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1. Executive Summary (Please limit (o 500 words,)

Eastern equine encephalitis virus (EEEV) is a mosquito-borne alphavirus (family,

- Togaviridae) of significant public and veterinary health importance throughout North,
Central and South America. It has a single-stranded positive sense RNA genome of about
11,700 nt in length. EEEV causes a very debilitating disease in humans with case-fatality
rates ranging between 50 and 75%, and for equids, rates can achieve rates as high as 80%.

It is currently classified as a select agent on the NIAID category B list of priority

pathogens, and was being developed for use as a potential bioweapon during the cold war.
Despite hundreds of isolations and the significant public and veterinary health problem this
virus poses, the majority of EEEV genetic studies primarily involved only partial gene
sequences of the structural or non-structural genes and only 10 complete genomes have

- been determined and deposited on GenBank to date. In contrast to EEEV, extensive
genetic studies have been performed on related alphaviruses, such as Venezuelan equine
encephalitis and Chikungunya viruses, which has lead to a detailed understanding of the
mutations involved in emergence, genetic determinants of virulence and disease, and
thorough characterization based on genealogy. In the absence of sufficient complete
genome sequence data for EEEV, comparable studies cannot be performed thoroughly, and

- those few studies that relied on partial genomic fragments have already been very

insightful in describing EEEV genetic diversity (Arrigo et al., 2010; Brault et al., 1999),



positively selected amino acid sites (Arrigo et al., 2010), and mutations associated with
| certain phenotypes (Cooper and Scott, 2001; Weaver et al., 1999). The proposed project
aims to fill this gap in sequence data by elucidating the complete genomes for 100 EEEV
strains that represent the entire geographic and temporal distribution of EEEV since its first

isolation in the new world in 1933.

The resultant genetic data generated in this study would allow researchers to (i)

characterize EEEV genctic divessity and describe its molecular epidemiology; (i1) identify

| genetic determinants of EEEV emergence and virulence; (iii) infer the demographic history

~and evolutionary dynamics of EEEV; (iv) infer the evolution of virulence and pathogenesis
throughout EEEV’s transmission history; (v) improve the ability to derive attenuated
EEEV stains for vaccine development, (vi) generate infectious cDNA clones, and lastly;
(vii) identify genetic factors uncierlying phenotypic differences among EEEV strains in the

- New World.

- This project is proposed as a coilaborative study between the NIAID Genome Sequencing
Center, the University of Texas Medical Branch, The Connecticut Agricultural Experiment
Station, South Florida University, Colorado State University, and the Division of Vector-

- Borne Diseases, and the Center for Disease Prevention and Control. We will ensure the
| generation of the best possible data set so further research in the aforementioned areas may
- be pursued without limitations. The data generated will also be useful for related

alphavirus studies.



2. Justification

Eastern equine encephalitis virus (EEEV) is a single-strand positive sense RNA
virus that belongs to the family, Togaviridae, genus Alphavirus (Morris, 1988). Its genome
is ~11,700 nt long and is flanked by a 5” cap and 3’ poly[A] tail. EEEV is classified as the
~only species in its antigenic c¢omplex (Calisher and Karabatsos, 1988; Calisher et al.,

1980), but can be further classified into four (4) lineages or subtypes based on serologic |
- and phylogenetic analyses of genomic sequences (Brault et al., 1999; Regenmortel et al., |
2000). Lineage I primarily consists of North American and Caribbean isolates, and
lineages II-IV consists of isolaies from Central and South America (Brault et al., 1999).
The majority of phylogenetic analyses that have been used to further characterize EEEV
are based on short fragments of the structural genes (Arrigo, Adams, and Weaver, 2010;
Brault et al., 1999) and this may be inadequate to accurately resolve the plausible variation
among strains. To date only 10 EEEV genomes exist on GenBank, despite hundreds of

isolations throughout North, Central and South America.

