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Eastern equine encephalitis virus (EEEV) causes sporadic epidemics of human and equine disease in North
America, but South American strains have seldom been associated with human neurologic disease or mortality,
despite serological evidence of infection. In mice, most North American and South American strains of EEEV
produce neurologic disease that resembles that associated with human and equine infections. We identified a
South American strain that is unable to replicate efficiently in the brain or cause fatal disease in mice yet
produces 10-fold higher viremia than virulent EEEV strains. The avirulent South American strain was also
sensitive to human interferon (IFN)-«, -3, and -y, like most South American strains, in contrast to North
American strains that were highly resistant. To identify genes associated with IFN sensitivity and virulence,
infectious cDNA clones of a virulent North American strain and the avirulent South American strain were
constructed. Two reciprocal chimeric viruses containing swapped structural and nonstructural protein gene
regions of the North American and South American strains were also constructed and found to replicate
efficiently in vitro. Both chimeras produced fatal disease in mice, similar to that caused by the virulent North
American strain. Both chimeric viruses also exhibited intermediate sensitivity to human IFN-o, -, and -y
compared to that of the North American and South American strains. Virulence 50% lethal dose assays and
serial sacrifice experiments further demonstrated that both structural and nonstructural proteins are impor-
tant contributors to neurovirulence and viral tissue tropism. Together, the results of this study emphasize the
complex and important influences of structural and nonstructural protein gene regions on EEEV virulence.

Eastern equine encephalitis virus (EEEV) is a mosquito-
borne alphavirus (family Togaviridae, genus Alphavirus) that
was first identified as an etiologic agent of central nervous
system disease following its isolation from the brains of horses
in 1933 (25, 54) and a human in 1938 (22). Sporadic epizootics
in horses and outbreaks in humans have been reported ever
since then in eastern North America, and equine epizootics
have been identified in South America.

The EEEV possesses a single-stranded, positive-sense RNA
genome of approximately 11.7 kb that is capped at the 5’ end
and polyadenylated at the 3’ end. The genome encodes four
nonstructural proteins (nsP1 to nsP4) that are essential for
replication and polyprotein processing and three structural
proteins (one capsid and two envelope proteins, E1 and E2)
that are involved in receptor recognition, virus attachment and
penetration, membrane fusion, and virion assembly.

The EEEV is considered the most deadly of the mosquito-
borne alphaviruses due to the high case fatality rate associated
with apparent infections, reaching as high as 90% in horses. In
humans, the estimated fatality rate following symptomatic in-
fection approaches 80%, and many survivors exhibit crippling
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sequelae such as mental retardation, convulsions, and paralysis
(21, 33). Although the number of human cases is relatively low,
EEEYV has a strong social and economic impact in the United
States due to the high cost associated with vector control and
surveillance. An increase in the number of equine cases during
recent years has raised public health concerns and demon-
strates the continuing importance of EEEV as an emerging
arboviral threat. In addition, EEEV is listed by the National
Institute of Allergy and Infectious Diseases as a category B
priority agent due to its virulence and its potential use as a
biological weapon and the lack of a licensed vaccine or an
effective treatment for human infections.

Previous studies recognized four antigenic subtypes of
EEEV. One antigenic subtype comprises strains from North
America and some from the Caribbean, and the remaining
three are found in Central and South America (9, 14, 15, 39,
44). These subtypes exhibit important differences in their
transmission cycles and virulence. In addition, the North
American and South American subtypes differ by 25 to 38% at
the nucleotide level (9). In general, EEEV strains from Central
and South America appear to be less virulent for humans than
North American strains (2). The former can occasionally cause
disease and death in horses, but human infections are rarely
recognized and seldom result in neurologic disease. In con-
trast, human infections with North American strains can some-
times result in severe disease with neurologic complications
(51, 60). The cause of the apparent differences in human vir-
ulence remains unknown; however, our recent study suggests
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TABLE 1. Nucleotide and amino acid sequence differences
between the NA strain FL93-939 and the SA
strain BeAr436087

Protein _Nucleotide Amino acid
difference (%) difference (%)
nsP1 11.6 7.8
nsP2 242 8.5
nsP3 28.9 24.8
2.5¢ 2.5°
nsP4 22.7 7
C 215 42
E3 20.5 98
E2 24.2 16
6K 19 9
El 22.8 95

¢ Indicates nucleotide deletions.
’ Indicates codon deletions.

that it may be associated with viral sensitivity to interferons
(IFNs) (1).

In experimentally infected laboratory mice, EEEV produces
neurologic disease that resembles that following human and
equine infections. Virus is detected in the brain as early as day
1 postinfection (PI) (59), and signs of disease are evident as
early as days 3 to 4 PI. Clinical signs of murine disease include
ruffled hair, anorexia, vomiting, lethargy, posterior limb paral-
ysis, convulsions, and coma. Histopathological studies reveal
extensive involvement of the brain, including neuronal degen-
eration, cellular infiltration, and perivascular cuffing, similar to
the pathological changes of the central nervous system that are
described in naturally infected humans (20, 59). Thus, under-
standing the mechanism of EEEV virulence in the mouse
model could aid in the understanding of EEEV virulence in
humans.

Recently, we identified a natural, murine-attenuated EEEV
strain. Most North American and South American strains of
EEEYV are highly virulent in mice and cause mortality rates as
high as 70 to 90% following subcutaneous infection. In con-
trast, the avirulent South American strain BeAr436087, which
was isolated from a mosquito pool in Brazil, causes no mor-
tality in adult mice even when the strain is inoculated intracra-
nially (P. V. Aguilar, unpublished data). Similar to other South
American strains, this isolate is sensitive to human IFN-«, -B,
and -y, whereas North American EEEV strains are resistant to
the same human IFN-q, -B, and -y concentrations (1).

