659 and stained with CHKV-specific antiserum. (C) CCL2 HeLa cells were incubated with DMSO or 1 uM vindesine sulfate, adsorbed with
T3SA+ at an MOI of 10 PFU/cell, and incubated with DMSO or 1 uM vindesine sulfate for the times shown. Whole-cell lysates were immunoblotted using
reovirus-specific antiserum. (D) Densitometric analysis of the & cleavage fragment of reovirus ul protein from triplicate experiments. Error bars indicate

standard errors of the mean. The key indicates times in minutes.

Findings made in this study should contribute to the development
of improved strategies for use of reovirus as an oncolytic and es-
tablish a platform for testing microtubule inhibitors as anti-
infective agents.

MATERIALS AND METHODS

Cells, viruses, chemical inhibitors, and antibodies. Spinner-adapted
murine 1929 cells, CCL2 HeLa cells, HeLa S3 cells, and HBMECs were
cultivated as previously described (13, 28). BHK-21 and Vero81 cells were
cultivated in Alpha minimal essential medium (MEM) (Sigma) supple-
mented to contain 5% fetal bovine serum (FBS) (Vero81) or 10% FBS
(BHK-21) and r-glutamine. Medium for all cells was supplemented with
penicillin-streptomycin (Invitrogen) and amphotericin B (Sigma).

Purified virions of reovirus strains T1L, T3D, and T3SA+ were pre-
pared by plaque purification and passage using L929 cells as previously
described (12, 13, 28). ISVPs were generated by treating particles with
a-chymotrypsin (Sigma) as previously described (12). Reovirus virions
were labeled with succinimidyl ester Alexa Fluor 546 (A546) or pHrodo
SE (pHrodo) (Invitrogen) as previously described (13).

CHKYV strain 181/25 was provided by Robert Tesh (University of
Texas Medical Branch). Viral RNA was isolated from a plaque-purified
isolate, and cDNA was generated using random hexamers. Overlapping
fragments were amplified, cloned into pCR2.1 TOPO (Invitrogen), and
sequenced. The 5" untranslated region was sequenced using 5’ rapid am-
plification of cDNA ends. An infectious clone was synthesized by Gen-
Script (Piscataway, NJ) in four fragments. Genome fragments were as-
sembled and subcloned into pSinRep5 low-copy-number plasmid. The
CHKYV strain SL15649 infectious clone was provided by Mark Heise (Uni-
versity of North Carolina at Chapel Hill) (49). Infectious clone plasmids
for 181/25 and SL15649 were linearized and transcribed in vitro using an
mMessage mMachine SP6 transcription kit (Ambion). BHK-21 cells were
electroporated with viral RNA and incubated at 37°C for 24 h. Superna-
tants containing progeny virus were harvested from electroporated cells
and stored at —80°C. All experiments using SL15649 were performed
using biosafety level 3 conditions.

Ammonium chloride (NH,Cl; Gibco) was resuspended in water.

8 mBio mbio.asm.org

E64-d, colchicine, nocodazole (Sigma), docetaxel, flubendazole, and vin-
desine sulfate (Sequoia Research Products) were resuspended in DMSO.
The immunoglobulin G (IgG) fraction of a rabbit antiserum raised against
T1L or T3D was purified as previously described (6). LAMP1-specific and
dynein heavy chain-specific monoclonal antibodies (Abcam), a-tubulin-
specific monoclonal antibody (Cell Signaling Technology), actin-specific
polyclonal antiserum (Santa Cruz Biotechnology), and CHKV-specific
antiserum (ATCC) were used for indirect immunofluorescence experi-
ments, infectivity assays, and immunoblot analyses. Alexa Fluor-
conjugated antibodies (Invitrogen) were used as secondary antibodies.

Cell viability assay. HeLa S3 cells were incubated with OMEM-1 (In-
vitrogen) medium containing DMSO, E64-d, NH,Cl, or microtubule in-
hibitors at 37°C for 1 h and adsorbed with T3SA+ at a multiplicity of
infection (MOI) of 200 PFU/cell in the presence of DMSO, E64-d, NH,Cl,
or microtubule inhibitors in OMEM-I medium at 37°C for 48 h. Cell
viability was quantified using the Cell Titer Glo assay.

Quantification of reovirus infectivity. Reovirus infectivity was as-
sessed by indirect immunofluorescence (50). Cells were incubated with
complete medium containing DMSO or chemical inhibitors at 37°C for
1 h, adsorbed with reovirus at room temperature for 1 h, and incubated
with complete medium containing DMSO or chemical inhibitors at 37°C
for 20 h. Cells were fixed and stained with reovirus-specific antiserum and
goat anti-rabbit IRDye 800 (Li-COR), DRAQ5 (Cell Signaling), and Sap-
phire700 (Li-COR). Immunofluorescence was detected using a Li-COR
Odyssey infrared imaging system (Li-COR). Infectivity was quantified
using the In-Cell Western feature of the Odyssey software suite.

Confocal microscopy of reovirus-infected cells. Confocal micros-
copy of reovirus-infected cells was performed as previously described (12,
13). HeLa CCL2 cells were incubated with complete medium containing
DMSO or vindesine sulfate at 37°C for 1 h. Cells were adsorbed with
reovirus at an MOI of 2 X 10# particles/cell and either fixed with ice-cold
methanol or incubated in complete medium containing DMSO or vin-
desine sulfate at 37°C for 120 min followed by fixation with ice-cold meth-
anol. Cells were incubated with reovirus-specific polyclonal and
a-tubulin-specific antiserum followed by Alexa Fluor IgG A488 or A546.
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Coverslips were placed on slides using aqua-Poly/Mount mounting me-
dium (Polysciences, Inc.).

Colocalization of reovirus particles with Rab5A-positive endosomes
was assessed by transfecting CCL2 HeLa cells with EGFP-Rab5A (13)
using Fugene 6 (Roche). Cells were incubated at 37°C for 24 h, incubated
with medium containing DMSO or vindesine sulfate at 37°C for 1 h,
adsorbed with A546-labeled reovirus at an MOI of 10* particles/cell, in-
cubated with complete medium containing DMSO or vindesine sulfate
for 120 min, fixed for 20 min with 10% formalin, quenched with 0.1 M
glycine, washed with phosphate-buffered saline (PBS), and placed on
slides using aqua-Poly/Mount mounting medium.

Colocalization of reovirus particles with LAMP1-positive endosomes
was determined by incubating CCL2 HeLa cells with complete medium
containing DMSO or vindesine sulfate at 37°C for 1 h followed by adsorp-
tion with A546-labeled reovirus at an MOI of 10* particles/cell and incu-
bation with complete medium containing DMSO or vindesine sulfate for
various intervals, after which the cells were fixed and stained with LAMP1-
specific antibody. Colocalization of reovirus particles with dynein 1 was
determined by adsorbing HBMECs or CCL2 HeLa cells with reovirus at an
MOI of 10* particles/cell, after which the cells were incubated with com-
plete medium for 20 min, fixed in methanol, and stained with reovirus-
specific antiserum and dynein heavy chain-specific antibody.

Images were captured using a Zeiss LSM 510 Meta laser scanning
confocal microscope and a 63X/1.40 numerical aperture (NA) Plan-
Apochromat oil objective. Pinhole sizes were identical for all fluors. Im-
ages were normalized for pixel intensity, brightness, and contrast. Single
sections of 0.39 uM thickness from a Z-stack are presented. Colocaliza-
tion was determined using the Profile function of LSM Image software
(Zeiss) (12, 13).

Flow cytometric analysis of reovirus internalization. CCL2 HeLa
cells were treated with DMSO or vindesine sulfate in complete medium at
37°C for 1 h and adsorbed with A546-labeled reovirus at an MOI of 5 X
103 particles/cell at room temperature for 1 h. The inoculum was re-
moved, and cells were incubated with complete medium containing
DMSO or vindesine sulfate for various intervals. Cells were detached with
Cellstripper (Cellgro) at 37°C for 15 min, quenched with fluorescence-
activated cell sorter (FACS) buffer (PBS with 2% FBS), and stained with
reovirus-specific polyclonal antiserum in FACS bulffer at 4°C for 30 min.
Cells were washed with FACS buffer, stained with Alexa Fluor-conjugated
antibodies in FACS buffer at 4°C for 30 min, and fixed in PBS with 1%
electron microscopy (EM)-grade paraformaldehyde (FACS Fix; Electron
Microscopy Sciences).

Flow cytometric analysis of reovirus acidification was performed as
previously described (13). Cells were treated with DMSO or vindesine
sulfate in complete medium at 37°C for 1 h, adsorbed with pHrodo-
labeled reovirus atan MOI of 5 X 103 particles/cell, incubated in complete
medium containing DMSO or vindesine sulfate for various intervals, and
fixed in FACS Fix. Cell staining was assessed using a BD LSRII flow cy-
tometer and quantified using FlowJo software.

Knockdown of dynein 1 heavy chain by RNAi. HBMECs were trans-
fected with 10 nM nonspecific siRNA or an siRNA specific for the dynein
1 heavy chain using Lipofectamine RNAi Max (Invitrogen) according to
the manufacturer’s instructions. Cells were incubated at 37°C for 48 h,
adsorbed with reovirus at an MOI of 15 PFU/cell at room temperature for
1 h, and incubated at 37°C for 24 h. Cells were fixed with methanol and
scored for infection by indirect immunofluorescence.

Immunoblotting for dynein 1 heavy chain. Immunoblot analysis of
cell lysates was performed as previously described (12). Total cell lysates of
HBMECs transfected with nonspecific or dynein 1 heavy chain-specific
siRNAs were resolved by SDS-PAGE and immunoblotted with primary
antibodies specific for dynein 1 heavy chain and actin. Membranes were
scanned using an Odyssey imaging system, and band intensity was quan-
tified using the Odyssey software suite.

CHKY infectivity assay. BHK-21 cells were incubated with DMSO or
vindesine sulfate in complete medium at 37°C for 1 h and adsorbed with
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CHKY strain 181/25 or SL15649 at an MOI of 1 PFU/cell in the presence
of DMSO or vindesine sulfate at 37°C for 1 h. The inoculum was removed,
and cells were incubated with complete medium containing DMSO or
vindesine sulfate at 37°C for 10 h. Cells were fixed with ice-cold methanol
and incubated with CHKV-specific polyclonal antiserum, A488-labeled
IgG, and 4',6-diamidino-2-phenylindole (DAPI; Invitrogen). Cells were
visualized using an Axiovert 200 fluorescence microscope (Zeiss). CHKV-
positive cells were enumerated in three fields of view for triplicate samples
and normalized to total cells per field.

Assessment of reovirus disassembly kinetics. CCL2 HeLa cells
were treated with DMSO or vindesine sulfate in complete medium at
37°C for 1 h, adsorbed with reovirus at an MOI of 10 PFU/cell at room
temperature for 1 h, and incubated in complete medium with DMSO
or vindesine sulfate for various intervals. Total cell lysates were re-
solved by SDS-PAGE and immunoblotted with reovirus-specific poly-
clonal antiserum. Immunoblots were quantified by densitometry anal-
ysis using Odyssey software.

Statistical analysis. Mean values for at least triplicate experiments
were compared using one-way analysis of variance (ANOVA) with Dun-
nett’s multiple-comparison test (Graph Pad Prism). P values of <0.05
were considered to be statistically significant. Alternatively, samples were
compared using an unpaired Student’s ¢ test (Graph Pad Prism). P values
of <0.05 were considered to be statistically significant.
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ABSTRACT

Chikungunya virus (CHIKV) is a reemerging arbovirus responsible for outbreaks of infection throughout Asia and Africa, caus-
ing an acute illness characterized by fever, rash, and polyarthralgia. Although CHIKYV infects a broad range of host cells, little is
known about how CHIKYV binds and gains access to the target cell interior. In this study, we tested whether glycosaminoglycan
(GAG) binding is required for efficient CHIKYV replication using CHIKV vaccine strain 181/25 and clinical isolate SL15649. Pre-
incubation of strain 181/25, but not SL15649, with soluble GAGs resulted in dose-dependent inhibition of infection. While pa-
rental Chinese hamster ovary (CHO) cells are permissive for both strains, neither strain efficiently bound to or infected mutant
CHO cells devoid of GAG expression. Although GAGs appear to be required for efficient binding of both strains, they exhibit
differential requirements for GAGs, as SL15649 readily infected cells that express excess chondroitin sulfate but that are devoid

of heparan sulfate, whereas 181/25 did not. We generated a panel of 181/25 and SL15649 variants containing reciprocal amino
acid substitutions at positions 82 and 318 in the E2 glycoprotein. Reciprocal exchange at residue 82 resulted in a phenotype
switch; Gly®* results in efficient infection of mutant CHO cells but a decrease in heparin binding, whereas Arg®” results in re-
duced infectivity of mutant cells and an increase in heparin binding. These results suggest that E2 residue 82 is a primary deter-
minant of GAG utilization, which likely mediates attenuation of vaccine strain 181/25.

IMPORTANCE

Chikungunya virus (CHIKV) infection causes a debilitating rheumatic disease that can persist for months to years, and yet there are
no licensed vaccines or antiviral therapies. Like other alphaviruses, CHIKV displays broad tissue tropism, which is thought to be influ-
enced by virus-receptor interactions. In this study, we determined that cell-surface glycosaminoglycans are utilized by both a vaccine
strain and a clinical isolate of CHIKV to mediate virus binding. We also identified an amino acid polymorphism in the viral E2 attach-
ment protein that influences utilization of glycosaminoglycans. These data enhance an understanding of the viral and host determi-
nants of CHIKYV cell entry, which may foster development of new antivirals that act by blocking this key step in viral infection.

hikungunya virus (CHIKV) is a reemerging arbovirus indig-
enous to Africa and Asia that causes Chikungunya fever in
humans (1, 2). This illness is most often characterized by rapid
onset of fever, incapacitating polyarthralgia, rash, myalgia, and
headache (1-3). Although viremia is usually cleared 5 to 7 days
after infection, a characteristic feature of CHIKV disease is recur-
ring polyarthritis that can persist for months or years (4-8). Sev-
eral Aedes species of mosquitoes serve as vectors of CHIKV, in-
cluding A. aegypti and A. albopictus (9-12). CHIKV caused an
explosive outbreak of disease beginning in 2004 that expanded to
areas beyond the historical range of the virus, including Europe
and many islands in the Indian Ocean (1, 2, 13), and produced
more-severe illness than previously observed (14-17). CHIKV
continues to spread to new regions (18-22), and currently there
are no available vaccines or treatments for this disease (23).
CHIKYV is a member of the Togaviridae and belongs to the Old
World Semliki Forest virus (SFV) group of arthritogenic alphavi-
ruses (reviewed in reference 24). The CHIKV genome is ~11.8 kb
comprising a single-stranded, message-sense RNA molecule that
is capped and polyadenylated (25). Viral proteins are synthesized
as two independent polyprotein precursors that undergo proteo-
lytic cleavage by viral and cellular proteases. The virion is a 70-nm-
diameter, icosahedral, enveloped particle that contains three
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structural proteins, a capsid protein and two glycoproteins, E1
and E2 (26-29). E1 and E2 form heterodimers that associate in
trimers, which constitute spikes on the viral envelope (28, 30). E1
is a class II viral fusion protein, while E2 mediates attachment of
the virus to cells and is the most likely candidate for engagement of
cell-surface receptors (29). After attachment and internalization,
CHIKYV is thought to enter the endocytic pathway, where E1 me-
diates fusion of the viral and endosomal membranes (31). This
process is dependent on acidification of endosomal vesicles and
most likely occurs in early endosomes in both mammalian and
mosquito cells (13, 31-34).

Attachment to the host cell surface is the initial step in viral
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infection and a critical determinant of tissue tropism. Many vi-
ruses use adhesion strengthening to engage cells via low-affinity
tethering to common cell-surface molecules such as carbohy-
drates followed by binding to less-abundant, usually protein-
aceous molecules with higher affinity (35, 36). A diverse array of
viral pathogens, including adenovirus (37), coxsackievirus B3
variant PD (38), dengue virus (39), enterovirus 71 (40), herpes
simplex virus (41), HIV-1 (42), human papillomavirus (43), and
respiratory syncytial virus (44), use glycosaminoglycans (GAGs)
as attachment factors. GAGs are negatively charged, unbranched
linear carbohydrate polymers consisting of repeating disaccharide
units made of glucuronic acid or iduronic acid, linked to an amino
sugar, glucosamine or galactosamine. Types of GAGs include
heparan sulfate, keratan sulfate, chondroitin sulfate, and derma-
tan sulfate. GAGs are found on the surface of most mammalian
cell types and in the extracellular matrix. These molecules are
involved in a number of biological functions, including embry-
onic development, cell adhesion, proliferation, migration, wound
healing, and extracellular matrix assembly, among many others
(reviewed in references 45 and 46). Most GAG-protein interac-
tions are mediated between the negatively charged polysaccharide
chain or sulfate groups of the GAG and clusters of basic amino
acids, which may form a conformation-specific binding site, in the
protein ligand (46—49).

Certain strains of several alphaviruses, including eastern
equine encephalitis virus (EEEV) (50), Ross River virus (RRV)
(51), Sindbis virus (SINV) (52, 53), SFV (54), and Venezuelan
equine encephalitis virus (VEEV) (55), use glycosaminoglycans as
attachment receptors. During cell culture adaptation of many al-
phaviruses, basic amino acids in E2 glycoproteins are rapidly se-
lected (51-53, 55, 56). Concordantly, positively charged amino
acid substitutions in E2 are implicated in mediating interactions
with GAGs and in most cases with heparan sulfate (50-55, 57-62).
Heparan sulfate binding by alphaviruses and other viruses often
correlates with attenuation of disease in animal models (50, 55—
59, 63), likely due to rapid clearance of the virus from the circula-
tion of the infected animal (55, 58). However, natural isolates of
EEEV display dependence on GAGs for infection of cells in cul-
ture, which correlates with increased neurovirulence (50). In ad-
dition, several low-passage-number strains of VEEV also exhibit
different degrees of GAG dependence (62). Thus, GAG binding
might confer some replicative advantage during infection with
EEEV or VEEV and perhaps other alphaviruses as well. The role of
GAGs in replication of CHIKYV clinical isolates is not clear.

In this study, we examined whether a clinical isolate (SL15649)
(64) or an attenuated, vaccine strain (181/25) (65) requires cell-
surface GAGs for efficient attachment to target cells and subse-
quent infection. Strain SL15649 was isolated from a CHIKV-
infected patient in Sri Lanka in 2006, has been minimally passaged
in cell culture, and is pathogenic in a mouse model of CHIKV
disease (64). Strain 181/25 was derived from strain AF15661,
which was isolated from a patient in Thailand in 1962. Strain
181/25 was developed as a vaccine candidate for CHIKV by adapt-
ing AF15561 to cell culture by 18 plaque-to-plaque passages in a
human lung fibroblast cell line (MRC-5) (65). In both mouse (76,
80) and nonhuman primate models, 181/25 is attenuated but im-
munogenic (65). In addition, administration of 181/25 protects
against CHIKV challenge in nonhuman primates (65). Although
181/25 (called TSI-GSD-218) was highly immunogenic in phase I
clinical trials, ~8% of vaccinees developed mild, transient arthral-
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gia, suggesting partial or unstable attenuation (66, 67). Gardner et
al. previously demonstrated that 181/25 infectivity was decreased
in GAG-deficient Chinese hamster ovary (CHO) cells, suggesting
that this laboratory-adapted strain is dependent on GAGs for in-
fectivity (76). Here, we expanded upon previous studies and
found that several GAGs competitively inhibit infectivity of
BHK-21 cells by 181/25 but not SL16549. In contrast, both 181/25
and SL15649 depend on cell-surface GAGs for binding and infec-
tion of CHO cells. Furthermore, we identified residue 82 in the E2
glycoprotein as a key determinant of GAG utilization and binding
to heparin by CHIKV. Collectively, these findings indicate that
vaccine strain 181/25 is more dependent on GAGs than SL15649
for infectivity and suggest a mechanism of attenuation for 181/25.

MATERIALS AND METHODS

Cells and reagents. BHK-21 cells (ATCC CCL-10) were maintained in
alpha minimal essential medium (a«MEM; Gibco) supplemented to con-
tain 10% fetal bovine serum (FBS) and 10% tryptose phosphate. Vero 81
cells (ATCC CCL-81) were maintained in « MEM supplemented to con-
tain 5% FBS. Parental CHO-K1 and mutant CHO-pgsA745, CHO-
pgsB761, and CHO-pgsD677 cell lines were maintained in Ham’s F-12
nutrient mixture (Gibco) supplemented to contain 10% FBS. Media for
all cells were supplemented with 0.29 mg/ml r-glutamine (Gibco), 100
U/ml penicillin (Gibco), 100 pg/ml streptomycin (Gibco), and 25 ng/ml
amphotericin B. Cells were maintained at 37°C in an atmosphere of 5%
CO,. Parental CHO-K1 and CHO-pgsA745 cell lines were provided by
Benhur Lee (University of California, Los Angeles). CHO-pgsB761 and
CHO-pgsD677 cell lines were provided by Mark Peeples (The Research
Institute at Nationwide Children’s Hospital) with permission from Jeffrey
Esko (University of California, San Diego). All chemicals were purchased
from Sigma unless otherwise noted.