EEEV is considered to be among the most important of the encephalitic alphaviruses in the
Americas and among the most virulent human viral pathogens. EEEV continues to be an

- important public health and veté'{‘inary concern with up to 21 human cases/year being

- reported in North America (CD-C"', 2010), and a recent equine outbreak occurred in Brazil,
affecting 229 equids with a case fatality rate of 73% (Silva et al., 2011). EEE disease in
humans ranges from relatively mild symptoms (such as fever, chills, malaise, and
myalgias) to severe and often fital encephalitis (Deresiewicz et al., 1997; Fothergill et al.,
1938). Mortality after infection iith EEEV has been estimated at 50 to 75% (which is by

 far the highest rate among the N{AID Category B encephalitic viruses), and recovering
patients usually suffer with disablin g and progressive mental and physical sequelae (Ayres

- and Feemster, 1949; Deresiewicz et al., 1997). Other clinical manifestations include
personality disorders, seizures, ¢nd "Spastic paralysis (Ayres and Feemster, 1949; Calisher,

1994; Deresiewicz et :;,l., 1997-)_;.-.‘.

EEEV transmission cycl?s and epidemiological profiles vary widely between North
and South American EEEV izolates. NA EEEV is transmitted in an enzootic cycle

involving primarily avian vertzbrate hosts such as passerine birds and the ornithophilic



- vector Culiseta melanura (Morris, 1988; Scott and Weaver, 1989). Howevér, since this
- vector is extremely ornithophili¢. and rarely bites mammals, bridge vectors are necessary to
transmit the virus to other vertebrates including humans (Scott and Weaver, 1989). Many
studies have been performed to getermine the mechanism of EEEV overwintering in North
- America, and these include experimental studies that investigate the capacity of vector
and/or host to perpetuate the virus over winter periods (Burkett-Cadena et al., 2011; Owen
et al., 2011), as well as phylogenetic studies based on partial genomic data (Armstrong et
al., 2008; Young et al., 2008)..These phylogenetic studies were not only limited by the
partial genomes used, but did:contain sequence data from many of the Southern states
where EEEV is endemic and is transmitted yearly. This study will provide the necessary
~sequence data to completely elucidate the phylogeographic history of EEEV, not only in
North America, but also throughout new world. In South and Central America, epidemics
of human disease are very uncommon but there are sporadic outbreaks in humans (few
cases) (Aguilar et al., 2007; Corniou et al., 1972) and equids (involving thousands of
cases) (Dietz et al., 1980; Sabattini et al., 1991). In Central and South America, mosquitoes |
of the subgenus Culex Melanoconion serve as the main enzootic vectors (Kondig et al.,
1 2007; Turell et al., 2008; Turel: et al., 2005; Walder et al., 1984), but in contrast to North
American EEEV, a large numter of small mammals and birds are thought to act as the
- main reservoirs/amplification hosts (de Souza-Lopes and de Abreu-Sacchetta, 1974; Scott
and Weaver, 1989; Shope et al., 1966; Walder et al., 1984). Previous work suggests that
humans are exposed to but do r._'ot develop apparent infection or severe disease with South E
American EEEV because of peor infectivity and/or avirulence of South American strains
- (Aguilar et al., 2007). Previously, this pattern was also observed in Panama. However, a
2010 outbreak of human enciphalitis in Panama (including children) resulted in the
~ diagnosis of several cases of EEE. Preliminary phylogenetic analyses with partial genomic
sequences indicate that the etiolo gic strain is closely related to previous Panamanian EEEV
isolates, suggesting a change ‘in human virulence. Complete genomic sequences and
carative studies with this 2010 isolate and those previously isolated in Panama and other
regions of South America and can provide valuable insight into mutations associated with

emergence or disease in humans.

EEEV is also a well-developed biological weapon and is very infectious via the aerosol

route, and is currently classified as a select agent on the NIAID category B list of priority



pathogéiulué' (httpffwwwmaldmh gov/topics/ biodefenserelatedfbiodefensefpage'sf cata.aspx).
Despite its importance, EEEV bls been relatively understudied, particularly when
compared to other important alﬁﬁaviruses such as Venezuelan equine encephalitis (VEEV)