To establish whether the structural and/or nonstructural
protein genes of EEEV determine sensitivity or resistance to
human IFNs as well as virulence in the mouse model, an
infectious cDNA clone of a North American strain that causes
80 to 90% mortality in mice, as well as a clone of the avirulent
South American strain BeAr436087, was constructed. Two re-
ciprocal chimeric viruses containing swapped structural and
nonstructural protein genome regions of the North American
and South American strains were also produced. In vitro and in
vivo studies with the infectious clones and the chimeric viruses
reveal that both the structural and the nonstructural protein
regions of EEEV contribute to mouse virulence and sensitivity
to human IFNs.
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MATERIALS AND METHODS

Viruses. EEEV strains BeAr436087 and FL93-939 were provided by the Uni-
versity of Texas Medical Branch World Reference Center for Emerging Viruses
and Arboviruses. Strain BeAr436087 was isolated in 1985 from a mosquito pool
collected in Fortaleza, Brazil. The virus was passaged twice in newborn mouse
brains prior to RNA extraction for this study. Strain FL93-939 was isolated from
Vero cells from a 1993 Florida pool of Culiseta melanura mosquitoes and pas-
saged once in newborn mouse brains to generate RNA. For mouse brain pas-
sages, 2- to 3-day-old mice were inoculated intracranially with each virus strain,
and a 10% suspension of homogenized brain tissue was prepared after morbidity
or mortality was observed. Virus stocks were titered by plaque assay with Vero
cells. Table 1 summarizes the differences in nucleotide and amino acid sequences
between the North American and South American EEEV strains used in this
study.

RNA extraction. RNA was extracted from virus stocks as described previously
(64). A 250-p.1 volume of the 10% homogenized brain tissue was mixed with 750
pl of Trizol LS (Gibco-BRL, Gaithersburg, MD), and RNA was extracted fol-
lowing the manufacturer’s protocol.

RT-PCR. Reverse transcription (RT) was carried out in a 20-pl reaction
mixture containing 1 pM of the antisense primer T25-NotI (—) or EEEV-7514
(—) (Table 2), 1X First Strand buffer, 1 mM of each deoxynucleoside triphos-
phate, 80 U RNasin RNase inhibitor (Promega, Madison, WI), and 200 U of
Superscript II reverse transcriptase (Invitrogen, Carlsbad, CA). cDNA was syn-
thesized by incubation at 42°C for 1 h. The EEEV genomes of strains FL.93-939
and BeAr436087 were divided into five overlapping fragments spanning appro-
priate restriction sites. Briefly, the PCRs were carried out by using 2.5 U of
high-fidelity Pfu Turbo polymerase (Stratagene, La Jolla, CA) in a 50-pl reaction
mixture containing 1X Pfu buffer, 300 nM of sense and antisense primers (Table
2), 1 mM MgCl,, 0.2 mM of each deoxynucleoside triphosphate, and 5 pl of the
c¢DNA reaction. PCR amplification was carried out using 30 cycles. Amplicons
were gel purified using the QIAquick extraction kit (Qiagen, Valencia, CA) and,
in some cases, were subcloned into the pGEM vector (Promega, Madison, WI)
according to the manufacturer’s protocol. Purified PCR products and clones
were then sequenced using a BigDye Terminator cycle sequencing ready reaction
kit (Applied Biosystems, Foster City, CA).

Construction of infectious cDNA clones. To generate the pM1-EEEV-FL93-
939 (North American) and the pM1-EEEV-BeAr436087 (South American) in-
fectious clones, the low-copy ampicillin-resistant plasmid vector pM1 (4) was
used for the final construction. Fragments were sequentially cloned using appro-
priate, unique restriction sites. Each cloning step was confirmed by restriction
digestion and sequence analysis of the junctions to ensure that no aberrant
mutations were introduced during the cloning process.

Construction of chimeric viruses. To construct the chimeric infectious clone
pM1-EEEV-NA/SA, the subclone covering the entire structural protein gene
region generated during the construction of the pM1-EEEV-BeAr436087 (South
American [SA]) infectious clone was ligated into the pM1-EEEV-FL93-939
(North American [NA]) backbone. The 3" untranslated genome regions (UTR)
were matched to the origin of the other cis-acting elements (the 5" end and the
26S promoter) to ensure the compatibility required for efficient alphavirus rep-
lication. For strain BeAr436087 (South American), two PCR products, (i)
PCR-1, using primers EEE-SA-11,157 (CCACAAGCTTACCAGCGTAGTCA
CCTGC) and EEE-SA(E1)/NA(3')-R (TATGTGGTTGACAAGATGTTAGTGT
TTGTGGGTGA), and (ii) PCR-2, using primers EEE-SA(E1)/NA(3')-F (TCAC
CCACAAACACTAACATCTTGTCAACCACATA) and pGEM-R (ACTCAAG
CTATGCATCCAACGCGTTGGGA), were generated. A third PCR amplification
was performed with primers EEE-SA(E1)/NA(3')-F and pGEM-R, using PCR-1
and -2 products as templates in the same reaction mixture. The resultant PCR
product of about 700 bp was subcloned into the pGEM vector. The fragment
containing the 26S genome region and the exchanged 3’ end was replaced in the
North American infectious clone by using Sfill/Notl restriction sites; the Sfill site
was located a few nucleotides downstream of the capsid-encoding region; however,
the beginning of the capsid protein gene was highly conserved between the two
EEEV strains, and no amino acid changes within the capsid protein were introduced
into the final chimera construct. Figure 1A illustrates the genetic organization of the
PMI-NA/SA chimera.