Biosafety. All studies using viable SL15649 and any mutant virus were
conducted in a certified biological safety level 3 facility in biological safety
cabinets with protocols approved by Vanderbilt University Department
of Environment, Health, and Safety and the Vanderbilt Institutional Bio-
safety Committee.

Viruses. Virus stocks were generated from full-length wild-type (WT)
and mutant virus infectious cDNA clones as described in references 64
and 68. Plasmids containing virus cDNAs were linearized by digestion
with NotI-HF (NEB). Capped, full-length RNA transcripts were gener-
ated in vitro using mMessage mMachine SP6 transcription kits (Ambion)
and introduced into BHK-21 cells by electroporation using a Gene Pulser
electroporator (Bio-Rad). Culture supernatants were harvested 24 to 48 h
after electroporation and clarified by centrifugation at 855 X g for 20 min.
Virus stocks were purified by ultracentrifugation of clarified supernatants
through a 20% sucrose cushion in TNE buffer (50 mM Tris-HCl [pH 7.2],
0.1 M NaCl, and 1 mM EDTA) at ~115,000 X gin a Beckman 32Tirotor.
Virus pellets were resuspended in virus dilution buffer (VDB; RPMI me-
dium containing 20 mM HEPES [Gibco] supplemented to contain 1%
FBS), aliquoted, and stored at —70°C. Virus titers were determined by
plaque assay using Vero cells.

Assessment of CHIKV infectivity. BHK-21 cells (~4 X 10° cells/well)
or CHO cells (~8 X 10? cells/well) were seeded into wells of 48-well plates
(Costar) and incubated at 37°C for 24 h. Triplicate wells were inoculated
with various virus strains at a multiplicity of infection (MOI) of 2.5 (BHK-
21) or 10 (CHO) PFU/cell in VDB. Following adsorption at 37°C for 2 h,
the inoculum was removed, and cells were incubated at 37°C for 18 h in
complete medium containing 20 mM NH,CI (to block subsequent
rounds of viral replication). Cells were washed twice with PBS, fixed in
100% ice-cold methanol, and incubated at —20°C for at least 20 min.
Infected cells were visualized using indirect immunofluorescence. Cells
were incubated in blocking buffer (phosphate-buffered saline [PBS;
Gibco] containing 5% FBS and 0.1% Triton X-100) at room temperature
for 1 h and stained with precleared anti-CHIKV immune ascetic fluid
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(ATCC VR-1241AF) diluted 1:1,500 and secondary Alexa 488 goat anti-
mouse antibody diluted 1:1,000 (Invitrogen), followed by addition of
DAPI (4',6-diamidino-2-phenylindole) to visualize cell nuclei. All anti-
bodies were diluted in blocking buffer. For some experiments, cells were
visualized using an Axiovert 200 fluorescence microscope (Zeiss). Total
and CHIKV-infected cells were quantified using Image] software (69) in
two fields of view per well. For other experiments, cells were visualized
using an ImageExpress Micro XL imaging system (Molecular Devices) at
the Vanderbilt High-Throughput Screening Facility. Total and CHIKV-
infected cells were quantified using MetaExpress software (Molecular De-
vices) in two fields of view per well. No background stain was noted on
uninfected control monolayers.

Infectivity inhibition assays. Purified CHIKV virions were pretreated
with a range of dilutions of heparin, heparan sulfate, chondroitin sulfate
A, chondroitin sulfate A/C/E from shark, dermatan sulfate, or hyaluronic
acid at 4°C for 30 min before inoculation of BHK-21 monolayers with
virus-GAG mixtures. For some experiments, bovine serum albumin
(BSA) was included as a negative control. Following incubation at 37°C
for 2 h, the inoculum was removed, and cells were incubated at 37°C for 18
h in complete medium with 20 mM NH,CL. Infectivity was quantified
using indirect immunofluorescence.

Flow cytometric analysis of virus binding to cells. The effect of sol-
uble GAGs on CHIKV binding to BHK-21 cells was determined by pre-
incubating virus with GAGs in VDB at various concentrations at 4°C for
30 min. BHK-21 monolayers were washed and detached using Cellstrip-
per (Cellgro), quenched with fluorescence-activated cell-sorting (FACS)
buffer (PBS supplemented to contain 2% FBS), pelleted at 600 X g,
washed once with PBS, and pelleted a second time at 600 X g. Cells (~1 X
10° to 3 X 10°) were adsorbed with the virus-GAG mixtures at an MOI of
5 PFU/cell and incubated at 4°C for 30 min, washed twice in VDB, pel-
leted, and stained in VDB containing CHIKV-specific mouse monoclonal
antibody CHK-187 (provided by Michael Diamond, Washington Univer-
sity). Cells were washed twice in VDB, pelleted, and stained in VDB con-
taining Alexa Fluor 488-labeled goat anti-mouse IgG (Molecular Probes)
at 4°C for 30 min. Cells were washed twice in VDB, pelleted, and fixed in
FACS fix (PBS supplemented to contain 1% electron microscopy [EM]-
grade paraformaldehyde [Electron Microscopy Sciences]). Cell-associ-
ated fluorescence was quantified using an LSRII flow cytometer (BD Bio-
sciences, Vanderbilt University Flow Cytometry Shared Resource). The
mean fluorescence intensity (MFI) of forward- and side-scatter gated
populations was determined using FACSDiva software (BD Biosciences).
Binding of pretreated virus to BHK-21 cells was normalized to binding of
untreated virus controls and expressed as percent bound virus. Binding
assays were performed using triplicate samples with at least 5 X 10° cells
analyzed for each sample.

CHO cell monolayers were washed once with PBS and detached using
Cellstripper (Cellgro) at 37°C, quenched with FACS buffer, pelleted at
600 X g, washed once with PBS, and pelleted a second time at 600 X g.
Cells (~1 X 10° to 3 X 10°) were adsorbed with virus at an MOI of 5
PFU/cell at 4°C for 1 h. Bound virus was quantified using flow cytometry.
Binding of each virus to mutant CHO cells was normalized to virus bound
to parental CHO-K1 cells and expressed as percent bound virus.

Kinetic heparan sulfate protection assay. Purified virions of strain
181/25 were adsorbed to monolayers of BHK-21 cells (~10*) at an MOI of
2.5 PFU/cell. At 10 or 30 min prior to or 5, 10, 20, 30, or 45 min after
adsorption, either heparan sulfate (250 pg/ml) or BSA (250 g/ml) was
added to the virus inoculum and rapidly mixed. Following incubation at
37°C for 2 h, the inoculum was removed, and cells were incubated at 37°C
for 18 h in complete medium with 20 mM NH,CL. Infectivity was quan-
tified using indirect immunofluorescence.

Kinetic ammonium chloride protection assay. Monolayers of
BHK-21 cells (~10*) seeded in 48-well plates were adsorbed with virus
strains at an MOI of 2.5 PFU/cell and incubated at 37°C. At various times
after adsorption, the inoculum was removed, and cells were incubated in
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complete medium containing 20 mM NH,Cl at 37°C for 18 h. Infectivity
was quantified using indirect immunofluorescence.

Generation of mutant viruses. Reciprocal single and double amino
acid substitutions in the E2 glycoprotein were introduced into plasmids
containing cDNAs of either strain 181/25 (p181/25 [68]) or SL15649
(pMHS56.1 [64]) by PCR using mutagenic primers. Clones containing
desired mutations were identified by DNA sequencing (GenHunter and
Vanderbilt Sequencing Core) and digested with restriction endonu-
cleases (Smal and Xhol for p181/25 and Sfil and Xhol for pMH56.1).
Mutagenized fragments were subcloned into unmodified versions of
p181/25 or pMH56.1. Sequences of subcloned fragments of each mutant
were determined to verify the fidelity of mutagenesis. Primer sequences
for mutagenesis and sequencing are available from the corresponding
author by request.

Genome-to-PFU ratios. The number of CHIKV genomes/ml for each
purified virus stock was determined using reverse transcription-quantita-
tive PCR (RT-qPCR). Viral RNA was extracted from 10 pl of purified
virus stocks using TRIzol reagent (Life Technologies), purified using a
PureLink RNA Minikit (Life Technologies), and eluted into a final volume
of 100 pl. Quantification of the number of genomes in each virus stock
was performed using a qScript XLT One-step RT-qPCR ToughMix kit
(Quanta Biosciences) according to the manufacturer’s instructions with
minor modifications. Each 20-l reaction mixture contained 5 pl viral
RNA, 450 nM forward primer (SL15649for [874 5'-AAAGGGCAAACTC
AGCTTCAC-3'] or 181-25for [5'-AAAGGGCAAGCTTAGCTTCAC-
3']), 900 nM reverse transcriptase and reverse primer (CHIKVrev [961
5'-GCCTGGGCTCATCGTTATTC-3']), and 200 nM fluorogenic probe
(CHIKVprobe [899 5'-6-carboxyfluorescein {dFAM}-CGCTGTGATAC
AGTGGTTTCGTGTG-black hole quencher {BHQ}-3']; Biosearch Tech-
nologies). Standard curves relating threshold cycle (C;) values to copies of
genomic RNA were generated from in vitro-transcribed genomic 181/25
or SL15649 RNA as described. Ten-fold dilutions of genomic RNA, from
10" to 10° copies, were generated by calculating the number of genomes
from in vitro-transcribed RNA by dividing the mass (measured by spec-
trometry [Nanodrop; Thermo Scientific]) by the genome molecular mass.
RT-qPCR was performed using an Applied Biosystems 7500 Real-Time
PCR system (Life Technologies, Foster City, CA) under the following
cycling conditions: 50°C for 2 min, 95°C for 10 min, 40 cycles of 95°C for
15 s, and 60°C for 60 s, with data acquisition in the FAM channel during
the 60°C step. The viral RNA concentration in each sample was deter-
mined by comparing C; values of samples to the appropriate standard
curve. Genome values per ml are expressed as the means of the results
from two wells for three samples. Genome/PFU ratios are expressed as the
mean number of genomes/ml divided by the mean number of PFU/ml for
three RNA replicates using values from three plaque assay titrations.

Heparin-agarose-binding assay. Heparin-coated agarose beads or
unconjugated beads were washed twice in PBS and twice in VDB. Washed
beads (0.075 ml) were mixed with ~1 X 10° genomes of each virus in VDB
and incubated with gentle agitation at 4°C for 30 min. Beads were washed
three times in VDB and resuspended in 35 pl of 1 X sample buffer (50 mM
Tris-HCI [pH 6.8], 2% [wt/vol] sodium dodecyl sulfate [SDS], 1% (-mer-
captoethanol, 6% [vol/vol] glycerol, 0.004% [wt/vol] bromophenol blue).
Samples containing 12.5% of the input virus in 20 .l VDB were incubated
with an equivalent volume of 2X sample buffer. All samples were boiled
for 10 min, removed from the biosafety level 3 (BSL3) laboratory after
disinfection, and stored at —70°C. Samples were resolved by SDS-poly-
acrylamide gel electrophoresis (PAGE) in 10% polyacrylamide gels (Bio-
Rad) and transferred to an Immun-Blot polyvinylidene difluoride
(PVDF) membrane (Bio-Rad). Membranes were incubated at room tem-
perature for 1 h in blocking buffer (Tris-buffered saline [TBS] with 5%
powdered milk), followed by incubation with mouse monoclonal anti-
body specific for CHIKV E2 (CHK 48-G8; provided by Michael Diamond,
Washington University) diluted in TBS-T (TBS with 0.1% Tween 20) at
4°C overnight with gentle agitation. Membranes were washed with TBS-T
three times for 5 min each time and incubated for 1 to 2 h with goat
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anti-mouse secondary antibody conjugated to IRDye 800CW (Li-COR)
dye diluted 1:2,000 in TBS-T at room temperature. Following three 5-min
washes with TBS-T, membranes were rinsed twice with double-distilled
water and scanned using an Odyssey imaging system (Li-COR).

Structural and sequence analysis. The crystallographic structure of
the CHIKV E1/E2 trimer placed into the Sindbis virus cryo-EM map
(Protein Data Base [PDB] accession no. 2XFB [30]) was used as a template
to model the electrostatic surface potential of the E1/E2 trimers of
SL15649 and 181/25. Coot (70) was used to alter 12 of the 16 amino acids
within E2 that are located in the crystal structure from SL15649 to 181/25
residues using the lowest free-energy rotamers. Electrostatic surface po-
tentials for 181/25 and SL15649 were generated with the Adaptive Pois-
son-Boltzmann Solver (APBS) (71) using the PyMOL plug-in as imple-
mented in PyMOL under dielectric constants of 2.0 and 80.0 for protein
and solvent regions, respectively, and contoured at levels of = 2.5 kT.

Amino acid sequences of the E2 protein from 158 CHIKV strains were
aligned using data obtained from the NIAID Virus Pathogen Database
and Analysis Resource (ViPR) (72) online through the web site at http:
/lwww.viprbrc.org.

Statistical analysis. Statistical analysis was performed using Graph-
Pad Prism (Graphpad). Soluble-GAG competition assays and time course
assays were evaluated for statistically significant differences by one-way
analysis of variance (ANOVA) followed by Dunnett’s post hoc test. Calcu-
lation of 50% inhibitory concentration (IC5,) values with 95% confidence
intervals was facilitated using GraphPad Prism. Binding and infectivity
assays with CHO cells and infectivity assays with mutant viruses were
evaluated for statistically significant differences by one-way ANOVA fol-
lowed by Tukey’s multiple-comparison test. P values of <0.05 were con-
sidered to be statistically significant. All differences not specifically indi-
cated to be significant were not significant (P > 0.05). All experiments
were performed in triplicate at least twice.

RESULTS

Inhibition of strain 181/25 infectivity by soluble GAGs. We
hypothesized that CHIKV vaccine strain 181/25 might have be-
come adapted to use GAGs as attachment receptors during pas-
sage in cell culture, as has been demonstrated for other alphavi-
ruses (51-53, 55). We also thought it possible that a clinical isolate
of CHIKV could use GAGs for infectivity, as has been noted for
natural isolates of EEEV and VEEV (50, 62). To assess whether
soluble GAGs act as competitive agonists and block infectivity of
CHIKYV strains 181/25 and SL15649, we performed competition
assays using increasing concentrations of different GAGs. Purified
181/25 or SL16549 virions were preincubated with heparin, hepa-
ran sulfate, chondroitin sulfate A, dermatan sulfate, hyaluronic
acid, shark cartilage chondroitin sulfate, or bovine serum albumin
and adsorbed to BHK-21 cells. Cells were scored for infectivity in
a single-round replication assay using indirect immunofluores-
cence. Preincubation of 181/25 with heparin, heparan sulfate,
chondroitin sulfate A, or dermatan sulfate decreased infectivity of
BHK-21 cells in a dose-dependent manner (Fig. 1A). Dermatan
sulfate and heparan sulfate were the most potent inhibitors of
181/25 infectivity in this assay. Chondroitin sulfate A and heparin
were also potent inhibitors of 181/25 infectivity. Hyaluronic acid
and a mixture of chondroitin sulfate A/C/E from shark cartilage
also inhibited 181/25 in a dose-dependent manner (Table 1 and
data not shown). As a control, BSA did not significantly diminish
infectivity at any dose tested (Fig. 1A). In addition, heparin inhib-
ited 181/25 plaque formation in a dose-dependent manner using
plaque-reduction assays (data not shown). We also tested whether
heparin preincubation could inhibit 181/25 produced by C6/36
mosquito cells and found that mosquito-derived virus was inhib-
ited by this soluble GAG in a dose-dependent manner and to an
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extent similar to that seen with mammalian-derived 181/25 (data
not shown). Preincubation of 181/25 with soluble GAGs also in-
hibited infectivity of CHO-K1 cells (data not shown), indicating
that the inhibitory effect of GAGs on 181/25 infectivity is not
restricted to BHK-21 cells. Importantly, preincubation of cells
with 500 pg/ml of heparin, heparan sulfate, chondroitin sulfate A,
dermatan sulfate, and hyaluronic acid prior to viral infection did
not inhibit infectivity of 181/25 (data not shown). These results
indicate that the inhibitory effect of soluble GAGs is due to inter-
actions with virus and not cells.

In contrast to the 181/25 results, the infectivity of strain
SL15649 was not significantly altered in a dose-dependent manner
by any of the soluble GAGs tested (Fig. 1B and data not shown).
These data indicate that 181/25 and SL15649 differ in susceptibil-
ity to inhibition by soluble GAGs and suggest that these CHIKV
strains exhibit differential interactions with GAGs, possibly in the
affinity for GAGs or in the nature of GAG interactions.

Since the infectivity of strain 181/25 was efficiently inhibited by
GAGs, we next tested whether incubation of virus with soluble
GAGs blocks binding of 181/25 to BHK-21 cells. Purified 181/25
virions were incubated with soluble GAGs prior to adsorption to
BHK-21 cells. Virus binding was assessed using flow cytometry
(Fig. 1C). Higher concentrations of GAGs were used in this assay
since greater numbers of virion particles are required to detect a
fluorescence signal following binding. Similar to the infectivity
results, virus binding to BHK-21 cells was effectively blocked by
preincubation with each of the GAGs tested in a dose-dependent
manner. In this assay, heparin was the most potent inhibitor of
binding of 181/25 to BHK-21 cells. Dermatan sulfate and heparan
sulfate also inhibited binding, as did chondroitin sulfate A, but at
much higher concentrations (Table 1). Differences in the magni-
tude of inhibition by specific soluble GAGs in the infectivity and
binding assays are likely due to differences in assay conditions,
including cell number, virus concentration, temperature, and du-
ration of adsorption. Collectively, these data indicate that soluble
GAGs inhibit infectivity of strain 181/25, but not SL15649, on
BHK-21 cells by blocking 181/25 from binding to the cell surface
and suggest that 181/25 and GAGs directly interact.

Inhibition of 181/25 by soluble heparan sulfate occurs prior
to endosomal escape. To determine whether inhibition of 181/25
infectivity by soluble GAGs occurs during an early step of the entry
process prior to endosomal escape, we defined the temporal win-
dow at which heparan sulfate acts by adding the GAG to virus
inocula at various times during the adsorption phase. Consistent
with our previous observations (Fig. 1A), incubation of 181/25
with heparan sulfate prior to adsorption resulted in almost com-
plete inhibition of 181/25 infectivity (Fig. 2A), whereas incubation
with BSA had no effect (data not shown). Inhibition of 181/25
infectivity by heparan sulfate diminished as a function of time
following viral adsorption. Notably, almost 50% of the inhibitory
effect of heparan sulfate was lost when it was added 20 min post-
adsorption (~56% infected cells; P < 0.01 compared with the BSA
control). When added 45 min after adsorption, heparan sulfate
lost almost all inhibitory effect (~88% infected cells; P < 0.01
compared with the BSA control). These data indicate that heparan
sulfate inhibits 181/25 infectivity early in the infectious cycle.

Since attachment of CHIKV occurs prior to internalization of
the virus into the endocytic pathway, we sought to determine the
time required for 181/25 to escape the endosome and become
resistant to a lysosomotropic agent. We assessed the capacity of
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FIG 1 Soluble GAGs inhibit 181/25 infectivity and binding. (A and B) Purified virions of strain 181/25 (A) or SL15649 (B) (MOI of ~2.5 PFU/cell) were
incubated with buffer alone or buffer containing heparin, heparan sulfate, chondroitin sulfate A, dermatan sulfate, or bovine serum albumin (BSA) at the
concentrations shown at 4°C for 30 min prior to adsorption to BHK-21 cells. At 2 hpi, the inoculum was replaced with medium containing 20 mM NH,CI. At
18 hpi, infected cells were detected by indirect immunofluorescence. Results are expressed as the mean percentage of infected cells normalized to untreated
controls for three (181/25) or two (SL15649) independent experiments performed in triplicate. Error bars indicate SEM. *, P < 0.05; **, P < 0.01 (in comparison
to untreated controls as determined by one-way ANOVA followed by Dunnett’s post hoc test). (C) Strain 181/25 (MOI of ~5 PFU/cell) was incubated with buffer
alone or buffer containing heparin, heparan sulfate, chondroitin sulfate A, or dermatan sulfate at the concentrations shown at 4°C for 30 min. Virus-GAG
mixtures were adsorbed to BHK-21 cells at 4°C for 30 min and stained with a CHIKV-specific antibody. The MFI of each sample was determined by flow
cytometry. The data were normalized to the MFI of untreated virus controls for three independent experiments performed in triplicate. Error bars indicate SEM.

*, P < 0.01 (in comparison to untreated controls as determined by one-way ANOVA followed by Dunnett’s post hoc test).