- and Chikungunya viruses (CHIKV). Phylogenetic studies of genomic sequence data on

| VEEV (Anishchenko et al., 2006; Brault et al., 2002) and CHIKV (Tsetsarkin et al., 2011;
Tsetsarkin et al., 2007) have all lead to very important insights and a better understanding
of mutations (i.e. that arose in their genomes that have significantly increased their fitness,
and has been associated with major epizootics and epidemics). Given the limited sequence
data available, no extensive ana}yses to elucidate adaptive mutations have been performed
but a recent study demonstrated -thc existence of positively selected amino acid sites in the
structural genes (Arrigo et al., 2010), although it was suggested that this is not a major
driving force in EEEV evolutior:. Cell specific (single-host-cell and alternating-host-cell)
adaptive (phenotypic) changes ¢f EEEV have also been demonstrated in both in vitro and
in vivo studies (Cooper and Sco’t, 2001; Weaver et al., 1999). Although partial genomic
sequencing clearly demonstrated synonymous and nonsynonymous substitutions associated
with single-host-cell and alternating-host-cell passaging (Cooper and Scott, 2001; Weaver
et al., 1999), due to the unavailability of complete genome sequence data, clucidating other

- possible mutations that me be associated were not possible.

These studies and the severe lack of EEEV genomic sequence data clearly underscore
the importance of determining the complete genomic sequences of EEEV strains for
understanding the possible muiations associated with epidemic emergence, EEEV

pathogenesis, virulence, evolution and taxonomy.

Researchers interested in EEEV replication, pathogenesis, epidemiology, evolution (and
related alphavirus evolution), dignostics and detection for biodefense; and the
development of a vaccine, will lic able to use the genomic sequence information derived in

 this study to; (i) identify potentiiéll determinants of virulence that can be tested using
reverse genetic approaches, (ii) “anderstand the molecular epidemiology and evolutionary
dynamics of EEEV using Bayez“;i'an coalescent analyses, (iii) describe the evolution of
virulence and pathogenesis thro:ighout EEEV’s transmission history, (iv) accurately

- resolve the currently circulating’genetic diversity through phylogenetic analyses, (V)



" make better associations about the differences in genctic data and phenotypes among the

 different EEEV strains in the Americas. The public health community will also be able to

use the EEEV database to determine the epidemic potential of newly arising strains or

intentional introductions. The addition of complete genome sequences for representative

isolates will therefore greatly in‘prove the power of the sequence database for generating

i

- predictive data.

t
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3. Ratlonale for Strain Selection .

Dr. Scott Weaver (principal invéstigator) currently has the largest collection of EEEV

 strains at his institution. He has continuously collécted EEEYV strains throughout his
research career and now has >200 strains that will serve as the primary source for this

study. Dr. Robert B. Tesh (collaborator) is the director of the World Reference Center

Emerging Viruses and Arboviruses (WRCEVA; see description below) and also has a very
large collection of EEEV strains. Isolates will be sourced from both collections, and will

- represent all the geographic locations (North, Central and South America) for which EEEV

has been isolated. Additionally, isolates representing the entire temporal period from its

first isolation to present will be i)rovided by several collaborators from Connecticut,
Tennessee, Florida and the CDC (see letters of support) and will be incorporated in this
study. Important isolates that exist and are not represented in our collection will be sought
and included in this study. More specifically, isolates will be included that were isolated
from different sources (i.e. humans, different mosquito species, and different avian and
rodent species), from all countries where EEEV has been reported (also representing
recorded epidemics and epizootics), and throughout the temporal distribution since its first

isolation in 1933. To accurately represent EEEVs evolutionary history, we propose to



sequence 100 EEEV complete genomes that will fully represent the spatial and temporal

 distribution of EEEV.

.......................... I

4a. Approach to Data Producticn: Data Generation

This study would produce compi;te genome sequences for 100 retrospectively collected
EEEV strains that represent the complete spatial and temporal distribution of EEEV’s
isolation history in the Americas. Since there is very little complete genome sequence data
available for EEEV, these data n;ril] serve as reference genomes for EEEV strains
throughout the Americas, serve -as a readily available source of information for generating
clones and identifying mutations (SNPs). cDNA will be generated from RNA extracted
 from semi-purified virus produced in Vero cell cultures, sheared, randomly amplified and
sequenced using the 454 and illumina platforms at JCVI. These methods proved highly
efficient for VEEV strains sequenced previously in this UTMB-JCVI collaboration. In
 addition, to exploit the availability of unpassaged EEEV strains, we will perform RT-PCR
and deep sequence amplicons to gain insights into the within-host sequence variability and f

distribution of snPs.