To construct the second chimera, pM1-EEEV-SA/NA, the subclone covering
the entire structural protein gene region of strain FL.93-939 (North American
strain), generated during the construction of the pM1-EEEV-FL93-939 (North
American) infectious clone, was used. As described above, the 3’ end of strain
FL93-939 (North American) was swapped for the 3’ end of strain BeAr436087
(South American) in the subgenomic clone. The two PCR products generated
were (i) PCR-3, using primers EEE-NA-11,068 (CCACAAGCTTCACTGCAA
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TABLE 2. Primer sequences used for amplification and sequencing
of the complete genome of the NA strain FL93-939 and the SA
strain BeAr436087

Sequence (5'—3")

EEEV primer”

TV ()i ATAGGGTATGGTGTAGAGGC
SA strain BeAr436087-T7-
LTS G F GGAGAGGATAATACGACTCACTATAGATA
GGGTATGGTGTAGAG
366 (+).... GACAAATGTATTGCCTCTAAG
900 (+). .GTRAAGAAGATTACCATCAG
1948 (—).. .CAATGTGGTGTAAGTAAC
2050 (+).. .GATATTGATGCCAGAAAATGCGTC
2480 (+).. .CCAAAGAAAGTGGTATTGTGTGGA
3020 (+).. .GCAGCGATGTTTACCAGAATAAAG
3720 (—) .CTGATARTGGTGRTGCTTGT
4440 (—) .GTTTCCCAYTGTTTGTCCAGACAGTAG
4740 (—) .GAGAGTATGAMYAGYATYCGCTCTAAGTG
4908 (+).. .CTGTAATCCTGTATTTC
5050 (—) .GACGTCCRGCYCCACCAG
6510 (—) . TCCATTACGAACCTATCCATTG
6896 (—).. .AAGCGKGTSCCTGTAGGTAAGTG
7514 (+).. .TAACCCTCTACGGCTGAC
7514 (—) .GTCAGCCGTAGAGGGTTA
8860 (—) .CATTGAGCCAGGATGTAATAG
8710 (+).. AGAGATTTGGAMACYCATTTCAC
9210 (—) .CACTTCCTGTTGTCAATC
9010 (+) .GATCAAGGCCATTATGTAGAAATGCAC
9792 (+) .CAGACGACACCTTGCAAG
10850 (—) .GTGCACTCAGTAATTTTACATTCCAG
11599 (— AAAAGACAGCATTATGCG
T25-NOtL (= )eveereeicreeriennnee GCGGCCGCTTTTTTTTTTTTITTITTITTITITTT
TGAAATATTAAAAACAAAATAAAAACA
“ Numbers indicate genome positions. +, sense; —, antisense.

ACATCCATC) and EEE-NA(E1)/SA(3")-R (GGTAATTTACTGCTAGTATT
AATGTCTATGGAAGA), and (ii) PCR-4, using primers EEE-NA(E1)/
SA(3')-F  (TCTTCCATAGACATTAATACTAGCAGTAAATTACC) and
pGEM-R (ACTCAAGCTATGCATCCAACGCGTTGGGA). A third PCR am-
plification was performed with primers EEE-NA(E1)/SA(3')-F and pGEM-R,
using PCR-3 and -4 products as templates in the same reaction mixture. The
resultant PCR product of about 700 bp was subcloned into the pGEM vector.
The final plasmid, containing the 26S genomic region and the exchanged 3’ end,
was engineered into the plasmid harboring the nonstructural genes of the South
American strain by Sfill/NotI digestion. Figure 1B illustrates the genetic orga-
nization of the pM1-SA/NA chimeric construct. In all cases, the fragments were
joined in a single ligation reaction by using high-concentration T4 DNA ligase
(Invitrogen, Carlsbad, CA).

RNA transcription and transfection. Plasmids were purified by using a
Maxiprep kit (Qiagen) and linearized with NotI to produce cDNA templates for
RNA synthesis. In vitro transcription was performed as previously described (4),
using the T7 RNA polymerase promoter and the m’G(5")ppp(5')G RNA cap
structure analog (New England Biolabs, Beverly, MA). The RNAs were trans-
fected into baby hamster kidney (BHK)-21 cells by electroporation, as described
previously (4, 42), and virus was harvested 18 to 24 h later when cytopathic effects
were evident.

Plaque assays. Plaque assays were performed as described previously (41),
using Vero cells in either 6-well or 12-well plates. Dilutions of virus (10-fold)
were adsorbed to the monolayers for 1 h at 37°C. A 3-ml overlay consisting of
minimum essential medium (MEM) with 0.4% agarose was added, and the cells
were incubated at 37°C for 48 h. Cell monolayers were fixed with 10% formal-
dehyde for 30 min to inactivate virus. After monolayers underwent fixation, agar
plugs were removed, and the cells were stained with 0.25% crystal violet in 20%
methanol.

Hemagglutination (HA) assays. The assay was performed as previously de-
scribed (36). Briefly, viral antigens were acetone extracted from identical
amounts (PFU) of each infectious clone-derived virus and chimera before being
resuspended in saline solution (pH 9.0). Serial dilutions of the viral antigens were
then assayed for their abilities to agglutinate goose red blood cells at pH 6.0 to
7.0.