NH,Cl to inhibit 181/25 infectivity of BHK-21 cells when added at
various times during the adsorption phase (Fig. 2B). NH,Cl raises
the pH of intracellular organelles within 1 min following addition
to the medium (73), thereby allowing inhibition of low-pH-de-
pendent endosomal escape by the virus at defined intervals postin-
fection. BHK-21 cells were adsorbed with 181/25 virions, and me-
dium containing 20 mM NH,Cl was added at various intervals
after adsorption. The percent infected cells at 18 hours postinfec-
tion (hpi) was determined by indirect immunofluorescence and
normalized to the infectivity of 181/25 when NH,Cl was added at
120 min after infection. When NH,Cl was added at 5 min postad-
sorption, only 4.5% of cells were infected by 181/25 (P < 0.01).
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Inhibition of 181/25 infectivity by NH,Cl decreased gradually
over time, with approximately half of the inhibitory effect lost by
45 min postadsorption (P < 0.01) and all the inhibitory effect lost
by 100 min postadsorption (P > 0.05). These data confirm previ-
ous observations that endosomal acidification is essential for
CHIKYV infection of cells (13, 31-34) and suggest that inhibition of
181/25 infectivity by heparan sulfate occurs prior to inhibition by
NH,CL

CHIKV strains 181/25 and SL15649 require cell-surface
GAGs for binding and infectivity. To examine whether GAGs are
required for CHIKV infection, we tested 181/25 and SL15649 for
the capacity to infect parental CHO-K1 cells and a panel of mutant
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TABLE 1 Inhibition of 181/25 infectivity and binding by soluble GAGs

Infectivity Binding
Inhibitor Inhibition (%)* ICs, pg/ml (95% CI)® Inhibition (%)° ICs, pg/ml (95% CI)®
Heparin 76.4 £ 9.8 248.5 (203.6-303.5) 983 1.3 7.9 (3.542-17.74)
Heparan sulfate 95.1 £34 25.3 (23.3-27.5) 909 =114 357.7 (254.0-503.7)
Chondroitin sulfate A 74.6 = 13.3 44.5 (34.4-57.5) 96.0 * 0.6 179.1 (130.6-245.7)
Dermatan sulfate 90.9 £ 6.9 17.5 (15.21-19.35) 60.6 = 6.5 >7507
Chondroitin sulfate A/C/E 78.2 +11.0 9.0 (6.469-12.52) ND* ND
Hyaluronic acid 86.7 + 8.6 112.3 (97.9-128.8) ND ND

“ Percent inhibition of infectivity compared with untreated controls (at a concentration of inhibitor of 500 jg/ml) * standard error of the mean.
b Inhibitory concentration of each GAG that prevents 50% of infectivity (IC5,) relative to untreated controls with the 95% confidence interval (CI).
¢ Percent inhibition of binding compared with controls (at a concentration of inhibitor of 1,000 g/ml) * standard error of the mean.

4 Could not be determined accurately due to partial dose response.
¢ ND, not determined.

CHO cells that display various defects in GAG biosynthesis
(Fig. 3A). Parental CHO-K1 and mutant cell lines were adsorbed
with either strain and scored for infectivity using conditions to
allow a single infectious cycle. Cell line pgsA745, which is deficient
in xylosyltransferase activity and thus lacks expression of all GAGs
(74, 75), was highly resistant to infection by 181/25 (~0.5% in-
fected cells; P < 0.001 compared with the CHO-K1 cells), con-
firming previous observations (76). These cells also were resistant
to infection by SL15649 (~18% infected cells; P < 0.001 com-
pared with the CHO-K1 cells). pgsA745 cells were less susceptible
to strain 181/25 than to strain SL1649 (P < 0.001), suggesting that
181/25 is more dependent than SL15649 on GAGs for efficient
infection. Cell line pgsB761, which is deficient in galactosyltrans-
ferase I and expresses only ~5% of the wild-type levels of heparan
sulfate and chondroitin sulfate (75), was highly resistant to 181/25
infection (~7% infected cells; P < 0.001) but highly susceptible to
SL15649 infection, with the infectivity level nearing that of paren-
tal CHO-K1 cells (~97% infected cells; P > 0.05). Similarly, cell
line pgsD677, which is deficient in both N-acetylglucosaminyl-
transferase and glucuronosyltransferase activity and produces a
3-fold excess of chondroitin sulfate but no heparan sulfate (77),
was highly resistant to 181/25 (~2% infected cells; P < 0.001) but
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susceptible to SL15649 (~70% infected cells; P < 0.001), albeit
less susceptible than the pgsB761 cell line. These results suggest
that both vaccine strain 181/25 and clinical isolate SL15649 de-
pend on cell-surface GAGs for efficient infection but that the spe-
cific GAGs or structural specificities of the GAGs used by these
viruses may differ.

To determine whether GAGs are required for attachment of
181/25 and SL15649 to CHO cells, we tested both viruses for the
capacity to bind parental and mutant CHO cell lines. Cells were
incubated with either virus strain and scored for binding using
flow cytometry (Fig. 3B). Strain 181/25 did not efficiently bind to
any of the mutant cell lines (P < 0.001 for pgsA745, pgsB761, and
pgsD677 compared with CHO-K1). In contrast, SL15649 bound
modestly to both pgsB761 and pgsD677 cells (P < 0.001 for both
cell lines compared with CHO-K1) but less well to pgsA745 cells
(P < 0.001 compared with CHO-K1). To confirm that CHO-K1
and mutant cell lines can support viral replication if entry steps are
bypassed, we introduced in vitro-transcribed 181/25 RNA into
both CHO-K1 and pgsA745 cells by electroporation and deter-
mined titers of progeny virus in cell supernatants 24 h later. We
found that CHO-K1 and pgsA745 cells produce infectious virus to
similar extents following viral RNA electroporation (data not
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FIG 2 Kinetics of inhibition of 181/25 by heparan sulfate and ammonium chloride. (A) 181/25 virions (MOI of ~2.5 PFU/cell) were adsorbed to BHK-21 cells
at 37°C. At the times shown prior to or during adsorption, heparan sulfate (250 pg/ml) was added to the virus inoculum. After 2 h adsorption, unbound virus
was removed, and cells were incubated with medium containing 20 mM NH,Cl. At 18 hpi, infected cells were detected by indirect immunofluorescence. Results
are expressed as the mean percentage of infected cells normalized to BSA-treated controls from two independent experiments performed in triplicate. Error bars
indicate SEM. ¥, P < 0.01 (in comparison to BSA-treated controls as determined by one-way ANOVA followed by Dunnett’s post hoc test). (B) 181/25 virions
(MOI of ~2.5 PFU/cell) were adsorbed to BHK-21 cells at 37°C. At the times shown following adsorption, the virus inoculum was removed, and cells were
incubated with medium containing 20 mM NH,Cl. At 18 hpi, infected cells were detected by indirect immunofluorescence using a CHIKV-specific polyclonal
antibody. Results are expressed as the mean percentage of infected cells normalized to the percentage of infected cells when NH,Cl was added at 120 min from
three independent experiments performed in triplicate. Error bars indicate SEM. *, P < 0.01 (in comparison to untreated controls as determined by one-way
ANOVA followed by Dunnett’s post hoc test).
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FIG 3 CHIKV 181/25 and SL15649 infectivity of and binding to parental and
mutant CHO cells. (A) Parental CHO-K1, pgsA745, pgsB761, and pgsD677 cells
were adsorbed with an MOI of ~10 PFU/cell of either 181/25 or SL15649. At 2 hpi,
the inocula were replaced with medium containing 20 mM NH,CI. At 18 hpi,
infected cells were detected by indirect immunofluorescence. Results are expressed
as the mean percentage of infected cells normalized to the percentage of infected
parental CHO-K1 cells for three (181/25) or two (SL15649) independent experi-
ments performed in triplicate. Error bars indicate SEM. *, P < 0.001 (in compar-
ison to the infectivity of the appropriate parental virus in CHO-K1 cells as deter-
mined by one-way ANOVA followed by Tukey’s multiple-comparison test). (B)
Parental CHO-K1, pgsA745, pgsB761, and pgsD677 cells were adsorbed with an
MOI of ~5 PFU/cell of either 181/25 or SL15649 at 4°C for 1 h and stained with a
CHIKV-specific antibody. The mean fluorescence intensity (MFI) of each sample
was determined by flow cytometry. The data were normalized to the MFI of virus
bound to parental CHO-K1 cells for three (181/25) or two (SL15649) independent
experiments performed in triplicate. Error bars indicate SEM. *, P < 0.001 (in
comparison to the binding of the appropriate parental virus to CHO-K1 cells as
determined by one-way ANOVA followed by Tukey’s multiple-comparison test).
GAG, glycosaminoglycan; HS, heparan sulfate; CS, chondroitin sulfate.

shown). Together, these data indicate that both vaccine strain
181/25 and clinical isolate SL15649 depend on cell-surface GAGs
for infection, specifically at the stage of viral attachment.

E2 residue 82 influences dependence on cell-surface GAGs.
Although both 181/25 and SL15649 depend to some extent on

CHIKV E2 Residue 82 Influences GAG Utilization

TABLE 3 CHIKV parental and mutant viruses used in this study

No. of Genome/PFU  Normalized

Virus genomes/ml® PFU/ml® ratio ratio
181/25

WT 1.58 X 10" 1.4 X 10° 120 1.0

E2 R82G 7.88 X 10" 2.2 X 10° 360 3.2

E2 R318V 7.22 X 10" 1.0 X 10° 72 0.62

E2 R82G/R318V  8.83 X 10'° 1.8 X 10® 500 4.4
SL15649

WT 7.71 X 10" 1.7 X 107 4400 1.0

E2 G82R 1.93 X 10" 1.2 X 10* 160 0.036

E2 V318R 1.51 X 10" 3.0 X 107 5100 1.1

E2 G82R/V318R 291 X 10" 8.3 X 107 350 0.079

“ Genomes/ml data were determined by duplicate real-time quantitative PCRs from
three replicate experiments.

b Titers were determined by plaque assay using Vero cells. The mean viral titers from
three independent plaque assays of a single stock are shown.

¢ Each mutant genome/PFU value was normalized to the parental WT value. The ratio
of the relative numbers of genomes to PFU of WT 181/25 to that of WT SL15649 was
0.027.

cell-surface GAGs for efficient binding and infectivity, these
strains display differences in the requirement for GAG utilization
and inhibition by soluble GAGs. To identify amino acids respon-
sible for these differences, we compared E2 amino acid sequences
of 181/25 and SL15649 and found 16 amino acid polymorphisms
(Table 2). Interestingly, 181/25 E2 contains arginines at residues
82 and 318, whereas SL15649 E2 contains glycine and valine resi-
dues at these positions, respectively. We were particularly inter-
ested in residue 82 because the presence of an arginine at this
position is partially responsible for attenuation of virulent strains
in some mouse models of CHIKV infection (80). To determine
whether differences in GAG utilization between 181/25 and
SL15649 are due to polymorphisms at one or both of these posi-
tions, we generated isogenic variants in the SL15649 and 181/25
infectious clones containing reciprocal amino acid substitutions
at residues 82 and 382 in single- and double-mutant constructs
(Table 3). The rescued viruses were viable, producing cytopathic
effect (CPE) in BHK-21 cells within 24 h of electroporation and
replicating to titers of 107 to 10° PEU/ml of purified virus, which
are comparable to those seen with the parental SL15649 and
181/25 viruses, respectively (Table 3). In these experiments, we
observed a correlation between virus titers in Vero cells and the
amino acid at position 82. 181/25-E2 R82G and -E2 R82G/R318V
virus titers were approximately 6- to 8-fold lower than those of
181/25. Correspondingly, SL15649-E2 G82R and -E2 G82R/
V318R virus titers were approximately 5- to 7-fold higher than
titers of SL15649. Titers for the reciprocal E2 318 mutants were
comparable to those of their parental counterparts. We also ob-
served a small-plaque phenotype for SL15649-E2 G82R and -E2
G82R/V318R compared with SL15649 (data not shown). Of note,

TABLE 2 Amino acid polymorphisms in the E2 glycoprotein sequences of viruses used in this study

E2 amino acid at position™:

Virus strain 2 12 82 118 149 157 164

194 205 255 312 317 318 375 377 384

SL15649 T T G S K \Y% T
181/25 I 1 R G R A A

“ Numbered from the N terminus of E2.
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FIG 4 E2 residue 82 is a primary determinant of GAG utilization. Parental CHO-K1 and pgsB761 cells were adsorbed with an MOI of ~10 PFU/cell of
each parental virus (181/25 or SL15649) or the E2 mutants shown. At 2 hpi, the inoculum was replaced with medium containing 20 mM NH,CI. At 18 hpi,
infected cells were detected by indirect immunofluorescence. Results are expressed as the mean percentage of infected pgsB71 cells normalized to parental
CHO-K1 cells for each virus for two independent experiments performed in triplicate. Error bars indicate SEM. *, P < 0.001 (in comparison to infectivity
of the appropriate parental virus in CHO-K1 cells as determined by one-way ANOVA followed by Tukey’s multiple-comparison test).

a small-plaque phenotype was originally used as a criterion for
selecting clone 181/25 (65). However, plaques formed by 181/
25-E2 R82G and -E2 R82G/R318V were not correspondingly
larger than those formed by 181/25 (data not shown).

As an additional measure of viral fitness, we determined the
genome/PFU ratio for each virus in infectivity assays using Vero
cells. The parental strains 181/25 and SL15649 had genome/PFU
ratios of 120 and 4,400, respectively (Table 3). E2 318 mutants had
genome/PFU ratios similar to those of the parental strains. How-
ever, variants 181/25-E2 R82G and 181/25-E2 R82G/R318V had
genome/PFU values that were 3.2- and 4.4-fold higher, respec-
tively, than those of 181/25. Correspondingly, SL15469-E2 G82R
and SL15649-E2 G82R/V318R had genome/PFU ratios that were
28- and 13-fold lower, respectively, than those of SL15649. Thus,
an arginine at position 82 in E2 results in increased viral titers, a
decreased genome/PFU ratio, and, in the SL15649 background, a
reduction in plaque size, suggesting that a basic residue at position
82 in E2 enhances viral fitness in mammalian cell culture. A small-
plaque phenotype (51, 58, 59, 65) and a higher level of infectivity
in cell culture (53, 61) have been observed with other GAG-bind-
ing alphavirus strains.

To determine whether either of the basic amino acids at E2 82
and 318 affects GAG utilization, parental and mutant viruses were
tested for infection of parental CHO-K1 and mutant pgsB761
cells, the cell line in which we observed the greatest difference in
infectivity between the two parental strains (Fig. 3A). As before,
SL15649 efficiently infected pgsB761 cells (~95% infected),
whereas infection of these cells was greatly impaired for 181/25
(~8%) relative to infection of parental CHO-K1 cells (P < 0.001
for both viruses) (Fig. 4). Substitution of Arg®* with a glycine in
181/25 E2 (181/25-E2 R82G) allowed efficient infection of
pgsB761 cells (~82% infected; P < 0.001 compared with 181/25),
whereas substitution of Gly** in SL15649 E2 with an arginine
(SL15649-E2 G82R) resulted in substantially reduced infectivity
of these cells (~5% infected; P < 0.001 compared with SL15649).
Substitution of Arg’'® in 181/25 E2 with valine (181/25-E2
R318V) or of Val’'® in SL15649 E2 with arginine (SL15649-E2
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V318R) resulted in increased infectivity of pgsB761 cells (~28%
or ~128% infected, respectively). The SL15649-E2 G82R/V318R
double mutant did not efficiently infect pgsB761 cells (~4% in-
fected; P < 0.001 compared with SL15649), whereas the 181/
25-E2 R82G/R318V double mutant did (88% infected; P < 0.001
compared with 181/25), suggesting that the sequence polymorphism
at residue 82 predominates in conferring infectivity of pgsB761 cells.
Therefore, an arginine at E2 residue 82 yields a higher degree of de-
pendence on cell-surface GAGs for efficient infection.

E2 R82 mediates a direct interaction with GAGs. Since cell-
surface GAGs are required for efficient binding and infectivity by
181/25 and SL15649, we next tested whether CHIKV virions and
GAGs directly interact. Equivalent genome copies (5 X 107) of
purified 181/25, 181/25-E2 R82G, SL15649, or SL15649-E2 G82R
virions were incubated with agarose beads conjugated to heparin
or with unconjugated beads as a negative control, and bound ma-
terial from both heparin-agarose and unconjugated beads was re-
solved by SDS-PAGE and transferred to a PVDF membrane.
Membranes were immunoblotted using an anti-E2 antibody to
detect captured virus. We found that 181/25 was efficiently cap-
tured by heparin-agarose beads, whereas 181/25-E2 R82G was not
(Fig. 5A). Correspondingly, we observed little capture of SL15649
by heparin beads, while SL15649-E2 G82R was more efficiently
precipitated (Fig. 5A). We detected no virus capture by beads
alone, suggesting that interactions between heparin and virions
are specific (Fig. 5B). Densitometric analysis of three independent
experiments indicates that ~38% and ~24% of 181/25 and
SL15649-E2 G82R, respectively, were captured by heparin-aga-
rose beads (Fig. 5C). In contrast, SL15649 and 181/25-E2 G82R
displayed low levels (~5%) of binding to heparin (Fig. 5C). We
conclude that CHIKV virions directly interact with heparin and
that this interaction is greatly enhanced by the presence of a basic
residue at position 82 in the E2 glycoprotein.

Structural and sequence analysis of CHIKV E2 82. Since in-
teractions between GAGs and proteins often occur via electro-
static and hydrogen-bond interactions between anionic (carbox-
ylate and sulfate) groups in GAGs and cationic amino acid side
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FIG 5 CHIKV E2 R82G mediates a direct interaction with heparin. Approxi-
mately 5 X 107 genome equivalents of purified 181/25, 181/25-E2 R82G, SL15649,
and SL15649-E2 G82R virions were incubated with 75 pl of washed heparin-
agarose beads (A) or unconjugated beads (B) at 4°C for 30 min. Beads were washed
three times, and the bound material as well as 12.5% of the input virus was resolved
by SDS-PAGE, transferred to a PVDF membrane, and immunoblotted for E2 asa
marker for captured virus using a CHIKV-specific monoclonal antibody. The
results of an experiment representative of three performed are shown. P, parental
virus. (C) Densitometric analysis of virus bound to heparin-agarose beads. Data
are expressed as the mean percent bound virus calculated from the densitometric
analysis of captured virus divided by the estimated total input virus for three in-
dependent experiments. Error bars indicate SEM.

chains, we sought to determine how substitution of Gly* to Arg
affects the local electrostatic environment surrounding this resi-
due. Using the crystal structure of the CHIKV E1/E2 trimer (Pro-
tein Data Bank [PDB] accession code 2XFB [30]), we modeled the
181/25 E2 structure by substituting 12 residues of the 16 total
polymorphisms displayed by the two strains (Table 2) located
within the crystal structure, including G82R. The electrostatic
charge distribution for each virus was calculated using the PyMol
plug-in program APBS (71) and mapped onto a molecular surface
representation of the E1/E2 trimer (Fig. 6). In the SL15649 model
of the E1/E2 trimer (Fig. 6A and B, left panels), Gly*” is located in
the “wings” insertion in the BC loop at the top of the immuno-
globulin-like B-barrel fold that comprises domain A of E2, which
has been implicated in mediating interactions with receptors (30).
Gly®** is part of a cavity formed by domain A, which is centered on
the 3-fold axis of the trimer spike. The three Gly** residues are
located at the inner apical surface of the cavity, facing toward the
cavity center (Fig. 6A and B). Substitution of glycine with an argi-
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FIG 6 Electrostatic potentials of SL15649 and 181/25 E1/E2 trimers. (A) Top view
of the electrostatic potential map displayed on the molecular surface of E1/E2
trimers of SL15649 (left panel) compared with a model of 181/25 (right panel)
based on the crystal structure of CHIKV E1/E2 (PDB accession no. 2XFB). Positive
potential is depicted in blue, and negative potential is depicted in red. (B) Enlarged
view of the boxed areas from panel A highlighting the central cavity of the E1/E2
trimer. A white arrow indicates the position of Gly** in SL15649 (left panel) or
Arg® in 181/25 (right panel) in one of the E2 monomers. (C) Enlarged view of the
inner cavity rotated by 90° around the horizontal axis from the top view in panel B.
A ribbon tracing of E2 is shown with a semitransparent view of the electrostatic
surface and amino acids Gly* (SL15649, left panel) or Arg® (181/25, right panel)
and Lys'*° shown in stick representations.

nine at residue 82 results in an expected increase in positive charge
of the environment surrounding this residue (Fig. 6B). In addi-
tion, the additional density of the larger arginine side chain occu-
pies a space adjacent to a conserved lysine at position 120, which is
vacant in the SL16549 structure (Fig. 6C). Since residue 82 is part
of the central cavity, it is possible that the increase in positive
charge at this position in 181/25 results in formation of a GAG-
binding pocket at the central cavity apex.