4b. Approach to Data Productior:: Data Analysis |

Researchers will be able to usé the genetic data generated and associated metadata gain
new insights and test hypotheses about EEEV pathogenesis, molecular determinants of
virulence and emergence, phylogeography, evolution and ecology of the viruses under
study. More specifically, the génomic sequence data generated here would facilitate (i)
identifying potential determinants of emergence and virulence that can be tested using
- reverse genetic approaches, (ii)':a better understanding of the molecular epidemiology and
“evolutionary dynamics of EEEV ﬁ:s'ing Bayesian coalescent analyses, (iii) describing the
evolution of virulence and pa!;hogenesis throughout EEEV’s transmission history, (iv)
- accurately resolving the currf:ntly circulating genetic diversity through phylogenetic
analyses, (v) vaccinology studizs, (vi) studies based on infectious clone technology, and
lastly (vi) make better associations about the differences in genetic data and phenotypes

among the different EEEV strains in the Americas.
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5. Community Support and Collaborator Roles:

kY
The following is a partial hslmg of US researchers with a major interest in this study.
1. Dr. Nicole Arrigo, Centar for Infection and Immunity, Columbia University, New

York.

2. Dr. Naomi Forrester, ASSIStaHt Professor, University of Texas Medical Branch,
Galveston, Texas.

3. Dr. Ann Powers, Chief, Alphavirus Laboratory, Division of Vector Borne
Infectious Diseases, Centers for Disease Control and Prevention, Colorado. =

4, Dr. Thomas Unnasch, Professor, University of South Florida, Florida.

5. Dr. Christy Ottendorfer, Postdoctoral Fellow, Centers for Disease Control and
Prevention, Colorado, Atlanta, Georgia. :

6.  Dr. John-Paul Mutebi, Division of Vector-Borne Diseases, Centers for Disease
Control and Prevention, Colorado. :

7. Dr. Marc Fischer, Professor, Division of Vector-Borne Diseases, Centers for
Disease Control and Prevention, Colorado.

8.  Dr. Patricia Aguilar, Assistant Professor, University of Texas Medical Branch,
Galveston, Texas.

9.  Dr. Aaron Brault, Chief, Flavivirus laboratory, Division of Vector Borne Infectious
Diseases, Centers for Disease Control and Prevention, Colorado. :

10. Dr. Philip Armstrong, Associate Scientist, Center for Vector Biology & Zoonotic
Diseases, The Connecticut Agricultural Experiment Station, New Haven,
Connecticut.

11. Dr. Abelardo Moncayo, Director, Vector-Borne Diseases Section, Tennessee
Department of Health, Nashville, Tennessee.

Project Collaborators include:

Dr. Scott Weaver is an expert on alphavirus ecology, pathogenesis, epidemiology and
~evolution. Dr. Weaver will provide majority of the EEEV strains to be sequenced from his
extensive collection. Dr. Weaver will also contribute to elucidating the rates of evolution,

- population dynamics, and the patterns of diversification and phylogeographic dispersal.
| These studies will be used to formulate hypotheses that can be tested both experimentally

using reverse genetics, and in field epidemiology and ecology projects in Latin America.

- Dr. Albert Auguste is an expert "'in molecular genetics and arbovirus evolution. Dr



Auguste’s research interests include understanding the ecological and evolutionary factors
involved in emergence, disperszl, and maintenance of zoonotic and vector-borne RNA

viruses. Dr. Auguste will prepare high quality nucleic acid samples for shipping to JCVI

for sequencing. As demonstrated previously, he will use phylogenetic methods to elucidate

potential determinants of diseaée, identify adaptive mutations, as well as also infer the

evolutionary dynamics, demographic and phylogeographic histories of EEEV. These

studies will produce valuable data that will inform surveillance and control strategies and

- generate important data to test hypotheses about viral emergence and adaptation.

| Dr. Robert Tesh is an expert in arbovirus characterization, epidemiology, ecology and
surveillance. His research interests include virus discovery and characterization, arbovirus
pathogenesis, as well as undersianding the ecological and evolutionary factors involved in
arbovirus emergence.