Virus replication in vitro. Vero (monkey) and C710 (mosquito) cells were
seeded into 12-well plates and infected at a multiplicity of infection (MOI) of 0.1
or 10 PFU/cell. Medium was removed from the cells, and viruses were allowed to
adsorb for 1 h at 37°C. After cells were incubated, they were washed twice with
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0.09% NaCl, and fresh medium was added. Supernatant fluids were collected at
0, 8, 24, 32, and 48 h PI and titrated by plaque assay.

IFN sensitivity assays. The IFN assay was performed as previously described
(1). Initially, the sensitivities of the North American and South American strains
to IFNs were evaluated at a range of different concentrations. Selected concen-
trations were chosen for detailed studies because the differences in sensitivity
between the North American and South American strains were more evident and
because replication of both North American and South American strains was still
detected. Briefly, Vero cells were seeded in 12-well plates and pretreated for 24 h
with either 50 TU/ml of human IFN-«, 5 TU/ml of human IFN-B, or 25 TU/ml of
human recombinant IFN-y (National Institutes of Health, Bethesda, MD). After
incubation, samples of the culture media containing IFN were removed, the cells
were washed three times with phosphate-buffered saline (PBS) to remove excess
IFN, and 10,000 PFU of EEEV was added to IFN-treated cells in triplicate.
Negative controls consisted of infected cells not exposed to IFN. At 24 h and 48 h
PI, the supernatant fluid was collected, the cells were washed twice with PBS, and
new medium containing the appropriate concentration of IFN was added to the
plates. Collected supernatant fluids were titrated by plaque assay on Vero cells.

Mouse infections. For viremia and mortality comparisons, parental, infectious
clone-derived and chimeric viruses (1,000 PFU) were inoculated subcutaneously
into 5- to 6-week-old NIH Swiss mice (10 mice/cohort) (Harlan Laboratories,
Indianapolis, IN). Five mice were bled at 24, 48, and 72 h PI, and the sera were
titrated for virus by plaque assay. All animals were monitored daily for clinical
signs of disease, including fever, lethargy, paralysis, or death.

For 50% lethal dose (LDs,) experiments, 6-week-old NIH Swiss mice (10
mice/cohort) were infected subcutaneously with doses ranging from 1 to 6 log,,
PFU of virus. Animals were monitored daily for survival, and the LDs, values
were calculated using the Reed and Muench method (43).

To examine virus replication levels in the brain and other organs, 6-week-old
NIH Swiss mice were inoculated subcutaneously (1,000 PFU) with infectious
clone-derived and chimeric viruses (15 mice/cohort). At days 1, 2, 3, 5, and 7 PI,
three mice/cohort were bled and perfused with PBS, and the brains, hearts, lungs,
livers, spleens, and kidneys were collected from each sacrificed mouse for virus
titration. Depending on the virulence of the virus, there were sometimes only one
or two mice available on the day of sacrifice.

Statistical analysis. For viral replication and viremia titers, statistical compar-
isons were performed using either Student’s ¢ test or one-way analysis of variance
(ANOVA), followed by Dunn’s multiple comparison test. Survival data were
analyzed by using the log rank test (GraphPad; Prism, San Diego, CA). For the
IFN sensitivity assay, the reduction in virus titer was determined by dividing the
mean log,, viral titer of untreated samples by the log,, viral titers of the IFN-
treated samples. Thus, the higher the bar, the more sensitive the virus was to the
effects of IFN. One-way analysis of variance followed by Tukey’s multiple com-
parison test was used to compare IFN sensitivities between viruses at 24 and 48 h
PI (GraphPad; InStat, San Diego, CA). Values of P = 0.05 were considered
significant.

/777 EEEV-SA strain BeAr436087

A [ ] EEEV-NA strain FL93-939
268
5capd nsP1 | nsP2 [ nsP3 | nsP4 E2 Poly[A}-3
E3 6K
B 268
5 cap FmsPIAnsP 2 nsP P47 ¢ || E2 !I E1 = Poly[Al3
E3 6K

FIG. 1. Schematic representation of the chimeric strains of EEEV.
(A) The NA/SA chimera contains the 5’ UTR, the nsP1 to nsP4 genes,
the subgenomic promoter (26S), and the 3" UTR of the North Amer-
ican strain FL93-939 and the structural protein genes (including the
capsid [C] and envelope [E2 and E1] proteins) of the South American
strain BeAr436087. (B) The SA/NA chimera contains the 5" UTR, the
nsP1 to -4 genes, the subgenomic promoter (26S), and the 3’ UTR of
the South American strain BeAr436087 and the structural genes (in-
cluding C, E2, and E1) of the North American strain FL93-939.
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RESULTS

Characterization of viruses derived from infectious clones.
In vitro replication of the North American and South Ameri-
can infectious clone-derived EEEVs was compared to that of
the parental viruses at 0, 8, 24, 32, and 48 h PI in monkey
(Vero)-derived and mosquito (C710)-derived cells. There were
no significant differences in virus production between the pM1-
EEEV-FL93-939 (North American) infectious clone-derived
virus and the parental virus in Vero or C710 cells (data not
shown). Similarly, there were no significant differences in virus
yield between the pM1-EEEV-BeAr436087 (South American)
infectious clone virus and the parental virus in Vero and C710
cells (data not shown).