We surveyed the frequency of an arginine or glycine at E2 82 in
historical and circulating CHIKV strains. Alignment of the 158
CHIKYV E2 protein sequences available in the NIAID ViPR data-
base (72) revealed that 157 of 158 (>99%) sequences contained a
glycine at position 82 in E2. The only sequence in the database that
contains an arginine at this residue is 181/25 (TSI-GSD-218 [65,
67]). CHIKV11, a strain isolated from an infected patient in Sin-
gapore in 2006, is the only other published CHIKYV strain that has
an arginine at position 82 in E2 (78). CHIKV11 was passaged in
Vero cells and may have acquired an arginine at position 82 during
cell-culture passage (78). This analysis reveals that a glycine at
residue 82 in E2 is highly conserved.
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DISCUSSION

The initial events in the replication cycle of CHIKV are not well
defined. In this study, we found that CHIKV vaccine strain 181/25
requires cell-surface glycosaminoglycans for efficient attachment
to and infection of cells in culture. In addition to pgsA745 cells,
which are not susceptible to 181/25 infection (76), pgsB761 cells
or pgsD677 cells are likewise not susceptible to 181/25 infection,
suggesting that 181/25 is dependent on cell-surface heparan sul-
fate for efficient infection. We detected decreased cell binding by
181/25 both in the absence of cell-surface GAGs and in the pres-
ence of soluble GAGs. Moreover, we found that inhibition of
181/25 infectivity by soluble heparan sulfate occurs prior to endo-
somal escape. Collectively, these data suggest that 181/25 uses
heparan sulfate proteoglycans as attachment receptors.

Our structural analysis suggests that Arg®* participates in a
solvent-accessible GAG-binding pocket in the central cavity of the
E1/E2 trimer of 181/25. Although the precise GAG-binding site
cannot be determined without high-resolution structural studies
of 181/25 with a soluble GAG, it is likely that a number of basic
amino acids in E2 coordinate interactions with GAGs (46, 49, 79).
We think it likely that Arg® participates in a network of basic
residues, possibly including Lys'*, which form a GAG-binding
site in 181/25 E2 and enhances the affinity of the glycoprotein for
GAGs. In support of this model, 181/25 bound heparin more ef-
ficiently than did SL15649. In addition, substitution of Gly®* with
Arg in SL15649 increased virus binding to heparin, suggesting an
increase in E2 affinity for GAGs.

It has been hypothesized that Arg®* in E2 of 181/25 contributes
to attenuation of the vaccine strain due to GAG binding (76, 80).
Our results provide support for this hypothesis. An arginine at
position 82 in both 181/25 and SL15649 results in a greater depen-
dence on GAGs for infection in cell culture. In addition, we pro-
vide the first evidence for a direct interaction between 181/25 and
an immobilized GAG, which is highly dependent on the presence
of an arginine at position 82 in E2. In comparison to its parental
strain AF15561, 181/25 contains 10 nucleotide differences, in-
cluding two amino acid polymorphisms in the E2 glycoprotein
(T12I and G82R) (80). Genetic analysis reveals that E2 T12I and
G82R are responsible for attenuation of both AF15661 and a clin-
ical isolate, CHIKV LR2006 OPY-1 (strain LR), in mouse models
of CHIKYV virulence (80), indicating that Arg® in E2 functions in
attenuation of CHIKV. Although infection of mice with 181/25
results in decreased dissemination and viremia compared with
parental strain AF15561 or strain LR (76, 80), mechanisms of vir-
ulence attenuation of 181/25 in vivo have not been fully eluci-
dated. Similar to other GAG-binding viruses, low levels of viremia
during infection with 181/25 may be due to rapid clearance of
virus from the bloodstream (55, 58, 81-83).

The conservation of a glycine at position 82 in E2 suggests that
this residue contributes importantly to viral fitness. Consistent
with this idea, 181/25 infects A. albopictus C6/36 cells less effi-
ciently than its parental virus AF15561, which contains Gly** (data
not shown), suggesting that an arginine at this position in E2
brings a fitness cost for replication of CHIKV in mosquito cells. In
addition, evidence of reversion from Arg to Gly at position 82
in E2 0f 181/25 was observed during infections of mice (80) and in
one viremic vaccinee during phase II clinical trials (67), indicating
that Gly®* is selected for in vivo. It is possible that the presence of
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Arg® may alter the tertiary structure of E2, which may affect bind-
ing to other mosquito or mammalian cell receptors.

Similar to other low-passage-number isolates of EEEV and
VEEV (50, 62), CHIKV SL15649 exhibits dependence on cell-sur-
face GAGs for efficient binding and infection in cell culture. How-
ever, GAG binding may not be a property of all CHIKV strains.
For example, it has been demonstrated that CHIKV strain LR
replicon particles do not depend on cell-surface GAGs for infec-
tion (76). It is unclear whether the observed difference between
SL15649 and LR in GAG dependence is due to sequence polymor-
phisms or experimental differences. Sequence analysis of the in-
fectious clone of SL15649 did not reveal the presence of additional
basic amino acids in E2 compared with other clinical isolates (data
not shown), suggesting that the requirement for cell-surface
GAG:s for efficient infection of SL15469 is not the result of cell
culture adaptation.

Our experiments using CHO cells deficient in various GAGs
provide evidence that 181/25 and SL15649 are dependent on
GAG:s to differing extents for efficient infection. While it is possi-
ble that abrogation of GAG expression in mutant CHO cells alters
the expression of other cell-surface molecules required for CHIKV
binding, we think this is unlikely since CHIKV strain LR readily
infects these cells (76). Interestingly, we did not detect inhibition
of SL15649 infectivity by soluble GAGs. SL15649 may bind to
GAGs only within the context of a proteoglycan or when ex-
pressed at the cell surface. However, we observed a low level of
binding of SL15649 to immobilized heparin, which is likely due to
interactions between virions and heparin and not a consequence
of nonspecific binding to beads, since virus did not bind beads
alone. Physiologically relevant GAG-protein interactions display
affinities that can range from rather weak (dissociation constant
[K,] > 107° M) to moderately strong (K, = ~107° M) (46).
Although mounting evidence suggests that high-affinity interac-
tions with GAGs diminish alphavirus virulence (50, 55, 57-59,
63), low-affinity interactions with GAGs may be important for
replication within hosts (e.g., to mediate attachment in specific
tissues) and consequent pathology.

The structural specificity of the interactions between viruses
and GAGs is poorly understood (reviewed in references 84 and
85). GAGs are heterogenous and differ in chain lengths, sulfation
patterns, and subunit configurations due to the spatiotemporal
expression patterns of GAG biosynthesis genes (79, 85, 86). The
presence of specific subunits (e.g., iduronic acid) (44, 87) or the
extent and position of sulfation of particular GAGs (39, 88, 89)
can substantially influence the specificity of virus-GAG interac-
tions. GAG-binding sites on proteins are surface exposed or in
shallow grooves containing positively charged amino acids. The
precise spacing of cationic clusters and the composition and ar-
rangement of other residues that comprise the local environment
of the GAG-binding site are important for specificity of interac-
tions with GAGs (49, 90). Strain variants that contain basic resi-
dues that mediate some level of GAG binding among the different
alphaviruses map to five surface-exposed regions within E2: resi-
dues 1to 4 (53-55,62),70to 82 (50, 53-55, 58-60), 114 to 120 (53,
55, 62), 157 to 161 (58), and 209 to 218 (51, 55). Although it is
thought that alphavirus E1 and E2 trimers adopt similar overall
folds (30, 91), it is possible that the spacing and location of the
GAG-binding residues and the local amino acid environment of
these five regions in E2 contribute to the type and specificity of
GAG-E2 interactions. Conserved basic residues are often found
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within or near these five sites, which may mediate low-affinity
interactions with GAGs. Basic amino acid polymorphisms within
these regions of E2 from passaged viruses or natural isolates may
increase the affinity of E2 for different GAGs or alter GAG-bind-
ing specificity.

Studies of interactions between GAGs and other alphaviruses
have mainly focused on heparin or heparan sulfate. However,
studies using other soluble GAGs suggest that some strains use
GAGs other than heparan sulfate to bind cells. For example, SINV
strain Toto1101 binds to and is inhibited by soluble dermatan
sulfate in addition to heparin (52). Similarly, a subset of VEEV
GAG-binding mutants inhibited by soluble heparin are also inhib-
ited by soluble dermatan sulfate (55). Differences in structural
specificities of GAG interactions with alphavirus E2 glycoproteins
may influence the tropism and pathology of these GAG-binding
viruses. Indeed, this idea is supported by a study of EEEV heparan
sulfate-binding mutants (59).

Our data suggest that 181/25 and SL15649 differ in the utiliza-
tion of individual GAGs or structural specificities of GAGs. Al-
though 181/25 infectivity was inhibited to some extent by all sol-
uble GAGs tested, regardless of type of subunits or level of
sulfation, this virus displays greater GAG specificity in cell culture.
Based on studies using mutant CHO cell lines, strain 181/25 ap-
pears to depend mainly on heparan sulfate in cell culture, whereas
SL15649 appears to use chondroitin sulfate, possibly in addition
to heparan sulfate, for infection. Whether the amino acid se-
quences that influence GAG dependence for 181/25 and SL15649
are distinct or contiguous remains to be determined. Interestingly,
E2 from 181/25 and SL15469 contains a heparin-binding consen-
sus sequence (47) (from residues 250 to 255 [DRKGKI]) which is
solvent accessible and conserved in other circulating CHIKV iso-
lates. Ongoing work to define GAG-binding sites and structural
specificity of GAG interactions with CHIKV 181/25 and virulent
clinical isolates will enhance an understanding of CHIKV tropism
and pathogenesis.
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ABSTRACT

Chikungunya virus (CHIKYV) is a mosquito-borne alphavirus that has reemerged to cause profound epidemics of fever,
rash, and arthralgia throughout sub-Saharan Africa, Southeast Asia, and the Caribbean. Like other arthritogenic alphavi-
ruses, mechanisms of CHIKV pathogenesis are not well defined. Using the attenuated CHIKYV strain 181/25 and virulent
strain AF15561, we identified a residue in the E2 viral attachment protein that is a critical determinant of viral replication
in cultured cells and pathogenesis in vivo. Viruses containing an arginine at E2 residue 82 displayed enhanced infectivity
in mammalian cells but reduced infectivity in mosquito cells and diminished virulence in a mouse model of CHIKV dis-
ease. Mice inoculated with virus containing an arginine at this position exhibited reduced swelling at the site of inocula-
tion with a concomitant decrease in the severity of necrosis in joint-associated tissues. Viruses containing a glycine at E2
residue 82 produced higher titers in the spleen and serum at early times postinfection. Using wild-type and glycosamino-
glycan (GAG)-deficient Chinese hamster ovary (CHO) cell lines and soluble GAGs, we found that an arginine at residue 82
conferred greater dependence on GAGs for infection of mammalian cells. These data suggest that CHIKV E2 interactions
with GAGs diminish dissemination to lymphoid tissue, establishment of viremia, and activation of inflammatory re-
sponses early in infection. Collectively, these results suggest a function for GAG utilization in regulating CHIKV tropism
and host responses that contribute to arthritis.

IMPORTANCE

CHIKY is a reemerging alphavirus of global significance with high potential to spread into new, immunologically naive
populations. The severity of CHIKV disease, particularly its propensity for chronic musculoskeletal manifestations, em-
phasizes the need for identification of genetic determinants that dictate CHIKV virulence in the host. To better understand
mechanisms of CHIKV pathogenesis, we probed the function of an amino acid polymorphism in the E2 viral attachment
protein using a mouse model of CHIKV musculoskeletal disease. In addition to influencing glycosaminoglycan utilization,
we identified roles for this polymorphism in differential infection of mammalian and mosquito cells and targeting of
CHIKY to specific tissues within infected mice. These studies demonstrate a correlation between CHIKYV tissue tropism
and virus-induced pathology modulated by a single polymorphism in E2, which in turn illuminates potential targets for
vaccine and antiviral drug development.

hikungunya virus (CHIKV) is a mosquito-borne alphavirus
that has reemerged to cause sudden and severe epidemics
throughout sub-Saharan Africa, Southeast Asia, and the Carib-
bean. CHIKV infection causes a rheumatic disease principally
characterized by an abrupt onset of fever, rash, headache, and
debilitating polyarthralgia and myalgia (1, 2). Although acute
symptoms usually subside within 1 to 2 weeks, chronic joint pain
and inflammation occur in many patients for months or years
after the initial infection (3-7). The occurrence of chronic arthritis
is highly variable, ranging between 15 and 70% of infected indi-
viduals depending on the specific study cohort and observed most
frequently in the elderly and persons with comorbidities (7).
Since 2004, the geographic distribution of CHIKV has increased
significantly, reaching immunologically naive populations in islands
of the Indian Ocean, Europe, and the Caribbean (8-13). These epi-
demics are noteworthy for more severe clinical manifestations, in-
cluding encephalopathy, hepatitis, meningoencephalitis, and ocular
disease and represent the first documented cases of fatal infection
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(14-16). Currently, there are no licensed CHIKV vaccines or antiviral
therapies for infected individuals, and only supportive care for clini-
cal symptoms is available.

CHIKYV is an Old World alphavirus and member of the Semliki
Forest antigenic complex along with the closely related O’nyong-
nyong virus (ONNV), Ross River virus (RRV), and Semliki Forest
virus (SFV) (17). The alphavirus genome consists of a single, pos-
itive-sense RNA molecule approximately 12 kb in length that con-
tains two open reading frames (18, 19). The first open reading
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frame encodes four nonstructural proteins (nsP1 to nsP4) that
form the replicase complex and mediate synthesis of additional
copies of the viral genome and the subgenomic RNA (17-19). The
subgenomic, second open reading frame encodes a polyprotein
containing three major structural proteins, capsid, pE2, and El,
and the small peptides, 6K and TF (17, 19-22). Following transla-
tion of the subgenomic RNA, the capsid protein is autoproteolyti-
cally cleaved from the polyprotein (18, 23). The remainder is
transported through the endoplasmic reticulum (ER) and Golgi
apparatus where the 6K peptide is liberated by cellular proteases
and the E1 and pE2 proteins are glycosylated (20, 24). During
egress, the cellular protease furin cleaves pE2 to release the E3
peptide and generate the mature heterodimer of E1 fusion and E2
attachment proteins (25-27). E1-E2 heterodimers associate as
trimers and stud the host-derived lipid bilayer that surrounds the
icosahedral capsid (27). The structural proteins encapsidate the
viral genome, forming progeny virions near the plasma mem-
brane, which bud from the host cell to infect neighboring cells and
disseminate throughout the host (28).

A live, attenuated CHIKV vaccine was developed by passaging
a clinical isolate from Thailand, strain AF15561, extensively in
mammalian cell culture to produce a highly attenuated virus,
strain 181/25 (29, 30). Strains AF15561 and 181/25 differ at only
10 nucleotide positions and 5 amino acid positions across the
genome. A previous study identified two polymorphisms in the E2
attachment protein, T12I and G82R, as important mediators of
virus strain 181/25 attenuation in both infant CD1 and immuno-
compromised mice (31). Accumulation of positively charged res-
idues within E2 as a consequence of cell culture passage has been
demonstrated for other alphaviruses to confer binding to nega-
tively charged glycosaminoglycans (GAGs) such as heparan sul-
fate (32-36). We and others have found that strain 181/25 inter-
acts with GAGs to infect host cells and that this interaction is
strengthened through the G82R polymorphism in E2 (37, 38).
Given the minimal sequence divergence displayed by strains
181/25 and AF15561, it is not known whether they differ in GAG
utilization, nor is it clear whether GAG utilization is the sole
mechanism that mediates CHIKV 181/25 attenuation.

Heparan sulfate-binding viruses often exhibit reduced viral
dissemination and attenuation for disease in vivo (34, 39-42).
However, such viruses can show increased virulence depending
on the route of inoculation, as demonstrated for certain strains of
eastern equine encephalitis virus (EEEV) (43, 44). A strategy to
introduce attenuating heparan sulfate-binding residues within the
CHIKYV E2 attachment protein has been established as a model for
CHIKV vaccine development (45). Wild-type CHIKV strain
LR2006 OPY1 (LR) induced significantly less footpad swelling and
proinflammatory cytokine production following substitution of
E2 Gly82 with arginine and Glu79 with lysine, the latter of which
was identified following serial passage in cell culture (45). Intro-
duction of either substitution enhanced sensitivity to blockade of
infection by soluble heparin or salt disruption of ionic interactions
(45), suggesting that viruses attenuated by virtue of these muta-
tions exhibit increased dependence on GAGs for infection. How-
ever, the roles of E2 residue 82 in CHIKV-induced arthritis and
viral tropism are not fully understood. Furthermore, mechanisms
by which specific CHIKV residues influence viral pathogenesis
remain to be elucidated.

In this study, we defined the contribution of sequence poly-
morphisms displayed by strains 181/25 and AF15561 to CHIKV
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pathogenesis using a mouse model of CHIKV-induced arthritis.
We engineered a panel of CHIKV variants containing these poly-
morphisms in the genetic background of each parental strain and
screened these viruses for differences in infectivity in mammalian
and mosquito cells prior to testing in vivo. We found that E2
residue 82 is a determinant of infectivity in mammalian and mos-
quito cell culture and contributes to CHIKV-induced pathology,
including footpad swelling and inflammation and necrosis in the
metatarsal muscle ipsilateral to the site of inoculation. In addition,
this residue mediates viral dissemination to the spleen and estab-
lishment of viremia. Viruses containing an arginine at E2 residue
82 exhibit increased dependence on GAGs for infection of mam-
malian cells and are more attenuated for musculoskeletal disease.
We conclude that CHIKV utilization of GAGs alters viral tropism,
tissue inflammation, and tissue injury induced during infection,
resulting in attenuated CHIKV disease.

MATERIALS AND METHODS

Cells, viruses, and antibodies. Baby hamster kidney cells (BHK-21;
ATCC CCL-10) were maintained in alpha minimal essential medium
(«MEM; Gibco) supplemented to contain 10% fetal bovine serum (FBS;
Gibco), 10% tryptose phosphate (TP), 2 mM L-glutamine (Gibco), 100
U/ml of penicillin, 100 pg/ml of streptomycin (Gibco), and 25 ng/ml of
amphotericin B (Sigma). Vero cells (ATCC CCL-81) were maintained in
aMEM supplemented to contain 5% FBS, L-glutamine, penicillin, strep-
tomycin, and amphotericin B. C6/36 cells were maintained in Leibovitz’s
L-15 medium (Gibco) supplemented to contain 10% FBS, 10% TP, L-glu-
tamine, penicillin, streptomycin, and amphotericin B. Chinese hamster
ovary (CHO) CHO-K1 and CHO-pgsA745 cells (46) were maintained in
F-12 nutrient mixture (Gibco) supplemented to contain 10% FBS, L-glu-
tamine, penicillin, streptomycin, and amphotericin B. CHO-K1 and
CHO-pgsA745 cell lines were provided by Benhur Lee (University of Cal-
ifornia, Los Angeles).

The CHIKV 181/25 infectious clone plasmid was generated as de-
scribed previously (47). The CHIKV AF15561 infectious clone and variant
clone plasmids were generated using site-directed mutagenesis of the
181/25 infectious clone plasmid.

CHIKV-specific polyclonal antiserum was obtained from the ATCC
(VR-1241AF). CHIKV E2-specific monoclonal antibodies (MAbs) CHK-
152 and CHK 48-G8 were provided by Michael Diamond (Washington
University).

Site-directed mutagenesis. Single-amino-acid substitutions (nsP1
1301T, E2 112T, E2 R82G, 6K P42C, and E1 V404A) were generated by
site-directed mutagenesis of the 181/25 infectious clone plasmid using
KOD Hot Start DNA polymerase (Novagen). All five amino acid substi-
tutions were introduced into the 181/25 plasmid to generate the AF15561
infectious clone plasmid. Reciprocal, single-amino-acid substitutions
(nsP1T3011, E2 T121, E2 G82R, 6K C42P, and E1 A404V) were generated
similarly in the AF15561 infectious clone plasmid. cDNA from each clone
was sequenced to verify that only the desired mutations were introduced.

Generation of virus stocks from infectious clone plasmids. Infec-
tious clone plasmids were linearized and transcribed in vitro using
mMessage mMachine SP6 transcription kits (Ambion). BHK-21 cells
were electroporated with viral RNA and incubated at 37°C for 24 h. Su-
pernatants containing progeny virus were collected from electroporated
cells and stored at —80°C. For some experiments, supernatants were pu-
rified by ultracentrifugation through a 20% sucrose cushion in TNE buf-
fer (50 mM Tris-HCI [pH 7.2], 0.1 M NaCl, and 1 mM EDTA) at
~115,000 X gina Beckman 32Tirotor. Virus pellets were resuspended in
virus diluent buffer (VDB) (RPMI medium with HEPES [Gibco] and 1%
FBS) and stored at —80°C. Viral titers were determined by plaque assay
using Vero cells. All experiments with virus were performed using bio-
safety level 3 conditions.
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CHIKYV infectivity assay. Vero, C6/36, CHO-K1, or CHO-pgsA745
cells seeded onto no. 2 glass coverslips (VWR) in 24-well plates or in
96-well plates (Costar) were adsorbed with CHIKV strains in VDB at a
multiplicity of infection (MOI) of 1 (Vero and C6/36) or 10 (CHO-K1 and
CHO-pgsA745) PFU/cell at 37°C (Vero, CHO-K1, and CHO-pgsA745) or
30°C (C6/36) for 1 h. The inoculum was removed, complete medium was
added, and cells were incubated at 37°C or 30°C for an additional hour.
The medium was then supplemented to contain 20 mM ammonium chlo-
ride to prevent subsequent rounds of infection. After incubation at 37°C
or 30°C for 24 h, cells were fixed with ice-cold 100% methanol, washed
with phosphate-buffered saline (PBS), and incubated with PBS contain-
ing 5% FBS and 0.1% Triton X-100 (TX) at room temperature for 1 h. The
cells were incubated with CHIKV-specific polyclonal antiserum (1:1,500)
in PBS with FBS and TX at 4°C overnight. The cells were washed three
times with PBS and incubated with Alexa Fluor 488-labeled anti-mouse
IgG (1:1,000) in PBS with FBS and TX at room temperature for 2 h. The
cells were also incubated with 4',6-diamidino-2-phenylindole (DAPI; In-
vitrogen) to stain nuclei. The cells and nuclei were visualized by indirect
immunofluorescence using an Axiovert 200 fluorescence microscope
(Zeiss). CHIKV-positive cells were enumerated in three fields of view with
each field of view containing at least 100 cells for triplicate samples. For
some experiments, cells were visualized using an ImageXpress Micro XL
imaging system (Molecular Devices) at the Vanderbilt High-Throughput
Screening Facility. Total and CHIKV-infected cells were quantified using
MetaXpress software (Molecular Devices) in four fields of view containing
at least 100 cells per field of view for triplicate samples. The number of
CHIKV-positive cells was normalized to the total number of cells per field
to determine the percentage of infected cells.