Dr. Tesh is also Director of the World Reference Center for Emerging Viruses and
Arboviruses (WRCEVA) at UTMB. The WRCEVA is a direct outgrowth of the
worldwide network of laborator%es, established by the Rockefeller Foundation, to study the
role of arthropod-borne viruses in producing human and animal disease and the

- mechanisms by which these viruses are maintained and transmitted in nature. When this

program was initiated at the Rockefeller Foundation Virus Laboratories in New York City
in 1951, fewer than 28 arboviruses had been described; and only a few, such as yellow

fever, the encephalitides, and dengue were known to cause serious disease in human

beings. Concurrent with the initiation of the Rockefeller Foundation program, the U.S.

~ Army, Navy, Public Health Service and several foreign governments also established

- arbovirus laboratories and field vesearch programs. This network of field laboratories

| relied on the Foundation’s central virus reference laboratory in New York, until 1964 when

the central laboratory and somef the Rockefeller staff were moved to Yale University in

- New Haven, and the Yale Arbcirus Research Unit (YARU) was established. In mid-

- 1995, Drs. Robert Tesh and Rof’f’ért Shope moved from YARU to UTMB in Galveston and

brought the reference collection'iith them. The decision to establish the Reference Center

at UTMB was based in part on ti]c willingness of the University of Texas to provide

modemn state-of-the-art laborato:i& equipment and ‘space, including BSL-3 and BSL-4

containment facilities for workisig with these potentially hazardous agents. A collection of

more than 640 characterized typé viruses is maintained with complementary sera and

diagnostic antigens.
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The WRCEVA at UTMB provides prompt analysis of disease outbreaks as well as
identification of new and emerging viruses to agencies around the world; it also serves the
world research community with¥basic certification of arboviruses and arboviral reagents.
The extensive arbovirus referente collection maintained at the Center differs from culture

 collections like that of the American Type Culture Collection in several ways. First, the

collection is not static; new vires strains are continually being archived. Second, instead of

~ having just one or two prototypt ‘or well characterized strains of each known virus, there
are many different strains of arboviruses of medical and veterinary importance (i.e.
EEEV). A number of viruses in‘the collection are select agents. An effort has been made
to collect representative strains of these viruses from a variety of sources, geographic
localities and time periods. This diversity has proven extremely useful in studies of
arbovirus emergence, evolution, pathogenesis, and now biodefense. Third, viruses and
serologic reagents are provided at no cost upon request to qualified investigators; this is
essential for maintaining an active reference collection, since collaborators often send us
new viruses in return for this se;'vice.
Additionally, input on strain sel-'ction will be sought from the other EEEV investigators
listed in section 6 above, to enstte that the genetic data produced will be relevant and
appropriate for all future EEEV studies. We will also actively interact with the team at the

JCVI for genome annotation an'd other aspects of data analysis.

All 100 EEEV strains to be sequenced have been retrospectively collected, stored
lyophilized and are readily available for further work. Upon approval of this project, virus
will be cultured, enriched for virus particles and nucleic acids prepared according to the
Genome Sequencing Center’s ‘nstructions. Nucleic acid samples will be prepared upon
japproval of the project. Attached is a list of 100 potential EEEV strains and their
associated details. This list mey bz changed, as additional material will be sought from
interested investigators listed ir: section 6 above. Also, selected unpassaged strains will be

deep-sequenced to examine pogalation-level quasispecies structure.
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Suppeorting metadata include:

We will also provide relevant metadata for the EEEV strains to be studied. These include:

%

Identifier 2

Genus

Species 3
Specimen / Strain name
Material type (DNA/RNA/Strain)
Isolation source

Date of isolation

Location of isolation

Organism isolated from

Passage history (if applicable)
Select agent status

Other public repository location
Other public repository identifier

Sample provider’s name for this GSC project

13