To compare the in vivo replication of the parental and the
infectious clone-derived viruses, cohorts of five mice were in-
fected subcutaneously with 1,000 PFU. Mice were bled daily,
and viremia was determined by plaque assay. Figure 2A shows
the viremia associated with NA-FL.93-939 parental and infec-
tious clone-derived virus infections; there was no significant
difference. All animals infected with strain NA-FL.93-939 de-
veloped clinical signs of disease beginning on day 3 PI. Animals
became lethargic and anorexic, and ruffling of hair was evident,
consistent with previously published observations of murine
EEEV infection (59). By day 5 PI, mice developed more evi-
dence of central nervous system involvement, and posterior
limb paralysis was observed with the majority of the animals,
which were euthanized. Figure 2B shows the survival of mice
infected with the NA-FL.93-939 strain, which killed 70 to 80%
of the animals; there was no significant difference between the
survival of mice infected with the parental virus and those
infected with the infectious clone-derived viruses of this strain.

Figure 2C shows the viremia of SA-BeAr436087 parental
and infectious clone-derived viruses; there was no significant
difference in viremia between the SA-BeAr436087 parental
and the infectious clone-derived viruses. Unlike mice infected
with the NA-FL93-939 strain, mice infected with the SA-
BeAr436087 strain did not develop detectable disease and sur-
vived until the experiment was terminated on day 12 (data not
shown). In summary, the in vitro and in vivo data demonstrated
that the EEEV infectious clones produced viruses that repli-
cated to levels that were similar to those of the parental viruses
and caused similar clinical disease in mice.

Construction and in vitro characterization of the NA/SA and
SA/NA chimeric viruses. Previously, we demonstrated that the
North American strain FL93-939 is highly resistant to the an-
tiviral effects of human IFN-«, -B and -y, whereas the South
American strain BeAr436087 is sensitive to the same IFN
treatment in Vero cells (1). To localize the genetic determi-
nants of human IFN resistance exhibited by the EEEV strain
FL93-939 to the structural and/or nonstructural protein re-
gions of the viral genome, reciprocal chimeric viruses were
constructed with the South American strain BeAr436087. The
NA/SA chimera contained the 5" UTR, nonstructural protein
genes, the subgenomic promoter, and the 3’ UTR of the North
American strain FL93-939, and the structural protein genes of
the South American strain BeAr436087; the SA/NA chimera
contained the 5' UTR, nonstructural genes, the subgenomic
promoter, and the 3" UTR of the South American strain

DETERMINANTS OF EEE VIRUS VIRULENCE 4923

6 =
—_ = =FL 93-939 parental == FL 93-939 |.C. A
o 51
fe)
o 41
€ =
G!:.) 3 4 = —
S
2 <
1 4
0+ 1 1 ,
0 24 48 72
Hours after infection
100+
— -FL93-939 parental B
80 —[—FL93-939 I.C.
S
~— 60+
©
=
S 40+
>
n >~— — —
~
20+ >~
0 v v v v v v v v v v v L]
1 3 5 7 9 11
Days after infection
6 -
. —& =BeAr436087 parental —{=—BeAr 436087 I.C. C
E 7
2 4
44
=}
8 31
& 24
IS
o
s 11
O {r' L] L L}
0 24 48 72

Hours after infection

FIG. 2. Survival and in vivo replication of parental and infectious
clone (I.C.)-derived EEEVs in 5- to 6-week-old NIH Swiss mice.
(A) Viremia in mice after subcutaneous infection (1,000 PFU) with
either the North American parental strain FL93-939 or the North
American I.C.-derived virus (5 mice/cohort). (B) Survival of mice in-
fected with either the North American parental strain FL.93-939 or the
North American I.C.-derived virus in which cohorts of 10 mice were
infected subcutaneously with 1,000 PFU. (C) Viremia in mice after
subcutaneous infection (1,000 PFU) with either the South American
parental strain BeAr436087 or the South American I.C.-derived virus
(5 mice/cohort). Error bars indicate the standard deviations (panels A
and C).

BeAr436087, and the structural protein genes of North Amer-
ican strain FL.93-939 (Fig. 1).

The in vitro replication of the NA/SA and the SA/NA chi-
meras was compared to the replication of infectious clone-
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FIG. 3. In vitro replication of infectious clone (I.C.)-derived and chimeric strains of North American and South American EEEVs. Infectious
clone (I.C.)-derived strains included the North American strain FL93-939 and the South American strain BeAr 436087, and the chimeric strains
included NA/SA and SA/NA strains. Three replicate assays per virus strain were performed at MOIs of 0.1 (panels A and C) and 10 (panels B
and D) PFU/cell in Vero (panels A and B) and C710 (panels C and D) cells. Error bars indicate the standard deviations.

derived viruses FL93-939 and BeAr436087 in Vero cells (Fig.
3A and B) and C710 (Fig. 3C and D), using high (10) and low
(0.1) MOIs. Some differences in replication were observed
between the North American and South American strains at 8
and 24 h PI with Vero cells at high and low MOIs (P < 0.05).
However, both the NA/SA and the SA/NA chimeras replicated
efficiently in Vero and C710 cells and their replication values
were similar to those of the North American and South Amer-
ican infectious clone-derived viruses.

Sensitivity of infectious clone-derived viruses and chimeric
EEE viruses to human IFNs. Viruses rescued from the North
American and South American EEEV infectious clones be-
haved like their parental counterparts and did not differ sig-
nificantly in their sensitivities to human IFNs (data not shown).
Consistent with previous findings (1), the South American
strain BeAr436087 was significantly more sensitive to IFN-a,
-B, and -y at 24 and 48 h PI than the North American strain
FL93-939 was (Fig. 4).