Assessment of CHIKV replication by plaque assay. Vero or C6/36
cells were adsorbed with CHIKYV strains in VDB at an MOI of 0.01 PFU/
cell at 37°C (Vero) or 30°C (C6/36) for 1 h. The inoculum was removed,
cells were washed with PBS, and complete medium was added. After in-
cubation at 37°C or 30°C for various intervals, 10% of the cell supernatant
was collected and replaced with fresh medium. Viral titers in culture su-
pernatants were determined by plaque assay using Vero cells.

Real-time quantitative RT-PCR. RNA was isolated using a PureLink
RNA minikit (Life Technologies). The number of viral genomes/ml for
each virus stock was quantified using the qScript XLT one-step reverse
transcription-quantitative PCR (RT-qPCR) ToughMix kit (Quanta Bio-
sciences) as described previously (38). CHIKV sequence-specific forward
(CHIKVfor [874 5'-AAAGGGCAAGCTTAGCTTCAC-3']) and reverse
(CHIKVrev [961 5'-GCCTGGGCTCATCGTTATTC-3']) primers were
used with an internal fluorogenic probe (CHIKVprobe [899 5'-6-car-
boxyfluorescein {dFAM}-CGCTGTGATACAGTGGTTTCGTGTG-black
hole quencher {BHQ}-3'; Biosearch Technologies). To relate threshold
cycle (Cy) values to copies of genomic RNA, standard curves were gener-
ated from 10-fold dilutions, from 10* to 10'° copies, of in vitro-tran-
scribed genomic 181/25 RNA.

CHIKYV binding assay. Vero cells were adsorbed in suspension with
3 X 10'° genomes of various virus strains in VDB at 4°C for 30 min. The
cells were washed with incomplete medium and PBS and fixed in PBS with
1% electron microscopy (EM)-grade paraformaldehyde (Electron Mi-
croscopy Sciences). The cells were washed with fluorescence-activated cell
sorting (FACS) buffer (PBS with 2% FBS) and incubated with CHIKV
E2-specific MAb CHK-152 (1:1,000) in FACS buffer at 4°C for 30 min.
The cells were incubated with Alexa Fluor 488-labeled anti-mouse IgG
(1:1,000) in FACS buffer at 4°C for 30 min and analyzed usinga BD LSRII
flow cytometer. Cell staining was quantified using FlowJo software (Tree
Star).

Inhibition of CHIKV infection with soluble glycosaminoglycans.
Virus was pretreated with soluble heparin (Sigma) or bovine serum albu-
min (BSA) (Sigma) at 4°C for 30 min. Vero cells were adsorbed with
pretreated virus strains at an MOI of 1 PFU/cell at 37°C for 2 h. The
inoculum was removed, and complete medium supplemented to contain
20 mM ammonium chloride was added to prevent subsequent rounds of
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infection. After incubation at 37°C for 24 h, cells were fixed and incubated
with CHIKV-specific polyclonal antiserum and DAPI to detect nuclei.
Infection was scored by indirect immunofluorescence. CHIKV-positive
cells were enumerated in three fields of view for triplicate samples and
normalized to the number of total cells per field.

Heparin-agarose binding assay. Heparin-conjugated agarose or un-
conjugated agarose beads were incubated with 5 X 10° genomes of each
virus at 4°C for 30 min as described previously (38). The beads were
washed with VDB containing 0.02% Tween 20, and beads or input virus
were resuspended in sample buffer (50 mM Tris-HCI [pH 6.8], 2% [wt/
vol] sodium dodecyl sulfate [SDS], 1% B-mercaptoethanol, 10% [vol/vol]
glycerol, 0.04% [wt/vol] bromophenol blue) and boiled for 10 min. Sam-
ples were resolved by SDS-polyacrylamide gel electrophoresis (PAGE) in
10% polyacrylamide gels (Bio-Rad) and transferred to an Immun-Blot
polyvinylidene difluoride (PVDF) membrane (Bio-Rad). The membranes
were incubated with Tris-buffered saline (TBS) containing 5% milk at
room temperature for 1 h followed by incubation with CHIKV-specific
MAD CHK 48-G8 (1:2,000) in TBS with 0.1% Tween 20 (TBS-T) at 4°C
overnight. The membranes were washed three times with TBS-T and in-
cubated with IRDye 750 CW-labeled goat anti-mouse I1gG (1:5,000; LI-
COR) in TBS-T at room temperature for 2 h. The membranes were
washed three times with TBS-T and once with TBS, and CHIKV-specific
signal was detected using an Odyssey imaging system (LI-COR).

Infection of mice. C57BL/6] mice were obtained from The Jackson
Laboratory to establish breeding colonies. Mice (20 to 22 days old) were
inoculated in the left rear footpad with 10° PFU of virus in PBS containing
1% bovine calf serum (BCS) in a 10-pl volume. Mock-infected animals
received diluent alone. Mice were monitored for clinical signs of disease
and weighed at 24-h intervals. At various intervals following infection,
mice were euthanized by isoflurane overdose, blood was collected by car-
diac puncture, and mice were perfused by intracardial injection of PBS.
Swelling of the feet of both hind limbs was quantified using calipers to
measure the height of the feet. For analysis of viral replication, tissues were
collected in PBS containing BCS, weighed, homogenized with a MagNA
lyser (Roche), and stored at —80°C. Viral titers in tissue homogenates
were determined by plaque assay using BHK-21 cells. For RNA analysis,
tissues were collected and homogenized in TRIzol reagent (Life Technol-
ogies).

Animal husbandry and experiments were performed in accordance
with all University of Colorado School of Medicine Institutional Animal
Care and Use Committee guidelines. All mouse studies were performed
using biosafety level 3 conditions.

Histological analysis. At day 7 postinoculation, mice were euthanized
and perfused by intracardial injection of 4% paraformaldehyde (PFA)
(pH 7.3). Tissues were resected and incubated in PFA at 4°C for at least 72
h. Fixed tissues were embedded in paraffin, and 5-pm sections were
stained with hematoxylin and eosin (H&E) to assess histopathologic
changes. Tissues were scored by an observer in a blind manner (unaware
of the conditions of the experiment) for the presence, distribution, and
severity of histologic lesions. For all tissue changes, the following scoring
system was used: 0, no lesions; 1, minimal, 0 to 24% of tissue affected; 2,
mild, 25 to 49% of tissue affected; 3, moderate, 50 to 75% of tissue af-
fected; 4, marked, >75% of tissue affected.

Analysis of sequence reversion. RNA was isolated using a PureLink
RNA minikit (Life Technologies). cDNA was generated using the Super-
Script III first-strand kit (Life Technologies) with random hexamers and
used for PCR amplification by KOD polymerase (Novagen) with CHIKV
E2 sequence-specific forward (CHIKVE2for [8336 5'-GGGCCGAAGAG
TGGAGTCTT-3']) and reverse (CHIKVE2rev [9089 5'-GACACCCCTG
ATCGCACATT-3']) primers. Amplicons were cloned into a TOPO TA
vector (Life Technologies) and sequenced over the mutagenized region of
the E2 open reading frame.

Statistical analysis. Mean values for at least duplicate experiments
were compared using an unpaired Student’s ¢ test, one-way analysis of
variance (ANOVA) followed by Bonferroni’s posthoc test, or Kruskal-
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FIG 1 Schematic depiction of polymorphic residues in CHIKV strains
AF15561 and 181/25. Distribution of amino acid polymorphisms between
strains AF15561 and 181/25 across the ~12-kb genome. Numbers correspond
to the amino acid positions within each protein.

Wallis analysis followed by Dunn’s posthoc test (GraphPad Prism). P
values of <0.05 were considered to be statistically significant.

RESULTS

E2 residue 82 is a determinant of CHIKYV infectivity in mamma-
lian cell culture. For many viruses, serial passage in mammalian
cells enhances viral replicative capacity in cell culture (33, 48-53).
To determine whether passage of CHIKV strain AF15561 to gen-
erate vaccine strain 181/25 resulted in enhanced replicative capac-
ity, cells were infected with either strain AF15561 or 181/25, and
viral titers in culture supernatants were determined by plaque as-
say over an infectious time course. Relative to strain AF15561,
strain 181/25 reached higher titers in several cell lines, including
Vero, BHK-21, HeLa, and human brain microvascular endothelial
cells (data not shown). These results suggest that strain 181/25 has
adapted to mammalian cell culture as a result of cell culture pas-
sage, consistent with observations for other passaged viruses.
Virus strains 181/25 and AF15561 differ at five nonsynony-
mous nucleotides and five synonymous nucleotides across the ge-
nome. Polymorphic positions resulting in coding changes in
181/25 are in the nsP1 (T3011), E2 (T12I and G82R), 6K (C42P),
and E1 (A404V) proteins (Fig. 1). To define residues that contrib-
ute to the replication and infectivity differences observed between
strains 181/25 and AF15561, Vero cells were infected at an MOI of
1 PFU/cell with either of the parental strains or viruses containing
individual polymorphic residues in the reciprocal genetic back-
ground. The percentage of infected cells in each case was quanti-
fied after a single round of infection by indirect immunofluores-
cence (Fig. 2A). As expected, virus strain 181/25 infected a
significantly greater percentage of cells than did virus strain
AF15561. Substitution of an arginine at E2 residue 82 in the
AF15561 background enhanced infectivity to levels even greater
than those observed for strain 181/25. Concordantly, substitution
of aglycine at E2 residue 82 in the 181/25 background significantly
diminished 181/25 infectivity. Interestingly, substituting an iso-
leucine at E2 residue 12 in the AF15561 background further de-
creased infectivity relative to AF15561. Introducing any of the
other heterologous changes in either background had no effect on
infectivity in these cells. To understand how these findings might
compare to previous studies with these viruses in mice, the paren-
tal and variant viruses were used to infect murine L929 and NIH
3T3 cell lines. As observed in experiments using Vero cells, sub-
stitution of an arginine at E2 residue 82 in the AF15561 back-
ground enhanced infectivity, whereas substitution of a glycine at
E2 residue 82 in the 181/25 background significantly diminished
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FIG 2 Residue 82 of the E2 attachment protein is a determinant of CHIKV
infectivity in mammalian cells. (A) Vero cells were adsorbed with CHIKV
strains AF15561 (AF), 181/25 (181), or the variant viruses shown at an MOI of
1 PFU/cell and incubated for 24 h in medium containing 20 mM NH,Cl. The
cells were stained with CHIKV-specific antiserum and DAPI to detect nuclei
and imaged by fluorescence microscopy. Results are presented as percent in-
fected cells for triplicate experiments. Error bars indicate standard errors of the
means. (B) Vero cells were adsorbed with virus strain AF15561, 181/25,
AF15561 E2 G82R, or 181/25 E2 R82G atan MOI 0f 0.01 PFU/cell. At the times
shown, viral titers in culture supernatants were determined by plaque assay
using Vero cells. Results are presented as the mean viral titers for triplicate
samples. Error bars indicate standard deviations. Titers of virus strains
AF15561 and AF15561 E2 G82R were significantly different at 6, 12, and 18 h
postinfection, and titers of virus strains 181/25 and 181/25 E2 R82G were
significantly different at 12, 18, 24, 30, and 36 h postinfection. (C) Vero cells
were adsorbed with ~3 X 10'° genomes of wild-type (WT) virus strain
AF15561, 181/25, AF15561 E2 G82R, or 181/25 E2 R82G for 30 min. After
30-min incubation, cells were stained with CHIKV E2-specific MAD, and vi-
rus-bound cells were quantified by flow cytometry. Results are presented as
percent bound cells for triplicate experiments normalized to cell autofluores-
cence in the absence of CHIKV MAb. No CHIKV-bound cells were detected
for virus strain 181/25 E2 R82G. Error bars indicate standard deviations. Val-
ues that are significantly different, as determined by ANOVA, followed by
Bonferroni’s posthoc test (A and C) and Student’s ¢ test (B), are indicated by
asterisks as follows: *, P < 0.05; %, P < 0.01; ***, P < 0.001.

infectivity in these murine cell lines (data not shown). These data
suggest that an arginine at residue 82 in the E2 protein confers the
enhanced infectivity observed for strain 181/25 in mammalian
cells.

Because these virus strains differed substantially in infectivity
of Vero cells, we quantified the genome/PFU and genome/fluores-
cent-focus unit (FFU) ratios for each strain (Table 1). In Vero
cells, parental strains AF15561 and 181/25 had genome/PFU ra-
tios of 6,598 and 176, respectively. Similarly, strains AF15561 and
181/25 had genome/FFU ratios of 9.497 X 107 and 8.0 X 107,
respectively. Viral variants containing residues from strain 181/25
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TABLE 1 Infectivity of parental and mutant CHIKV strains”

TABLE 2 Infectivity of purified CHIKV strains”

Genome/FFU ratio®

FANE

Genome/PFU (X 107 in:
Virus strain ratio® Vero cells C6/36 cells
AF15561 6,598 9,497 980
181/25 176 80 182
AF15561 nsP1 T3011 1,718 2,173 250
AF15561 E2 T121 1,107 7,621 344
AF15561 E2 G82R 5,656 760 841
AF15561 6K C42P 3,057 4,529 436
AF15561 E1 A404V 4,067 6,255 586
181/25 nsP1 130T 1,005 455 381
181/25 E2 112T 9 35 45
181/25 E2 R82G 2,858 9,783 517
181/25 6K P42C 44 17 16
181/25 E1 V404A 121 46 27

“ Infectivity of virus strains measured in genome equivalents.

¥ Genome copy numbers were determined by real-time quantitative PCRs conducted in
triplicate. The number of PFU was determined by plaque assay using Vero cells for
three independent replicates for each virus strain.

¢ Fluorescent-focus units (FFU) were determined by indirect immunofluorescence in
triplicate for at least two independent experiments.

in the AF15561 background had reduced genome/PFU and ge-
nome/FFU ratios compared to those of parental strain AF15561.
Interestingly, introducing the E2 G82R substitution resulted in
the most modest reduction in genome/PFU ratio, but the greatest
reduction in genome/FFU ratio. In contrast, introducing the E2
R82G substitution in the 181/25 background resulted in increased
genome/PFU and genome/FFU ratios, which were the most dra-
matic increases of any of the viral variants with AF15561 residues
in the 181/25 background. Thus, the E2 82 polymorphism serves
as a key determinant of CHIKV infectivity in mammalian cell
culture.

To determine whether E2 residue 82 contributes to the pro-
duction of infectious virus over multiple rounds of infection, Vero
cells were infected at an MOI of 0.01 PFU/cell, and viral titers in
culture supernatants were determined by plaque assay at 6-h in-
tervals (Fig. 2B). Compared with titers of AF15561, titers of
AF15561 E2 G82R were increased 10-fold by 6 h postinfection,
7-fold by 12 h postinfection, and 40-fold by 18 h postinfection.
Compared with titers of virus strain 181/25, titers of 181/25 E2
R82G were reduced 145-fold by 18 h postinfection, 60-fold by 24
h postinfection, and 68-fold by 30 h postinfection. Taken to-
gether, these data indicate that E2 residue 82 influences both ini-
tial and subsequent rounds of CHIKV infection.

Because this determinant of CHIKV infectivity resides in the
viral attachment protein, we tested whether E2 residue 82 in-
fluences binding to host cells. For these experiments, Vero cells
were adsorbed with each parental strain and the reciprocal E2
82 variant strains, and the percentage of virus-bound cells was
quantified using flow cytometry (Fig. 2C). A significantly
greater proportion of cells were bound by strain 181/25 than by
strain AF15561. In agreement with the infectivity data, intro-
ducing the E2 G82R substitution in the AF15561 background
significantly enhanced cell attachment. In contrast, introduc-
ing the E2 R82G polymorphism in the 181/25 background re-
duced cell binding to undetectable levels. These data suggest
that an arginine at position 82 in the E2 attachment protein is

12184 jviasm.org

Genome/FFU ratio® (X 10*) in:

Genome/PFU
Virus strain  ratio” CHO-K1 cells CHO-pgsA745 cells Ratio”
AF15561 647 1,578 11,795 7.47
AF15561 E2 498 867 20,494 23.65
G82R
181/25 92 310 2,376 7.67
181/25 E2 316 1,862 8,155 4.38
R82G

@ Infectivity of virus strains measured in genome equivalents.

¥ Genome copy numbers were determined by real-time quantitative PCRs conducted in
triplicate. The number of PFU was determined by plaque assay using Vero cells for
three independent replicates for each virus strain.

¢ Fluorescent-focus units (FFU) were determined by indirect immunofluorescence in
triplicate for at least two independent experiments.

4 Ratio of the genome/FFU ratio in CHO-pgsA745 cells to the genome/FFU ratio in
CHO-KI cells.

required for the enhanced binding and infectivity observed for
strain 181/25 in mammalian cells.

E2 residue 82 contributes to CHIKYV infectivity in mosquito
cells. To determine whether an arginine at E2 residue 82 affects
infection and replication in invertebrate cells, we tested the paren-
tal and reciprocal E2 82 variant strains for infection and replica-
tion in mosquito cells (Fig. 3). Aedes albopictus C6/36 cells were
infected at an MOI of 1 PFU/cell, and the percentage of infected
cells was quantified after a single round of infection by indirect
immunofluorescence (Fig. 3A). In sharp contrast to our findings
using mammalian cells, strain 181/25 infected significantly fewer
C6/36 cells relative to strain AF15561, and substitution of a glycine
at E2 residue 82 in the 181/25 background significantly increased
181/25 infectivity in these cells. However, substitution of an argi-
nine at E2 residue 82 in the AF15561 background did not signifi-
cantly diminish C6/36 infection. Surprisingly, only substitution of
isoleucine for threonine at residue 12 in AF15561 E2 was sufficient
to reduce infection in these cells, albeit not to the levels observed
for strain 181/25. Additionally, AF15561 E2 G82R had a similar
genome/FFU ratio compared to that of AF15561, whereas substi-
tutions at the other polymorphic sites with residues from strain
181/25 decreased the genome/FFU ratio. Together, these data in-
dicate that the residue at E2 position 82 provides a fitness advan-
tage for CHIKYV infectivity depending on the host cell species.

To assess the role of E2 residue 82 in the production of infec-
tious virus from mosquito cells, C6/36 cells were infected at an
MOI of 0.01 PFU/cell, and viral titers in culture supernatants were
determined at 6-h intervals (Fig. 3B). Relative to titers of virus
strain 181/25, titers of 181/25 E2 R82G were increased 29-fold by
12 h postinfection, 8-fold by 18 h postinfection, and 13-fold by 24
h postinfection. However, relative to titers of virus strain
AF15561, there was no decrease in viral titers when an arginine
was introduced at E2 82 in the AF15561 strain. These data indicate
that E2 Gly82 in the genetic background of strain 181/25 enhances
infection of mosquito cells. However, other polymorphisms ex-
hibited by these strains appear to contribute to the enhanced in-
fectivity of AF15561 in mosquito cells in addition to E2 Gly82.

E2 residue 82 influences utilization of glycosaminoglycans.
To understand mechanisms by which E2 residue 82 influences
CHIKYV attachment to mammalian cells, we next investigated the
dependence of virus strains 181/25 and AF15561 on GAGs for
infectivity. Wild-type CHO-K1 and GAG-deficient CHO-
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FIG 3 Residue 82 of the E2 attachment protein is a determinant of CHIKV
infectivity in mosquito cells. (A) C6/36 mosquito cells were adsorbed with
CHIKYV strains AF15561 and 181/25 or the variant viruses shown at an MOI of
1 PFU/cell and incubated for 24 h in medium containing 20 mM NH,Cl. The
cells were stained with CHIKV-specific antiserum and DAPI to detect nuclei
and imaged by fluorescence microscopy. Results are presented as percent in-
fected cells for quadruplicate experiments. Error bars indicate standard errors
of the means. (B) C6/36 cells were adsorbed with virus strain AF15561, 181/25,
AF15561 G82R, or 181/25 E2 R82G at an MOI of 0.01 PFU/cell. At the times
shown, viral titers in culture supernatants were determined by plaque assay
using Vero cells. Results are presented as the mean viral titers for triplicate
samples. Error bars indicate standard deviations. The titers of virus strains
181/25 and 181/25 E2 R82G were significantly different at 12, 18, and 24 h
postinfection. Values that are significantly different, as determined by
ANOVA, followed by Bonferroni’s posthoc test (A) and Student’s t test (B), are
indicated by asterisks as follows: ##, P << 0.01; s, P < 0.001.

pgsA745 cells were infected with purified 181/25, AF15561, 181/25
E2 R82G, or AF15561 E2 G82R at an MOI of 10 PFU/cell. The
percentage of infected cells for each virus was quantified after a
single round of infection by indirect immunofluorescence (Fig.
4A). The CHO-pgsA745 cells were significantly less susceptible to
infection by all four viruses relative to infection of CHO-K1 cells
(P < 0.0001 for virus strains 181/25 and AF15561, P < 0.001 for
AF15561 E2 G82R, and P < 0.05 for 181/25 E2 R82G). However,
the CHO-pgsA745 cells were significantly less susceptible to infec-
tion by strain 181/25 relative to strain AF15561. Substitution of E2
Gly82 with arginine in the AF15561 background was sufficient to
diminish infectivity in these cells to levels observed for strain 181/
25. Furthermore, substitution of E2 Arg82 with glycine in the
181/25 background was sufficient to increase infectivity and mit-
igate GAG dependence to levels observed for strain AF15561.
These data confirm that strain 181/25 is more dependent on GAGs
for infection than is AF15561 and that E2 residue 82 mediates this
dependence.
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We also assessed infectivity by determining genome/PFU ra-
tios using Vero cells and genome/FFU ratios using both CHO-K1
and CHO-pgsA745 cells. We observed a similar trend in the ge-
nome/PFU values of purified stocks of the parental and variant
viruses used in these experiments. Strain AF15561 had higher ge-
nome/PFU ratios than strain 181/25 did in both cell lines, and
these differences once again segregated with E2 residue 82. Inter-
estingly, all strains had higher genome/FFU ratios in CHO-
pgsA745 cells than in the parental CHO-K1 cells. These data sup-
port the hypothesis that viruses containing an arginine at E2
residue 82 are less fit in GAG-deficient cells relative to their gly-
cine-containing counterparts.

On the basis of these and previously published findings (32—
36), the GAG dependence mediated by this residue likely occurs at
an early step in the infectious life cycle. Therefore, we reasoned
that soluble GAGs could act as competitive agonists to block in-
fectivity of GAG-dependent viruses. To test whether competition
with soluble GAGs inhibits infection, purified virus was incubated
with increasing concentrations of soluble heparin, a highly sul-
fated GAG, and adsorbed to Vero cells. The percentage of infected
cells was quantified after a single round of infection by indirect
immunofluorescence (Fig. 4B). Treatment with soluble heparin
resulted in a dose-dependent decrease in the percentage of in-
fected cells for all viruses tested. However, this decrease was most
substantial for strains 181/25 and AF15561 E2 G82R, for which
incubation with the highest concentration of heparin decreased
infectivity 15- and 24-fold, respectively. In contrast, incubation of
strains AF15561 and 181/25 E2 R82G with the same concentration
of heparin resulted in only a 4-fold decrease in infectivity. These
findings suggest that CHIKV strains containing an arginine at E2
residue 82 rely on GAGs for efficient cell attachment.

To determine whether the CHIKV strains used in our study
interact directly with GAGs, equivalent genome copies of purified
parental or variant viruses were incubated with either heparin-
conjugated or unconjugated agarose beads. Bound material was
resolved by SDS-PAGE and immunoblotted using an E2-specific
MAD to detect CHIKV particles (Fig. 4C, left). A significantly
greater proportion of strain 181/25 was bound by the heparin-
conjugated beads relative to the binding of strain AF15561. Sub-
stituting AF15561 E2 Gly82 with arginine increased the propor-
tion of this virus that was bound by the heparin-conjugated beads.
Concordantly, substituting strain 181/25 E2 Arg82 with glycine
decreased heparin binding. Intensities of the viral protein bands
from the particles bound to the heparin-conjugated beads were
quantified for three independent experiments and normalized to
the intensities of protein bands for input virus (Fig. 4C, right).
Approximately 35% and 37% of strains 181/25 and AF15561 E2
G82R, respectively, were captured by the heparin-agarose beads,
whereas only 13% and 16% of strains AF15561 and 181/25 E2
R82G, respectively, bound to heparin. These results suggest that
CHIKYV virions interact directly with GAGs and that these inter-
actions are influenced by E2 residue 82.

CHIKYV E2 residue 82 modulates virus-induced pathology.
We next investigated whether E2 residue 82 influences CHIKV
pathogenesis using a mouse model of CHIKV disease (54). In this
model, 3-week-old mice are inoculated subcutaneously in the left
rear footpad. Infected mice develop signs of disease similar to
those observed in humans infected with CHIKV, including swell-
ing of the feet and ankles, arthritis, myositis, and tenosynovitis.
Mice were inoculated with 10> PFU of strain 181/25, AF15561,
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analysis followed by Dunn’s posthoc test (B), are indicated by asterisks as follows: *, P < 0.05; #:, P < 0.01; #3x, P < 0.001.

181/25 E2 R82G, or AF15561 E2 G82R, and virulence was as-
sessed by weight gain and swelling of feet (Fig. 5). Mice infected
with virus strain AF15561 gained less weight than mice infected
with virus strain 181/25, indicating that strain AF15561 is more
virulent in these animals (Fig. 5A). Mice inoculated with
AF15561 E2 G82R gained weight in parallel with mock-infected
mice, suggesting that an arginine at E2 residue 82 in the
AF15561 background significantly reduces CHIKV virulence.
However, mice inoculated with 181/25 E2 R82G did not exhibit
impaired weight gain, suggesting that substitution of a glycine
at E2 residue 82 in strain 181/25 is not sufficient to recapitulate
the virulent phenotype.

To determine the effect of E2 residue 82 on CHIKV-induced
arthritis, we assessed swelling of the left and right feetat 1, 3, 5, and
7 days postinoculation (Fig. 5B). At 3, 5, and 7 days postinocula-
tion, mice infected with virus strain AF15561 exhibited significant
swelling of the left feet. No swelling was observed in the uninocu-
lated feet of any of the animals. Inoculation with AF15561 E2
G82R resulted in reduced swelling in the left hind limb at 3 and 5
days postinoculation relative to AF15561, whereas inoculation
with 181/25 E2 R82G only modestly increased swelling at 5 days
postinoculation relative to 181/25. Together, these data suggest
thata glycine at E2 residue 82 is necessary but not sufficient for full
virulence of strain AF15561, as assessed by weight gain and foot
swelling.
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To determine whether E2 residue 82 influences the magnitude
of pathological injury, left hind limbs of infected mice were pro-
cessed for histology and assigned a pathology score based on his-
tologic changes (Fig. 6). Tissue damage appeared more severe for
mice infected with virus strain AF15561 than for mice infected
with virus strain 181/25 at day 7 postinoculation (Fig. 6A and B).
In particular, there was slightly more inflammation and necrosis
in the metatarsal muscles of AF15561-infected mice compared to
those of 181/25-infected mice. However, the levels of myositis and
tendonitis induced by these strains were comparable. Substitution
of an arginine at E2 82 in the AF15561 strain led to reduced tissue
damage, inflammation, and necrosis compared to mice inocu-
lated with the parental AF15561 strain (Fig. 6B). More dramati-
cally, substitution of a glycine at this residue in the 181/25 strain
led to consistently more inflammation and necrosis of the meta-
tarsal muscle as well as more severe tendonitis in the hind limb
relative to the hind limbs of 181/25-infected mice. These data
suggest that E2 residue 82 modulates CHIKV-induced disease and
that a glycine at this residue is sufficient to mediate tissue injury in
CHIKV-infected mice.

CHIKY titers in the spleen and serum are influenced by E2
residue 82. To determine whether differences in virus-induced
pathology are a consequence of differences in viral replication,
mice were inoculated subcutaneously in the left rear footpad with
10° PFU of virus strain 181/25, AF15561, 181/25 E2 R82G, or
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FIG 5 CHIKV E2 residue 82 modulates virus-induced pathology. C57BL/6] mice (20 to 22 days old) were inoculated with 10° PFU of CHIKV strain AF15561,
181/25, AF1561 E2 G82R, or 181/25 E2 R82G in the left rear footpad. (A) Mice were weighed at 24-h intervals postinoculation. Results are presented as the mean
percent starting weight (weight on day 0). Error bars indicate standard deviations. The number of mice at different time points follow: day 0 to day 1 (D0-D1),
n = 17;D2-D3, n = 15; D4-D5, n = 8; D6-D7, n = 3. (B) Swelling of the left and right hind feet was quantified using calipers at the times shown (in days). Error
bars indicate standard deviations. The number of mice at different time points follow: D1, n = 2; D3, n = 7; D5, n = 5; D7, n = 3. Values that are significantly
different as determined by ANOVA followed by Bonferroni’s posthoc test are indicated by asterisks as follows: *, P < 0.05; #*, P < 0.01; ##, P < 0.001.

AF15561 E2 G82R. Tissues were harvested at 1, 3, and 5 days
postinoculation, and viral titers were determined by plaque assay
(Fig. 7). At 1 day postinoculation, all viruses produced equivalent
titers in the left and right hind limbs (Fig. 7A). However, virus
strain AF15561 produced higher titers in the spleen and serum
relative to virus strain 181/25. The titers of strain AF15561 E2
G82R were reduced in the spleen and serum compared to those of
strain AF15561 at 1 day postinoculation, and strain 181/25 E2
R82G produced higher titers in the spleen and serum compared to
those of strain 181/25, although this difference was not statistically
significant. These data suggest that a glycine at E2 residue 82 con-
tributes to higher viral titers in the spleen and serum at early times
postinoculation.

By 3 days postinoculation, all viruses produced comparable
titers in the left ankle, but strain AF15561 replicated to signifi-
cantly higher titers in the left quadriceps and right ankle relative to
strain 181/25 (Fig. 7B). However, this difference in replication did
not segregate with E2 residue 82, as mice inoculated with AF15561
E2 G82R displayed higher viral titers in the left quadriceps and
right ankle relative to 181/25 E2 R82G. Similarly, higher titers of
AF15561 E2 G82R were detected in the right quadriceps and se-
rum relative to 181/25 E2 R82G. In the spleen, we observed a trend
similar to the day 1 time point with AF15561 E2 G82R producing
lower titers in that organ relative to AF15561, and 181/25 E2 R82G
producing slightly higher titers relative to 181/25.

By 5 days postinoculation, no virus was detected in the serum.
In the left and right quadriceps, titers of virus strain AF15561 E2
G82R were higher relative to those of strain AF15561. In addition,
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titers of virus strain 181/25 were higher in these tissues relative to
those of 181/25 E2 R82G. These data suggest that an arginine at E2
residue 82 correlates with higher viral titers in the quadriceps
muscles at later times postinoculation. In contrast, viruses con-
taining a glycine at E2 82 produced higher titers in the spleen at
earlier times postinoculation. Thus, residue 82 in the E2 glycopro-
tein contributes to either viral dissemination to or replication
within the hind limbs and spleen and influences establishment of
viremia.

A glycine at E2 residue 82 is selected in the spleens of CHIKV-
infected mice. Since high mutation rates are associated with rep-
lication of positive-sense RNA viruses, we determined the se-
quences of viral isolates from CHIKV-infected mice to assess the
stability of the engineered mutations. RNA was isolated from the
spleens of CHIKV-infected mice at 1 day postinoculation, cDNA
was generated, and sequences of the E2 open reading frame from
multiple clones were determined. Of the clones derived from mice
inoculated with strain AF15561 E2 G82R, 21 of 23 clones (91%)
encoded a glycine at E2 residue 82. In contrast, only 1 of 7 (14%)
of the clones derived from mice inoculated with strain AF15561
encoded an arginine at this position. Viral RNA could not be re-
covered from the spleens of animals infected with virus strain
181/25 at this early time point, which precluded sequence analysis.
To confirm that these mutations were not present in the viral
inocula, RNA was isolated from virus stocks, cDNA was gener-
ated, and E2 sequences were determined. Of the 20 clones se-
quenced from each virus stock, all encoded the engineered resi-
dues across the E2 open reading frame. These results suggest that
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FIG 6 Anarginine at E2 residue 82 diminishes CHIKV-induced arthritis. C57BL/6] mice (20 to 22 days old) were inoculated with PBS or 10> PFU of virus strain
AF15561, 181/25, AF1561 E2 G82R, or 181/25 E2 R82G in the left rear footpad. At day 7 postinoculation, mice were euthanized and perfused with 4% PFA.
Consecutive 5-pm sections of the left hind limb were stained with H&E. (A) Representative sections of three mice per group are shown for mock-infected mice
or mice inoculated with the parental strains and the reciprocal E2 82 variant strains. Bars, 50 wm. (B) H&E-stained sections were scored for histological evidence
of inflammation and necrosis in the metatarsal muscle and tendonitis. Results are expressed as pathology score of tissues from individual animals. Horizontal
black lines indicate mean pathology score. Scores were assigned based on the following scale: 0, no lesions; 1, minimal, 0 to 24% of tissue affected; 2, mild, 25 to
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a glycine at E2 82 is preferentially selected early in CHIKV infec-
tion in the spleen, but a residual population of isolates with an
arginine at this position is maintained.

DISCUSSION

CHIKYV causes both an acute and chronic disease characterized by
debilitating joint pain and inflammation (1, 2). However, the viral
and host determinants responsible for CHIKV disease have not
been fully defined. Additionally, mechanisms of pathogenesis for
arthritogenic alphaviruses like CHIKV are not completely under-
stood. CHIKV strain 181/25, which was isolated following serial
passage in mammalian cell culture, differs from its closest known
parental strain, AF15561, at 5 synonymous and 5 nonsynonymous
nucleotide positions. One nonsynonymous polymorphism, G82R
in the E2 attachment protein, influences interactions with GAGs
(38) and attenuates virulence in some mouse models (31, 45). In

12188 jvi.asm.org

this study, we demonstrate a role for E2 residue 82 in the differ-
ential infection of mammalian and mosquito cells and in CHIKV-
induced musculoskeletal disease. Viruses containing a glycine at
E2 82 replicated to higher titers in lymphoid tissues and estab-
lished higher levels of viremia. Moreover, these viruses induced
greater pathological injury, including inflammation and necrosis,
in joint-associated tissues compared with viruses containing an
arginine at this position. Data presented here expand our knowl-
edge of how CHIKV E2 residue 82 influences virus-cell interac-
tions and provide new information about the function of this
residue in vivo.

Our results along with previously published data (31, 38, 45)
indicate that an arginine at E2 residue 82 enhances utilization of
GAGs by CHIKYV to infect cultured cells and attenuates the virus
in mice. However, it is not clear how an increase in GAG depen-
dence leads to attenuation of CHIKV. For other alphaviruses, such
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FIG 7 Viral loads following inoculation of parental strains and the reciprocal
E2 82 variant strains. C57BL/6] mice (20 to 22 days old) were inoculated with
PBS or 10° PFU of virus strain AF15561, 181/25, AF1561 E2 G82R, or 181/25
E2 R82G in the left rear footpad. At days 1, 3, and 5 postinoculation, mice were
euthanized, their ankles, quadriceps (Quad), and spleens were excised, and
serum was collected. Viral titers in tissue and serum homogenates were deter-
mined by plaque assay using BHK-21 cells. Results are expressed as the mean
PFU/gram (tissue) or PFU/ml (serum). Error bars indicate standard errors of
the means. Dashed lines indicate the limit of detection. The number of mice at
different time points follow: D1, n = 5; D3, n = 7; D5, n = 5. Values that are
significantly different as determined by ANOVA followed by Bonferroni’s
posthoc test are indicated by asterisks and bars as follows: *, P < 0.05; s, P <
0.01; s, P << 0.001.

as Sindbis virus and Venezuelan equine encephalitis virus, higher-
affinity interactions with GAGs prevent viral spread to sites of
secondary replication or facilitate viral clearance from the blood-
stream (34, 55, 56). We found that CHIKV strains containing an
arginine at E2 82 produce lower titers at sites of secondary repli-
cation, including the spleen, and reduced viremia in immuno-
competent mice. These findings are consistent with those ob-
tained by Gardner et al. using a similar mouse model (45). Thus, it
appears that GAG-dependent strains of CHIKV disseminate less
efficiently, are cleared more rapidly, or perhaps both.

E2 residue 82 may also contribute to differences in tissue tro-
pism by both GAG-dependent and GAG-independent mecha-
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nisms. Differential distribution and levels of GAGs throughout
the body may influence targeting of GAG-dependent viruses to
specific tissues or alter the capacity of these viruses to interact with
specific cell types. Virus strains 181/25 and AF15561 differ in GAG
dependence but not to the extent observed for strain 181/25 and
other clinical isolates (37, 38, 45). Strain 181/25 infectivity in
CHO-pgsA745 cells, which lack all GAGs, was decreased less than
4-fold relative to strain AF15561. In addition, the 50% inhibitory
concentration (ICs,) of heparin inhibition for strains 181/25 and
AF15561 were comparable (9.4 and 10.8 wg/ml, respectively).
These data suggest that additional mechanisms underlie the atten-
uation of strain 181/25. Since E2 82 is solvent exposed and lies
within a putative receptor-binding domain of E2 (27), it is possi-
ble that this residue participates in interactions with cellular re-
ceptors other than GAGs. Substituting AF15561 E2 Gly82 with an
arginine enhances infectivity in Vero cells relative to strain
AF15561, likely by promoting interactions with GAGs or other cell
surface moieties to mediate attachment. Enhanced viral attach-
ment to the cell surface would facilitate more rapid internalization
of the virus and consequent infection. However, infectivity of
AF15561 E2 G82R was also significantly greater than that observed
for the 181/25 strain in Vero cells, although both strains bound
heparin-conjugated agarose beads to a similar extent. Further-
more, substituting AF15561 E2 Gly82 with an arginine only mod-
estly enhanced binding to Vero cells. Thus, these findings suggest
that an arginine at this residue in the AF15561 background pro-
vides a replication advantage in mammalian cell culture in addi-
tion to GAG engagement and attachment to host cells.

As early as 1 day postinoculation of strain AF15561 E2 G82R,
nucleotide sequences of most isolates detected in the spleens of
infected mice encode a glycine at E2 residue 82. Reversion was also
observed by Gorchakov et al. (31) in which 100% isolates in blood
encode a glycine at E2 82 by 3 days postinoculation. In contrast,
following inoculation with the E2 T121 variant, only 22% of iso-
lates encoded a threonine at E2 residue 12 (31). E2 82 may mediate
viral tropism specifically in lymphoid tissues early in infection,
and the presence of an arginine at this residue may limit the ca-
pacity of the virus to replicate in lymphoid cells. Consistent with
this idea, lower levels of viral RNA were detected in the popliteal
lymph nodes of mice inoculated with viruses containing an argi-
nine at E2 82 (data not shown). The rapid selection of a glycine at
this residue may explain the higher titers of virus strains 181/25
and AF15561 E2 G82R in the spleens and other tissues of infected
mice at later times postinoculation and might support a role for
this site early in infection. Although viral isolates from the spleens
of AF15561-infected mice encoded a glycine at E2 82, the popula-
tion was not homogeneous, as one clone encoded an arginine at
this residue. These data suggest that selection at this position is not
absolute in vivo.

Residues in E2 regulate virion stability by influencing the fold-
ing of the protein and by mediating interactions with the E1 and
capsid proteins on the virion surface (57-61). Therefore, changes
in E2, such as the nonconservative G82R substitution, may alter
the stability of the CHIKV virion as demonstrated for other alpha-
viruses (57-61). When the E2 Arg82 residue was modeled into the
crystal structure of the CHIKV E1/E2 heterodimer (Protein Data
Bank [PDB] accession no. 3N42 [27]), this residue closely apposes
Glu79, which likely results in the formation of a salt bridge be-
tween the cationic guanidinium group of arginine and the anionic
carboxylate group of glutamate (data not shown). The formation
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of this salt bridge may stabilize the E2 protein and, in turn, pro-
mote CHIKYV infectivity in cell culture and at sites of initial repli-
cation but limit dissemination to sites of secondary replication.

Beyond viral attachment and tissue tropism, E2 82 may con-
tribute to host responses to CHIKV early in infection. Although
there were significant differences in swelling and pathology in the
left hind limb, titers produced at this site by strains that vary solely
at E2 82 were comparable. These data support the hypothesis that
differences in pathological injury produced by CHIKV strains
with an E2 residue polymorphism result from differences in im-
mune and inflammatory responses. Such responses could be tis-
sue specific and dependent upon replication efficiency in the dis-
crete cell subsets that are targeted within those tissues.
Concordant with this hypothesis, relative to the virulent CHIKV
LR strain, LR E2 Arg82 induces lower levels of proinflammatory
cytokines and chemokines (45). Our data suggest that E2 residue
82 also modulates the induction of necrotic pathways that con-
tribute to differences in swelling elicited by these viruses during
infection. Despite similar levels of myositis and tendonitis in-
duced by these strains, viruses containing E2 Arg82 induced less
necrosis in the hind limb metatarsal muscle than viruses contain-
ing E2 Gly82. In mice deficient for alpha/beta interferon (IFN-
a/B) receptors or the signal transducer and activator of tran-
scription factor 1 (STAT1) signal transducer, similar levels of
inflammatory infiltrates were observed in the hind limbs follow-
ing infection with CHIKYV strains LR and 181/25, despite reduced
swelling in mice infected with strain 181/25 (37). These data sug-
gest a correlation between induction of necrotic pathways and
events that contribute to swelling in the infected host, which may
occur independently of immune cell infiltration.