To ascertain whether the determinants of IFN sensitivity/
resistance are located in the nonstructural or the structural
protein region of the EEEV genome, chimeric viruses harbor-
ing reciprocal nonstructural and structural proteins of the
North American and South American strains were tested for

their sensitivities to human IFNs. Overall, the chimeric viruses
showed intermediate sensitivity to human IFNs compared to
that of the North American parent strain FL93-939 and the
South American parent strain BeAr436087, at MOIs of 0.1
(data not shown) and 1.0 (Fig. 4). At 24 and 48 h P, there were
no significant differences in IFN sensitivities between the chi-
meric viruses, but the reduction in virus yield in the IFN-
treated cells PI with either the NA/SA or the SA/NA chimeric
virus was, in most cases, significantly different from that of the
North American and South American viruses. These results
suggest that both the structural and the nonstructural proteins
of EEEV were responsible for differences in IFN sensitivity/
resistance during infection.

Comparison of infectious virus titers and HA activity of
EEEVs. To eliminate the possibility of differences in plaque-
forming efficiency among the infectious clone-derived and chi-
meric EEEVs, we used both infectious and noninfectious as-
says to quantify the amounts of virus used for the mouse
infections. Equal PFU amounts of infectious virus (approxi-
mately 8.6 log,,) exhibited similar HA activity, a surrogate for
the total quantities of the E1 protein in the virus preparations.
Parental and chimeric viruses agglutinated red blood cells at
the same pH (6.0), with identical titers (1:320), strongly sug-



VoL. 82, 2008

MW FL93-939 (NA)

A. 24 h
[1BeAr 436087 (SA)

3.5 B NA/SA B
LISA/NA

vs '] i +

o)
.
= 2
[72]
>
= 1.5
>
£
c 1-
O IFN-alpha IFN-beta IFN-gamma
=
O
=) 4
B B. 48 h
—
o 3.5
2
o 3
(@]
o
—1 25 _I_
2 4‘[_\
1 T
IFN-alpha IFN-beta IFN-gamma

FIG. 4. Sensitivity of infectious clone (I.C.)-derived and chimeric
strains of North American and South American EEEVs to IFNs. Vero
cells were initially treated with human IFN-«, -B, or -y, and 24 h later,
the cells were infected in triplicate with either the North American
strain FLL93-939, the South American strain BeAr436087, the NA/SA
chimera, or the SA/NA chimera at an MOI of 1.0 PFU/cell. Superna-
tants were collected from mock-treated and IFN-treated cultures at 24
and 48 h PI, and the virus titer was measured in the supernatants by
plaque assay. The y axis represents the reduction (log,,-fold) of virus
replication in Vero cells at 24 (panel A) and 48 (panel B) h after
treatment with IFN-«, -B, or -y (as shown on the x axis). Error bars
indicate standard deviations.

gesting that the viruses used for this study had comparable
particle/PFU ratios.

Viremia and survival of mice infected with chimeric EEEV.
In experimentally infected laboratory mice, the South Ameri-
can strain BeAr436087 is avirulent but induces 10-fold higher
viremia than other EEEV strains (1). In contrast, the North
American strain FL93-939, like most EEEV strains, causes
about 80% mortality in adult mice after subcutaneous infec-
tion. To study the contributions of the structural and nonstruc-
tural protein genome regions to the virulence phenotypes, co-
horts of 10 mice were infected with 1,000 PFU of the chimeric
viruses. Both chimeras resulted in paralysis and death of mice,
beginning on either day 6 or day 9 PI (Fig. 5A). Although no
significant differences in mortality between the chimeras and
the North American virus were observed, differences in me-
dian survival times were evident (with North American strain,
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FIG. 5. Survival and viremia of 6-week-old NIH Swiss mice PI with
infectious clone (I.C.)-derived and chimeric strains of North American
and South American EEEVs. Mice were infected subcutaneously (1,000
PFU) with either the North American strain F1.93-939, the South Amer-
ican strain BeAr436087, the NA/SA chimera, or the SA/NA chimera.
(A) Survival (10 mice/cohort). (B) Viremia (5 mice/cohort). Error bars
indicate standard deviations.

8.5 days; with NA/SA chimera, 10.5 days; with SA/NA chimera,
>17 days), suggesting that a larger cohort may have revealed
small but significant differences.

Viremia induced by the NA/SA strain was comparable to
that produced by the North American parental strain, reaching
3.6 to 3.9 log,, PFU/ml at 24 h PI (Fig. 5B). Interestingly,
serum titers for the SA/NA chimera were similar to those of
the South American parental virus. Both the SA/NA chimera
and the South American parental virus induced more than
10-fold higher viremia (peak titer, 5.3 log,, PFU/ml) in mice
than the North American strain and the reciprocal NA/SA
chimera (P < 0.05). These results suggest that viremia levels do
not correlate with EEEV neurovirulence, since the avirulent
strain BeAr436087 induced more than 10-fold higher viremia
than the virulent strain FL93-939. Similarly, the NA/SA and
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SA/NA chimeras differed by 14-fold in peak viremia levels yet
exhibited comparable virulence in mice.

LD, of infectious clone-derived and chimeric EEEVs. To
elucidate more precisely the relative contribution of the non-
structural and structural proteins to virulence, mice were in-
fected subcutaneously with a wide range of doses of the infec-
tious clone-derived and chimeric viruses, and mortality was
monitored daily. The North American strain had the highest
virulence phenotype, with an LD, of 1.5 log,, PFU, whereas
the NA/SA chimera had an LDs, of 2.6 log,, PFU. The recip-
rocal SA/NA chimera was less virulent, with an LDy, of 5.0
log,, PFU, more than a 3 log,, attenuation compared to that
of the North American strain. The South American strain
failed to cause fatal disease in the mice, even at the highest
virus inoculum tested (6 log,, PFU). These results suggest that
the nonstructural proteins of the North American strain are
important determinants of neurovirulence.

Replication of infectious clone-derived and chimeric EEEVs
in different organs of the mouse. To compare the replication
kinetics of the infectious clone-derived and the chimeric vi-
ruses in the brain and other organs of mice, serial sacrifice
experiments were performed (Fig. 6). Although viremia was
detected at day 1 PI, no viruses were detected in the tissues at
this time. Possible reasons for this discrepancy may be that
replication in the tissues was below the limit of detection (2
log,, PFU/g) or because replication was occurring in other
tissues not assayed in this study (59). In the brain, the North
American strain replicated to a 30-fold higher titer than the
South American strain by day 5 PI, whereas both chimeras
replicated to intermediate titers compared to that of the North
American and South American parental strains (Fig. 6A). At
days 1 and 2 PI, there were no significant differences in mean
viral titers in the brain between virus strains. On day 3 PI, there
was only a significant difference between the North American
and the South American strains. On day 5 PI, there were
significant differences between the North American and the
South American strains, the North American strain and both
of the chimeras, and the South American strain and the
SA/NA chimera. By day 7 PI, two NA/SA- and two SA/NA-
infected mice were alive, and only one North American-in-
fected mouse survived.

Interestingly, the South American strain and the NA/SA
chimera replicated to similarly high titers in the heart, spleen,
lung, liver, and kidney by days 2 and 3 PI (Fig. 6B to F).
Animals infected with the South American and the NA/SA
strains were found to either completely or partially clear the
virus from these organs by day 5 or day 7 PI. Compared to the
North American and chimeric viruses, the South American
virus was effectively cleared from the heart, lung, liver, and
kidney by day 5 or 7, but the virus remained present in the
spleen until day 7 PI.

Compared to the South American and the NA/SA viruses,
the North American and the SA/NA viruses replicated to lower
titers by days 2 and 3 PI (Fig. 6B to F). In most cases, the North
American virus continued to replicate in the heart, spleen,
lung, liver, and kidney to high titers on days 5 and 7 PI com-
pared to those of the SA/NA virus. In the same organs, the
SA/NA virus titer either remained the same on days 5 and 7 PI
(Fig. 6B, D, and E) or was completely cleared by day 7 PI (Fig.
6C and F). Interestingly, the replication of the SA/NA virus in
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the kidney did not occur until day 5 PI, before being cleared by
day 7 PI.

The results of this experiment suggest a complex interaction
between EEEV and the host, in that virus replication in dif-
ferent tissues during the course of infection appeared to be
influenced by both the structural and nonstructural protein
genes of the virus.

DISCUSSION

In North America, EEEV is responsible for sporadic cases
of neurological disease that are associated with high morbidity
and mortality rates in humans (up to 80%) and horses (70 to
90%) (49, 62). Thus, EEEV is considered one of the most
deadly arboviruses because of the high mortality rate in appar-
ently infected individuals and because many survivors develop
permanent sequelae, including motor nerve paralysis, mental
retardation, and seizures. However, little is known about the
mechanism of EEEV pathogenesis and, more importantly, the
genetic determinants that are crucial for neurovirulence and
sensitivity to human IFNs. This information is important for
developing effective measures for treatment and vaccination
against EEE.

Similar to our findings, previous work with other alphavi-
ruses has also suggested that both structural and nonstructural
genes are important for virulence (7, 18, 23, 26, 28, 29, 35, 41,
45, 48, 50, 55, 65). Most of these studies focused on the struc-
tural proteins, and in particular, the E2 glycoprotein. The con-
tributions to virulence of several mutations in the E1 and E2
glycoproteins of Venezuelan equine encephalitis virus
(VEEV) and Sindbis virus (SINV) in mice have been well
characterized (5, 7, 18, 29). Mutations in the E2 glycoprotein of
SINV, VEEV, and Ross River virus (RRV) result in enhanced
binding to heparin sulfate in vitro and are associated with rapid
clearance of viremia and decreased virulence in mice after
subcutaneous but not intracranial infection (5, 7, 12, 13, 31, 34,
46). Further studies are needed to rule out the possible role of
heparin sulfate binding in the attenuation of the South Amer-
ican EEEV strains.

A single mutation in the E2 glycoprotein of the VEEV
Trinidad donkey (TRD) strain confers a delay in replication in
mice and a reduction in pathogenesis (18). In addition, two
viral determinants (glycoproteins and the 5" UTR) are respon-
sible for the IFN-resistant phenotype of the TRD strain (52).
The importance of the 5" UTR in VEEV virulence was dem-
onstrated more conclusively when a virus carrying a single
mutation at nucleotide position 3 resulted in avirulence in mice
and reduced replication in cell culture (65). Other studies with
chimeric viruses have demonstrated that the E2 glycoprotein
defines the enzootic and epizootic VEEV subtypes as well as
mosquito-borne virus infectivity (10, 11, 28, 63). Both struc-
tural and nonstructural protein genes of VEEV have also been
implicated as determinants of viral virulence in guinea pigs
(27).