Our study demonstrates that a glycine at E2 82 is required for
virulence in the AF15561 background but not sufficient to confer
virulence to the attenuated 181/25 strain. Substituting 181/25 E2
Arg82 with glycine failed to recapitulate the virulent phenotype, as
assessed by weight gain and footpad swelling. However, introduc-
ing a glycine at E2 82 was sufficient to induce histopathological
injury in the hind limbs of infected mice to levels induced by the
parental AF15561 strain. Therefore, the effects of this residue are
dependent on the genetic background in which the polymorphism
is present. Accordingly, substitution of AF15561 E2 Thr12 with
isoleucine from strain 181/25, which infects mammalian cells
more efficiently, decreased infectivity to levels less than those ob-
served for AF15561. This substitution was demonstrated previ-
ously to contribute to 181/25 attenuation (31) but was not iden-
tified in our study in which we used infectivity in mammalian cells
as an in vitro correlate of virulence to screen viral variants. There-
fore, additional polymorphisms displayed by strains AF15561 and
181/25 likely contribute to attenuation of 181/25 in this mouse
model of CHIKV disease.

An arginine at E2 residue 82 does not mediate enhancement of
infectivity in mosquito cells as in mammalian cells. These data
suggest a GAG-independent function for this residue in inverte-
brate cells. Several mosquito species express the enzymes capable
of synthesizing GAGs (62), but a thorough characterization of
GAGs expressed by C6/36 cells has not been reported. Addition-
ally, GAGs are present on the surfaces of midgut and salivary gland
cells of certain mosquito species (62, 63), but it is not clear
whether these molecules contribute to CHIKV infection in the
invertebrate host. In contrast to mammalian cells, substituting
181/25 E2 Arg82 with glycine enhances infection of C6/36 cells.
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This enhancement might result from disrupting interactions with
negatively charged GAGs or promoting different or enhanced in-
teractions with other mosquito cell factors either at the cell surface
or during later steps in infection. The former would indicate that
interactions with GAGs on the surfaces of C6/36 cells impede
CHIKYV infection. We think this is not the case, as substituting
AF15561 E2 Gly82 with arginine does not substantially diminish
infection of these cells. Additional cell surface entry mediators
may or may not be the same for mammalian and mosquito hosts.
The importance of a glycine at this residue for viral fitness is evi-
denced by its high conservation among CHIKYV isolates (38), sug-
gesting that it confers an advantage for replication in mosquitoes.

Understanding mechanisms of virus entry and the interactions
that promote dissemination and pathogenesis is critical for devel-
opment of pathogen-specific therapeutic and prophylactic inter-
vention strategies. Our study suggests that E2 residue 82 is a de-
terminant of infection in both mammalian and mosquito cells and
defines a role for E2 residue 82 in GAG engagement and CHIKV
virulence in vivo. We demonstrate that viruses containing E2
Arg82 display enhanced infectivity in mammalian cells, while vi-
ruses containing E2 Gly82 display enhanced infectivity in mos-
quito cells. The enhancement provided by an arginine at E2 82 was
only partly attributable to increased binding, suggesting that this
residue promotes interactions with other cell surface molecules or
influences steps in the virus life cycle following attachment. In
infected mice, viruses encoding an arginine at E2 residue 82 ex-
hibit defects in replication in lymphoid tissues, establishment of
viremia, and production of pathological injury in joint-associated
muscle. A glycine at E2 82 is under strong selective pressure in the
spleens of CHIKV-infected mice, but this residue was not static, as
an arginine was also selected at low frequency. Our findings sup-
port new functions for E2 residue 82 in host-specific and GAG-
independent processes and in the development of joint swelling
through necrosis-mediated events. Future studies to understand
mechanisms by which E2 residue 82 influences CHIKV tropism
and host responses during infection will reveal both viral and host
targets to restrict infection and diminish disease.
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SUMMARY

Chikungunya virus (CHIKV) is a mosquito-trans-
mitted RNA virus that causes acute febrile infection
associated with polyarthralgia in humans. Mecha-
nisms of protective immunity against CHIKV are
poorly understood, and no effective therapeutics or
vaccines are available. We isolated and character-
ized human monoclonal antibodies (mAbs) that
neutralize CHIKV infectivity. Among the 30 mAbs iso-
lated, 13 had broad and ultrapotent neutralizing
activity (IC50 < 10 ng/ml), and all of these mapped
to domain A of the E2 envelope protein. Potent inhib-
itory mAbs blocked post-attachment steps required
for CHIKV membrane fusion, and several were pro-
tective in a lethal challenge model in immunocom-
promised mice, even when administered at late
time points after infection. These highly protective
mAbs could be considered for prevention or treat-
ment of CHIKV infection, and their epitope location
in domain A of E2 could be targeted for rational struc-
ture-based vaccine development.

INTRODUCTION

Chikungunya virus (CHIKV) is an enveloped, positive-sense RNA
virus in the Alphavirus genus of the Togaviridae family and is
transmitted by Aedes species mosquitoes. The mature CHIKV
virion contains two glycoproteins, the E1 fusion protein and the
E2 attachment protein, which are generated from a precursor
polyprotein, p62-E1, by proteolytic cleavage. In humans, CHIKV

86 Cell Host & Microbe 18, 86-95, July 8, 2015 ©2015 Elsevier Inc.

infection causes fever and joint pain, which may be severe and
last in some cases for years (Schilte et al., 2013; Sissoko et al.,
2009; Staples et al., 2009). CHIKV has caused outbreaks in
most regions of sub-Saharan Africa and also in parts of Asia, Eu-
rope, and the Indian and Pacific Oceans. In December 2013, the
first transmission of CHIKV in the Western Hemisphere occurred,
with autochthonous cases identified in St. Martin (CDC, 2013).
The virus spread rapidly to many islands in the Caribbean as
well as Central, South, and North America. In less than 1 year,
over a million suspected CHIKV cases in the Western Hemi-
sphere were reported, and endemic transmission in more than
40 countries, including the United States, was documented
(CDC, 2014). At present, there is no licensed vaccine or antiviral
therapy to prevent or treat CHIKV infection.

Although mechanisms of protective immunity to CHIKV infec-
tion in humans are not fully understood, the humoral response
controls infection and limits tissue injury (Chu et al., 2013; Hallen-
gard et al., 2014; Hawman et al., 2013; Kam et al., 2012b; Lum
et al., 2013; Pal et al., 2013). Immune human y-globulin neutral-
izes infectivity in cultured cells and prevents morbidity in mice
when administered up to 24 hr after viral inoculation (Couderc
et al., 2009). Several murine monoclonal antibodies (mAbs) that
neutralize CHIKV infection have been described (Bréhin et al.,
2008; Goh et al., 2013; Masrinoul et al., 2014; Pal et al., 2013,
2014), including some with efficacy when used in combination
to treat mice or nonhuman primates following CHIKV challenge
(Pal et al., 2013, 2014). In comparison, a limited number of hu-
man CHIKV mAbs have been reported, the vast majority of which
exhibit modest neutralizing activity (Fong et al., 2014; Fric et al.,
2013; Leeetal., 2011; Selvarajah et al., 2013; Warter et al., 2011).

We isolated a large panel of human mAbs that neutralize CHIKV
infectivity in cell culture and successfully treated immunodefi-
cient Ifnar~’~mice (lacking type | interferon receptors) inoculated
with a lethal dose of CHIKV, even when administered as late as

P

G} CrossMark


mailto:james.crowe@vanderbilt.edu
http://dx.doi.org/10.1016/j.chom.2015.06.009
http://crossmark.crossref.org/dialog/?doi=10.1016/j.chom.2015.06.009&domain=pdf

60 hr after infection. We identified the A domain of E2 as the major
antigenic site for recognition by human mAbs that broadly
neutralize CHIKV infection with ultrapotent activity and showed
that the principal mechanism of inhibition is to prevent fusion.

RESULTS

Isolation of CHIKV-Specific Human mAbs

We isolated a panel of mAbs from a single individual who ac-
quired CHIKV infection in Sri Lanka in 2006 and presented with
fever, arthralgias, and rash (Figure S1). We transformed B cells
in two separate experiments from a single blood sample
collected from the donor five and a half years following natural
infection. We observed a virus-specific B cell frequency of
~0.1% of total B cells and established 30 stable hybridomas
from B cell lines secreting antibodies that bound to virus.
The mAb panel contained IgGs of multiple subclasses, with
24 1gG1, 3 1gG2, and 2 IgG3; one was not determined due to
poor hybridoma growth (Table 1). We determined the nucleotide
sequences of the antibody variable gene region using cDNA of
expressed antibody mRNAs in the cloned hybridomas. Each of
the clones used distinct sequences to encode the associated
mAbs, except for mAbs 2B4 and 4J21, which appeared identical
in the variable regions and exhibited similar functional activity.

Assessment of mAb Neutralization with SL15649 VRPs
Seventeen of the mAbs exhibited neutralizing activity against
Asian CHIKV strain SL15649-GFP virus replicon particles (VRPs)
with ECsg values < 40 ng/ml, with 7 exhibiting ultrapotent inhibitory
activity (defined as ECsq values < 10 ng/ml, Table 1). Five mAbs
possessed weak inhibitory activity (ECso values in the 0.095 to
5.2 pg/ml range) and 8 of the mAbs had no inhibitory activity at
the highest concentration tested (ECs values > 10 pg/ml).

Breadth of Neutralizing Activity with Live Viruses

We determined the ECsq values for each mAb against represen-
tative infectious CHIKV strains of the East/Central/South African
(ECSA) genotype (LR2006 OPY1 [LR] strain), the West African
genotype (NI 64 IbH 35 strain), and the Asian genotype (RSU1
and 99659 [2014 Caribbean] strains) using a high-throughput
focus reduction neutralization test (FRNT) (Pal et al., 2013).
Twenty-five of the mAbs exhibited neutralizing activity against
at least one CHIKV strain (ECso values < 10 pg/ml), with
8 mAbs exhibiting neutralization in a potent range (ECsg values
between 10 and 99 ng/ml), and 13 mAbs exhibiting neutralization
in an ultrapotent range (Table 1). For comparative purposes, we
also tested the previously reported human mAbs 5F10 and 8B10
against viruses of all three genotypes, and in every case the ECsg
values were >100 ng/ml. In most cases, the mAbs we isolated
exhibited relatively similar neutralizing activity against virus
from all three genotypes. Six mAbs (2B4, 2H1, 4J21, 4N12,
5M16, and 9D14) inhibited viruses from all three genotypes
with ultrapotent activity. These data indicate that a single individ-
ual can develop multiple CHIKV-specific antibodies that are ul-
trapotent and broadly neutralizing.

Binding to E2 Protein
The CHIKV E2 protein is a dominant target of murine (Goh et al.,
2013; Lumetal., 2013), nonhuman primate (Kam et al., 2014), and

human (Fong et al., 2014; Kam et al., 2012a, 2012b; Selvarajah
et al., 2013) humoral responses. We tested the human mAbs for
binding to a monomeric form of the ectodomain of E2 protein ex-
pressed in E. coli (Pal et al., 2013). Nine mAbs bound strongly to
the E2 ectodomain, 6 exhibited moderate binding, 1 bound
weakly, and 14 failed to bind above background (Table 1). The ca-
pacity to bind purified E2 protein in vitro did not correlate directly
with neutralizing potency (Table 1). A subset of 17 human mAbs
was tested using a surface plasmon resonance assay for binding
to the p62-E1 protein derived from mammalian cells (Voss et al.,
2010). AllmAbs bound in the nM range, with Kp values from 0.5 to
20 nM. Differences in binding kinetics did not correlate with anti-
genic specificity or functional activity (Table S1).

Competition-Binding Studies

To identify non-overlapping antigenic regions in recombinant
E2 protein recognized by different neutralizing mAbs, we used
a quantitative competition-binding assay. For comparison, we
also evaluated four previously described murine mAbs
(CHK-84, CHK-88, CHK-141, and CHK-265) (Pal et al., 2013)
and the previously described human mAb 5F10 (Warter et al.,
2011) (Figure S2). The pattern of competition was complex, but
three major competition groups were evident, which we desig-
nated group 1-3. We also defined a fourth group containing the
single human mAb, 5F19. These competition studies suggest
that there are at least three major antigenic regions recognized
by CHIKV-specific antibodies.

Epitope Mapping Using Alanine-Scanning Mutagenesis
We used an alanine-scanning mutagenesis library coupled with
cell-based expression and flow cytometry to identify residues
in E2 and E1 proteins of CHIKV strain S27 (ECSA genotype)
required for mAb binding (Fong et al., 2014) (Figure S3). Residues
required for mAb binding to CHIKV glycoproteins for a subset of
20 human mAbs are listed in Table 1. Mutations affecting binding
of these 20 mAbs are indicated in an alignment of the full-length
E2 sequences of strain S27 and strains representing all CHIKV
genotypes that were used in our study (Figure 1A). The aa in
E2 that influence binding are located primarily in the solvent-
exposed regions of domains A and B and arches 1 and 2 of
the B-ribbon connector, which links domains A and B (Voss
et al., 2010) (Figure 1A). Comparison of the antigenic sites iden-
tified by loss-of-binding experiments using alanine-scanning
mutagenesis with the competition-binding analysis (Figure S2)
demonstrated that competition groups 1 and 2 generally corre-
sponded to sites within domain A and the arches, whereas group
3 corresponded to regions in domain B.

Structural Analysis of Antigenic Regions

A large and diverse number of the surface residues in domains A
and B and the arches are contacted by at least 1 of the mAbs
(Figures 1B and 1C). Two principal antigenic regions in E2 ac-
counted for the binding of multiple mAbs. The first region is
located in domain A, between residues 58 and 80, and contains
the putative receptor-binding domain (RBD) (Sun et al., 2014;
Voss et al., 2010). The second region is located in domain B, be-
tween residues 190 and 215. Both sequence regions project
away from the viral envelope and are located near the E2 trimer
apex (Figures S3 and S4).

Cell Host & Microbe 18, 86-95, July 8, 2015 ©2015 Elsevier Inc. 87
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Table 1. Characteristics of Chikungunya Virus-Specific Human Monoclonal Antibodies

In Vitro Neutralizing Potency and Breadth of CHIKV-Specific Human

Major Antigenic Site Neutralization mAbs

against CHIKv ~ Neutralization against CHIKV against Indicated Genotype and Strain*

ELISA Mutagenesis Mapping VRP (Strain ECs0, ng/ml° [95% Confidence Interval]
Binding Competition E2 Residues for which SL15649)" Asian Genotype
to E2 Binding Group Reduced Binding ECs0in ng/ml°  West African ECSA Genotype
19G Mk Light Ectodomain for Purified Was Noted when [95% Confidence Genotype NI 64 LR2006 OPY1 2014 Caribbean
mAb? Sub-class® Chain® (10 pg/ml)°  E2 Protein® E2 Domain® Altered to Alanine Interval] IbH 35 Strain (LR) Strain RSUI Strain 99659 strain
2H1 19G2 A ++ Low binding E2-DA R80, T116 8 [6-10] 3.7 (3.34.3) 5.6 (4.9-6.3) 5.9 (56.3-6.7) 5.5 (4.7-6.5)
4N12 1gG2 K - NT Arch D250 8 [7-10] 2.5(2.0-3.1) 4.0 (3.3-5.0) 6.5 (5.7-7.3) 7.3 (6.9-9.2)
2B4 1gG1 A ++ Low binding NoReduct - 14 [11-17] 3.2 (2.8-3.7) 5.6 (4.6-6.7) 6.5 (5.6-7.7) 7.0 (6.0-8.2)
4J21 1gG1 A ++ Low binding NoReduct - 5 [4-6] 5.2 (4.3-6.4) 7.4 (6.6-8.3) 7.7 (7.0-8.6) 7.2 (5.3-9.8)
5M16 1gG1 K +++ 2 Arch G253 5 [4-6] 6. 0 (5.5-6.6) 5.9 (5.0-6.8) 8.4 (6.7-10.4) 11.7 (9.7-14.1)
9D14 1gG1 A +++ 2 NoReduct - 6 [5-7] 2.1 (1.6-2.7) 2.9 (2.3-3.7) 6.3 (4.7-8.4) 86.0 (31.5-235)
1H12 1gG1 A +++ 1/2 DA/B, Arch T58, D59, D60, R68, 17 [14-20] 3.0 (2.5-3.5) 7.5 (6.7-8.4) 11.7 (9.3-14.8) 11.6(8.2-16.2)
D71, 174, D77, T191,
N193, K234
8E22 1gG1 A ++ Low binding DA, Arch  H62, W64, R68, H99, 17 [14-19] 8.2 (7.0-9.7) 7.2 (6.4-8.3) 42.5 (30.8-58.5) 138.9 (64.7-298)
D117, 1255
8G18 1gG1 A ++ Low binding DA H62, W64, D117 17 [14-19] 4.7 (4.1-5.3) 7.3 (6.3-8.4) 34.9 (24.9-48.9) 52.4 (24.1-114)
10N24  1gG1 K — NT DA,B We4, D71, R80, T116, 21 [17-26] 7.9 (6.9-9.0) 9.5 (8.2-11.0) 15.9 (13.2-19.2) 23.6 (18.3-30.5)
D117, 1121, N187, 1190
8l4 1gG1 K +++ NSF Ab DB, Arch  M171, Q184, 1190, 8 [5-14] 6.9 (3.8-12.3) 6.2 (4.5-8.4) 153 (78-299) >
N193, V197, R198,
Y199, G209, L210,
K215, K234, V242, 1255
3N23 1gG1 K — NT DA, Arch D60, R68, G98, H170, 25 [21-30] 6.0 (5.0-7.2) 10.1 (8.9-11.5) 14.1 (11.6-17.1) 8.7 (7.0-10.9)
M171, K233, K234
5014 1gG1 K +++ 2 NoReduct - 38 [30-47] 6.7 (5.5-8.3) 12.1 (10.9-13.5) 17.3 (14.2-21.1) 6.2 (6.3-7.2)
4414 1gG1 A ++ Low binding DA/B D63, W64, T65, R80, 23 [20-26] 12.9 (11.2-15.0) 17.7 (16.1-19.4) 23.1 (20-27) 23.0 (18.5-28.4)
1121, A162, N193
3E23 19G2 A — NT DA W64 11 [9-13] 19.4 (15.2-25.0) 18.7 (16.3-21.5) 36.0 (30.3-42.9) 38.0 (30.3-47.5)
1L1 1gG1 A +/— Low binding  Arch G253 18 [15-22] 18.6 (15.5-22.4) 24.2 (21.3-27.5) 34.3(29-40.7) ND
3B4 19G3 K — NT DB V192, Q195 > 18.7 (10.7-32.8) 29.6 (18.7-46.8) 271 (144-511) ND
4B8 1gG1 A +++ 2 NoReduct - 0.6 [0.4-0.8] 22.8 (12.4-41.8) 28.1(19.8-39.9) 234 (142-386) ND
4G20 1gG1 A — NT DB D174, R198, Y199, 95 [60-160] 22.3(17.3-29.0) 34.9(28.2-43.8) 131.4 (88.5-195) ND
K215
105 1gG1 A - NT DA W64, T65 138 [110-170] 30.1 (22.6-35.3) 37.6 (32.6-43.4) 48.9 (37.8-63.2) ND
106 19G3 A — 2 DA R80 5,200 61.7 (50.8-74.8) 57.5 (48.8-68.1) ND ND

[4,100-6,600]
(Continued on next page)
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Table 1. Continued

In Vitro Neutralizing Potency and Breadth of CHIKV-Specific Human

Major Antigenic Site Neutralization mAbs

against CHIKV Neutralization against CHIKV against Indicated Genotype and Strain*

ELISA Mutagenesis Mapping VRP (Strain ECso, ng/ml° [95% Confidence Interval]
Binding Competition E2 Residues for which SL15649)" Asian Genotype
to E2 Binding Group Reduced Binding ECsp in ng/ml°  West African ECSA Genotype
19G Wk Light Ectodomain for Purified Was Noted when [95% Confidence Genotype NI 64 LR2006 OPY1 2014 Caribbean
mAb? Sub-class® Chain® (10 ug/ml)° E2 Protein® E2 Domain® Altered to Alanine Interval] IbH 35 Strain (LR) Strain RSUI Strain 99659 strain
2L5 NT NT - NT NoReduct - 4,600 1,076 2,361 5,632 ND
[2,400-9,500] (748-1,548) (1,460-3,819) (3,904-8,128)
3A2 1gG1 K +++ 3 DB 1190, R198, Y199, 1,300 1,566 1,396 (952-2,046) > ND
G209, L210, T212 [830-1,900] (1,111-2,207)
5F19 1gG1 A +++ 4 DA H18 > > 9,064 > ND
(2,911-28,249)
1M9 1gG1 K — NT DA, Arch  R36, H62, R80, > > > 6,187 ND
Q146, E165, E166, (2,795-13,709)
N231, D250, H256
119 1gG1 K — NT E2 - > > > > ND
4B10 1gG1 K = NT NoReduct - > > > > ND
2C2 1gG1 A — NT NoReduct - > > > > ND
2D12 1gG1 K - NT E2 - > > > > ND
5N23 1gG1 A +++ 1 DA, Arch  E24, D117, 121 > > > > ND
murine  1gG2c K - NT E2-DA, D59, W235, A1, 3 [2-4]
CHK- E2-DB M74, G194, N193,
152 T212, H232"

#Order of antibodies reflects the level of potency degree and breadth of the antibodies in neutralization assays against clinical CHIKV isolates of diverse genotypes.

PImmunoglobulin isotype, subtype, and light chain use were determined by ELISA; NT indicates not tested due to poor growth of B cell line.

°(—) denotes no detectable binding [OD < 0.1]; (+/—) denotes weak binding [OD 0.31-0.499); (++) denotes moderate binding [OD 0.5-0.99]; (+++) denotes strong binding [OD > 1.0].

%Values shown represent combined data from two independent experiments; “Low binding” indicates incomplete mAb binding to E2 on biosensor for assessing competition; NT indicates not tested
since Ab did not bind E2 ectodomain in ELISA; “NSF Ab” indicates insufficient supply of mAb.

¢“-” indicates that the mAb did not react against the wild-type envelope proteins and could not be tested in this system; “NoReduct” indicates the mAb did bind to the wild-type E proteins, but no
reduction was noted reproducibly for any mutant; DA indicates domain A; DB indicates domain B; Arch indicates arch 1, arch 2, or both.

f\Values shown represent combined data from two or more independent experiments.

9Concentration (ng/ml) at which 50% of virus was neutralized (ECso); (>) indicates ECsq value is greater than the highest mAb concentration tested (10 pg/ml); ND = Not Done.

"Residues identified by contacts with mAb in cryo-EM reconstruction (Sun et al., 2013).
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Figure 1. Structural Analysis of E2 Residues Important for mAb Binding

(A) Sequence alignment of E2 from the CHIKV strains (indicated on the left) used in this study. The numbers above the sequence correspond to the aa position in
the mature E2 protein. Amino acids identical to strain S27 are indicated by a dash. Domains of E2 determined from the crystal structure of the E2/E1 heterodimer
(Voss et al., 2010) are depicted in the diagram above the alignment and are color coded (cyan, domain A; purple, B-ribbon connector; green, domain B; pink,
domain C; taupe shades, regions not present in the crystal structure). The position of residues at which alanine substitution disrupts mAb binding, as determined

(legend continued on next page)
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Mechanism of Neutralization

We conducted pre- and post-attachment neutralization assays
using mAbs displaying a range of inhibitory activities. As ex-
pected, all 5 mAbs tested neutralized infection efficiently when
pre-incubated with VRPs (Figure 2A). However, mAb 4B8 did
not neutralize VRPs completely even at high concentrations,
suggesting the presence of a fraction of CHIKV virions resistant
to this mAb; this pattern also was observed in assays using
viable CHIKV strains corresponding to the three distinct CHIKV
genotypes. In contrast, mAbs 3E23, 4J21, 5M16, and 9D14
completely neutralized infection when administered before
attachment. All five human mAbs also neutralized CHIKV infec-
tion when added following attachment, but we observed three
different patterns of activity (Figure 2A). mAb 4B8 was incapable
of complete neutralization when added post-attachment, and
the fraction of resistant virions was larger compared with that
observed following pre-attachment neutralization. mAb 9D14
neutralized VRPs with comparable efficiency whether added
before or after attachment. MAbs 3E23, 4J21, and 5M16 dis-
played complete neutralization of VRPs, but the efficiency of
neutralization post-attachment was lower than that following
pre-attachment. The mAbs 2H1 and 4N12 also efficiently
neutralized VRPs when added prior to or after attachment
(data not shown).

Fusion-from-without (FFWO) assay testing (Edwards and
Brown, 1986) of five of the ultrapotently neutralizing mAbs
(BE23, 4B8, 4J21, 5M16, or 9D14) revealed that all inhibited
fusion. In the absence of antibody treatment, a short pulse
of acidic pH-buffered medium resulted in infected cells, indi-
cating fusion between the viral envelope and plasma mem-
brane, whereas a pulse of neutral pH resulted in little to no
infection as expected (Figure 2B). Notably, all five human
mAbs inhibited plasma membrane fusion and infection, with
mAb 9D14 exhibiting the greatest potency in this assay. These
studies suggest that ultrapotently neutralizing mAbs block
CHIKV fusion.

mAb Prophylaxis In Vivo

We tested a subset of mAbs exhibiting diverse levels of neutral-
izing activity (Table 1) in a lethal infection model with 6-week-old,
highly immunodeficient /fnar’~ mice. Mice were pre-treated
with a single 50 pg dose (~3 mg/kg) of human anti-CHIKV
mAbs or a West Nile virus (WNV)-specific isotype control
mAb (WNV hE16) 24 hr before subcutaneous injection with a le-
thal dose of CHIKV-LR2006. All mice treated with the isotype
control mAb succumbed to infection by 4 days post-inoculation.
Pretreatment with mAbs 4B8, 4J21, or 5M16 completely pro-
tected Ifnar”~ mice, whereas treatment with mAbs 3E23 or
9D14 partially protected the infected animals, with 50% and
67% survival rates, respectively (Figure 3A). Surprisingly, mAb
2D12, which weakly neutralized in vitro, protected 80% of the
animals.

mAb Post-exposure Therapy In Vivo

Ifnar’~ mice were inoculated with a lethal dose of CHIKV-
LR2006 and then administered a single 50 pg (~3 mg/kg) dose
of representative mAbs 24 hr following virus inoculation. Thera-
peutic administration of mAb 4N12 or 5M16 mAbs provided
complete protection, whereas the isotype-control mAb provided
no protection, and others provided partial protection (Figure 3B).
To define further the therapeutic window of efficacy, Ifnar~'~
mice were administered a single 250 pg (~14 mg/kg) dose of
representative mAbs 48 hr after challenge with CHIKV-LR2006.
Treatment with 4N12, 5M16, 4J21, and 4B8 protected 100%,
85%, 50%, and 12.5% of the animals, respectively (Figure 3C).
Remarkably, monotherapy with 4N12 or 4J21 at the later time
point of 60 hr protected 70% and 55% of animals when used
at a dose of 500 pg (~28 mg/kg) (Figure 3D). The observed differ-
ences in efficacy of the mAbs are likely not due to varying in vivo
half-life in mice, as there was no appreciable difference in the
rate of clearance in the serum for mAbs 4B8, 5M16, 4N12, and
4J21 (data not shown). These data establish that human mAbs
can protect against CHIKV-induced death, even at intervals
well after infection is established.

Combination mAb Therapy In Vivo

Given the possibility of resistance selection in vivo in animals
treated with a single anti-CHIKV mAb (Pal et al., 2013), we tested
whether a combination of two anti-CHIKV human mAbs could
protect mice against lethal challenge. We chose pairs of neutral-
izing mAbs based on the potency of individual mAbs in vitro as
well as protective activity in vivo as monotherapy. Ifnar~/~
mice were administered a single combination antibody treat-
ment dose of the most effective mAbs 60 hr after inoculation.
None of the combinations tested at varying doses ([4J21 +
2H1], [4J21 + 5M16], or [4J21 + 4N12]) provided superior protec-
tion to 4421 or 4N12 monotherapy.

DISCUSSION

We report the isolation of a diverse panel of naturally occurring
human mAbs from a single individual, the majority of which
recognize the CHIKV E2 protein and display remarkable neutral-
izing activity in vitro and therapeutic efficacy in vivo. As a class,
the most inhibitory antibodies also exhibited broad activity,
neutralizing viruses from all three CHIKV genotypes, including
a strain currently circulating in the Caribbean. The majority of hu-
man CHIKV-specific mAbs isolated in this study neutralized the
virus at concentrations <100 ng/ml, and many exhibited inhibi-
tory activity at <10 ng/ml. This activity is greater than we have
observed in our previous studies of human mAbs against other
pathogenic human viruses, including H1, H2, H3, or H5 influenza
viruses (Hong et al., 2013; Krause et al., 2010, 2011a, 2011b,
2012; Thornburg et al., 2013; Yu et al., 2008), dengue viruses
(Messer et al., 2014; Smith et al., 2012, 2013a, 2013b, 2014),

by alanine-scanning mutagenesis, are designated by color-coded dots for each specific mAb. Residues that influence the binding of multiple antibodies are
indicated by squares shaded in gray, with the darker the shade of gray, the greater number of antibodies influenced by substitution at that residue (legend in B).
(B) Location of residues required for mAb binding mapped onto the crystal structure of the mature envelope glycoprotein complex (PDB ID 3N41). A side view of a
ribbon trace of a single heterodimer of E1/E2 is shown with E1 in light cyan and the domains of E2 colored as in (A). The side chains of the aa required for mAb
binding are shown as space-filling forms and color coded for each of the 20 individual antibodies according to the legend in (A).

(C) A top view of the E1/E2 heterodimer, rotated 90° from the structure in (B). Also see Figures S3 and S4.
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Figure 2. Mechanism of Neutralization by Human Anti-CHIKV mAbs
(A) Pre- and post-attachment neutralization assays. SL15649 VRPs were (1)
incubated with the mAbs shown (including CHK-152, a positive control mAb) prior
to addition to pre-chilled Vero cells, followed by removal of unbound virus by three
washes (pre-attachment; filled circle) or (2) allowed to adsorb to pre-chilled Vero
cells followed by addition of the indicated mAbs (post-attachment; open circles).
(B) FFWO assay. SL15649 VRPs were adsorbed to pre-chilled Vero cells,
followed by addition of the mAbs shown (including CHK-152, a positive control
murine mAb). Unbound virus was removed, and cells were exposed to low (pH
5.5 to trigger viral fusion at the plasma membrane; filled circles) or neutral (pH
7.4 as a control; open circles) pH medium at 37°C for 2 min. For both (A) and
(B), cells were incubated at 37°C until 18 hr after infection, and GFP-positive
cells were quantified using fluorescence microscopy. The data are combined
from two independent experiments, each performed in triplicate, and repre-
sented as mean + SEM.
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and others. The potency of many human CHIKV mAbs is compa-
rable to or exceeds that of best-in-class murine neutralizing
CHIKV mAbs (Fric et al., 2013; Pal et al., 2013; Warter et al.,
2011), which were generated after iterative boosting and affinity
maturation. Most other neutralizing human mAbs against CHIKV
are substantially less potent (Fong et al., 2014; Selvarajah et al.,
2013; Warter et al., 2011). A single previously reported human
CHIKV-specific mAb (IM-CKV063) displays activity comparable
to the ultrapotent neutralizing mAbs reported here (Fong et al.,
2014).

We observed a diversity of epitope recognition patterns in E2
by the different neutralizing CHIKV mAbs tested. Fine epitope
mapping with alanine-substituted CHIKV glycoproteins showed
that recognition of three structural regions in E2 is associated
with mAb-mediated neutralization: domain A, which contains
the putative RBD (Sun et al., 2013; Voss et al., 2010), domain
B, which contacts and shields the fusion loop in E1 (Voss
etal., 2010), and arches 1 and 2 of the B-ribbon connector, which
contains an acid-sensitive region and links domains A and B
(Voss et al., 2010). Of the antibodies mapped to epitopes in
E2, the bulk (those in competition groups 1 and 2) preferentially
recognized sites in domain A and arches 1 and 2, whereas a
smaller group (in competition group 3) recognized sites in
domain B. These data suggest that surface-exposed regions in
domain A and the arches are dominant antigenic sites that elicit
human neutralizing antibody responses. We conclude that the
highly conserved region in domain A and arch 2 might elicit a
broadly protective immune response and serve as an attractive
candidate for epitope-focused vaccine design.

Remarkably, almost a quarter of surface-exposed residues in
the critical E2 domains appear to be engaged by one or more
mAbs from a single individual. The existence of functionally
diverse binding modes on the major antigenic sites is implied
by two observations: (1) some mAbs bound to similar epitopes
but exhibited inhibitory activity that varied by several orders of
magnitude and (2) there was little correlation between neutraliza-
tion capacity and affinity of binding to E2 protein. Seven of the
most potently neutralizing human mAbs (2H1, 3E23, 4BS8,
4J21, 4N12, 5M16, and 9D14) inhibited CHIKV infection at a
step following attachment, likely via prevention of pH-dependent
structural changes, which prevents nucleocapsid penetration
into the cytoplasm (Kielian et al., 2010).

As therapeutic efficacy in mice appears to predict treatment
outcomes in experimentally induced infection and arthritis in
nonhuman primates (Pal et al., 2013, 2014), the data here sug-
gest that prophylaxis of humans with CHIKV-specific human
mAbs would prevent infection. Given concerns about selection
of resistant variants with monotherapy (Pal et al., 2013), combi-
nation therapy using ultrapotent neutralizing antibodies that
target different regions of E2 may be desirable. Unexpectedly,
we did not observe a superior therapeutic effect for combina-
tions of mAbs compared with monotherapy at late time points
in these studies with immunodeficient mice. In fact, the survival
in most groups treated with combination therapy trended toward
less protection than that of the groups treated with 4J21 or 4N12
alone. Although further study is warranted, the lack of enhanced
therapeutic benefit with the particular mAb combinations tested
could be due to competition or structural hindrance of binding of
individual antibody molecules to adjacent epitopes on E2



B
-24 hrs mAb addition (50 ug)  + 24 hrs mAb addition (50 g)

c +48 hrs mAb addition (250 ng) +60 hrs mAb addition

100+

100 ™ 100 ] 100 T u
1 1 |
T | :

s 804 | _ 804 | 80- -

> v 4

H | | |

€ 60 ! 6o ! 6o I

7] ! ! |

2 1 |

S 40- : a0{ . 404 &l

g [ i !

& 204 | 20 | 20 1
* 1 1

s i " Jl

0+—r————
0 3 6 9 12 15 18 21
Days after inoculation

T T
0 3 6 9 12 15 18 21
Days after inoculation

-@-2D12 ¥ 4B8

- 3E23 -0-4J21
~¥-4B8 ~i-4N12
-0-4J21 —A— 5M16
—&— 5M16 —- WNV-E16
——9D14

—--WNV-E16

80

60

40

20

_T_‘T_l' B S . SR,
0 3 6 9 12 15 18 21
Days after inoculation

——T—T—T—T—
0 3 6 9 12 15 18 21
Days after inoculation

—¥ 1"3:1 -8-4J21 (500 ug)

.

el - AN12 (500 )

o 5M1E 4421 (250 pg) + 2H1 (250 ug)
—e- WNV-E16 =~ 4J21 (250 pg) + 5M16 (250 ug)

- 4N12 (250 pug) + 4J21 (250 1g)
- 4N12 (500 pg) + 4J21 (150 pg)
-F 4N12 (500 pg) + 4J21 (500 pg)
4= hE16 (500 ug)

Figure 3. Human mAb Prophylaxis and Therapy against Lethal CHIKV Infection in Ifnar”’~ Mice

(A-C) Mice were administered either 50 or 250 pg of indicated CHIKV-specific or control mAb by intraperitoneal injection 24 hr before (A; n = 6 to 8 mice per mAb
tested) or 24 hr (B; n = 5 to 8 mice per mAb tested) or 48 hr after (C); n = 7 to 10 mice per mAb tested) a lethal challenge of CHIKV.

(D) Mice were administered 150, 250, or 500 ng of indicated CHIKV-specific mAbs in combination by intraperitoneal injection 60 hr after a lethal challenge of
CHIKV (n = 6 to 13 mice per mAb combination tested). For monotherapy with 4J21, 4N12, or hE16 (negative control), a single dose of 500 pg was given (n=10to
17 mice per mADb tested). All data in this figure were pooled from at least two independent experiments. The following statistical analysis was performed using the
Mantel-Cox log rank test: 4N12 versus 4J21, p = 0.39; 4N12 (500 png) versus 4N12 (250 pg) + 4J21 (250 pg), p = 0.69; 4N12 (500 pg) versus 4N12 (500 pg) + 4J21
(150 pg), p =0.13; 4N12 (500 pg) versus 4N12 (500 pg) + 4J21 (500 pg), p = 0.06. All Ab administrations with the exception of 4J21 (250 ng) + 2H1 (250 ng) differed

significantly from the hE16 control (p < 0.002).

proteins on the icosahedral virion surface. In comparison, a prior
study with anti-E2 (CHK-152) and anti-E1 (CHK-166) mouse
MAbs did show advantage as combination therapy (Pal et al.,
2013). Regardless, our data suggest that patient populations at
markedly increased risk of severe disease could be targeted
for prophylaxis or treatment with human anti-CHIKV mAbs dur-
ing outbreaks, including those with serious underlying medical
conditions (e.g., late-term pregnant women, the immunocom-
promised, and the elderly). Further clinical testing is planned to
determine whether neutralizing human mAbs can prevent or
ameliorate established joint disease in humans.

EXPERIMENTAL PROCEDURES

Isolation of Human mAbs

PBMCs were obtained from a human ~5.5 years after documented symptom-
atic CHIKV infection in Sri Lanka. B cells were transformed with EBV in the
presence of CpG. The supernatants from the resulting B cell lymphoblastic
cells lines were screened for CHIKV-neutralizing activity using SL15649
VRPS. Positive wells were further selected for the presence of human
CHIKV-specific binding antibodies by ELISA using live CHIKV vaccine strain
181/25 virus as antigen. Transformed B cells were collected and fused to a
myeloma cell line, distributed into culture plates and expansion, and selected
by growth in hypoxanthine-aminopterin-thymidine medium containing
ouabain. Hybridomas were cloned by single-cell sorting. Supernatants from
cloned hybridomas growing in serum-free medium were collected, purified,
and concentrated from clarified medium by protein G chromatography.

Neutralization Assays

Purified IgG mAb proteins were tested for neutralizing activity using CHIKV
VRPs or fully infectious CHIKV. VRPs were incubated with serial dilutions of
mADbs then inoculated onto Vero 81 cell monolayers for 18 hr; infected cells
and total cells (identified with a nuclear marker) were identified with a fluores-
cence imaging system. Neutralizing activity for four infectious virus strains was

determined in a focus reduction neutralization test (Pal et al., 2013). Serial di-
lutions of mAbs were incubated with 100 focus-forming units of CHIKV and
then added to Vero cells. Foci were detected with a mouse anti-CHIKV mAb
after cell fixation using immunoperoxidase detection and quantified using an
ImmunoSpot 5.0.37 macroanalyzer (Cellular Technologies).

E2 ELISA

Recombinant CHIKV E2 ectodomain protein (corresponding to the CHIKV-
LR2006 strain) was generated in E. coli (Pal et al., 2013) and adsorbed to
microtiter plates. Human mAbs were applied, and bound CHIKV-specific
mADbs were detected with biotin-conjugated goat anti-human IgG.

Competition Binding Assay

We identified groups of antibodies binding to the same major antigenic site by
competing pairs of antibodies for binding to CHIKV-LR2006 E2 ectodomain
protein containing a polyhistidine-tag attached to an Anti-Penta-His biosensor
tip (ForteBio 18-5077) in an Octet Red biosensor (ForteBio).

Alanine Scanning Mutagenesis for Epitope Mapping

A CHIKV envelope protein expression construct (strain S27, Uniprot Reference
Q8JUX5) with a C-terminal V5 tag was subjected to alanine-scanning muta-
genesis to generate a comprehensive mutation library. Primers were designed
to mutate each residue within the E2, 6K, and E1 regions of the envelope pro-
teins (residues Y326 to H1248 in the structural polyprotein) to alanine; alanine
codons were mutated to serine. In total, 910 CHIKV envelope protein mutants
were generated. Loss of binding of mAbs to each construct was determined
using an immunofluorescence binding assay, using cellular fluorescence de-
tected with a high-throughput flow cytometer.

Mechanism of Neutralization

MADbs were interacted with VRPs before or after attachment to Vero 81 cells,
and then cells were stained, imaged, and analyzed as described for VRP
neutralization assays to determine at what stage mAbs exerted the antiviral ef-
fect. Fusion-from-without assays were performed as detailed in Supplemental
Experimental Procedures.
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In Vivo Protection Studies in Mice

Ifnar~~ mice were bred in pathogen-free animal facilities and infection
experiments were performed in A-BSL3 facilities. Footpad injections were
performed under anesthesia. For prophylaxis studies, human mAbs were
administered by intraperitoneal injection to 6-week-old /fnar”’~ mice 1 day
prior to subcutaneous inoculation in the footpad with 10 FFU of CHIKV-LR.
For therapeutic studies, 10 FFU of CHIKV-LR was delivered 24, 48, or 60 hr
prior to administration of a single dose of individual or combinations of human
mADbs at specified doses.

SUPPLEMENTAL INFORMATION

Supplemental Information includes Supplemental Experimental Procedures,
four figures, and one table and can be found with this article online at http://
dx.doi.org/10.1016/j.chom.2015.06.009.
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