Several studies with SINV have also demonstrated that
amino acid changes in the envelope glycoproteins are associ-
ated with changes in neurovirulence (19, 38, 40, 55, 56). Single
mutations in the E1 and E2 glycoproteins of SINV result in
mutants with an attenuated phenotype, with neonatal mice (17,
40). More recently, studies of Semliki Forest virus (SFV) and



VoL. 82, 2008

DETERMINANTS OF EEE VIRUS VIRULENCE 4927

11 +A—Brain

>

o T T T T T

=
N

B. Heart

=
[«
L L

O N WA Ul OO N OO

®)
w

iy
N

=
o =

Virus titer (log,, PFU/g)

1 2 3 4 5 6

O N W DHh Ul O N 0 O

12 4
11 -F. Kidney —& -FL93-939 (NA)
10 —B -BeAr 436087 (SA)
9
8 —O—NA/SA

== SA/NA

. ~ ———
”’

N

Days after infection
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SINV have also demonstrated the importance of nsP2 and
nsP3 in alphavirus virulence. Mutation of the opal termination
codon near the C terminus of an arginine codon increases the
virulence of an SFV strain previously identified as avirulent,
and several amino acid changes in the nsP3 gene fully restore
neurovirulence in this attenuated strain (57). Similarly, muta-
tions in nsP1 and nsP2 dramatically increase the virulence of

SFV, further supporting the role of the nonstructural proteins
in SFV pathogenesis (58). Moreover, in SINV, nsP2 plays a
role in suppressing the IFN response in infected cells by min-
imizing virus visibility (23).

Although these studies provide important insights about the
role of structural and nonstructural genes in alphavirus viru-
lence, very little is known about the role of these genes in
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EEEV pathogenesis. Both VEEV and EEEV cause encepha-
litis in the murine model. However, the diseases are different:
EEEV is primarily neurotropic, whereas VEEV begins with a
lymphotropic phase that progresses to a neurotropic phase.
VEEYV also causes systemic infection with pathological lesions
in the lung, lymphoid tissues of the gastrointestinal tract,
spleen, and peripheral lymph nodes (32). In addition, the
mechanisms by which these viruses enter the central nervous
system appear to differ. VEEV invades the murine brain via
the olfactory bulb (16), whereas EEEV may cross the blood-
brain barrier by passive transfer or within infected leukocytes
(59). EEEV also causes a different disease than SFV and SINV
do in the mouse model. Therefore, the extrapolation of genetic
studies among alphaviruses may not necessarily predict the
genetic determinants of EEEV virulence.

To identify gene regions of EEEV that are associated with
sensitivity to human IFNs and neurovirulence in mice, we
generated infectious clones from a highly virulent North Amer-
ican strain and a naturally attenuated South American strain as
backbones, and two chimeric EEEVs were constructed. Both
chimeras showed an intermediate level of sensitivity to human
IFN-q, -B and -vy, suggesting that both the structural and the
nonstructural genome regions of EEEV determine sensitivity
to IFNs. To our knowledge, this is the first evidence for the
role of both the structural and the nonstructural genes of an
alphavirus as the determinants of IFN sensitivity. Recently,
Frolova et al. (23) showed that nsP2 plays a role in suppressing
the IFN response in SINV-infected cells. However, EEEV and
VEEYV, both New World alphaviruses, appear to use the capsid
for inhibiting the IFN response and host cell gene expression
(3, 24). Whether nsP2 and/or the capsid is also involved in
conferring EEEV sensitivity or resistance to human IFNs re-
mains to be elucidated using gene-specific chimeras. Previous
studies have shown the importance of the protein kinase R
pathway in controlling alphavirus replication (6, 47, 66), and
thus, the question of whether protein kinase R and/or other
recently identified antiviral proteins such as ISG15 (37) and
ZAP (8, 30) have a role in inhibiting replication of the aviru-
lent South American strain in vivo deserves further investiga-
tion.

The nonstructural proteins are essential components during
alphavirus RNA replication (53). Our chimera data suggest
that the EEEV nonstructural proteins control the level of viral
replication in mice. The chimera harboring the nonstructural
protein genes of the avirulent South American strain induced
levels of viremia similar to those of the avirulent South Amer-
ican strain. Both viruses produced more than a 10-fold higher
peak of viremia in mice than the reciprocal NA/SA chimera
and the virulent North American strain. Similarly, the chimera
harboring the nonstructural genes of the virulent North Amer-
ican strain produced levels of viremia that were comparable to
that of the virulent North American strain.

Independently of viremia titers and IFN sensitivity, both
EEEV chimeras were equally capable of inducing fatal neuro-
logic disease in mice. These results suggest that both the struc-
tural and the nonstructural genome regions of EEEV are im-
portant determinants of virulence, in agreement with virulence
characterizations of chimeric SIN/EEEV vaccine candidates
that include structural EEEV protein genes from either the
FL93-939 or the BeAr436087 strain (61). These results also
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corroborate previous observations obtained with chimeric
VEEVs (41). In those studies, the epidemic subtype IAB
VEEV caused 100% mortality in guinea pigs, whereas the
enzootic IE strain was nonlethal. Similar to our results, chime-
ras with swapped structural and nonstructural protein genes
also revealed that both the structural and the nonstructural
genome regions are important determinants of guinea pig vir-
ulence. Thus, both studies underscore the importance of both
nonstructural and structural protein gene regions in neuroviru-
lence.

Future studies with chimeric viruses will investigate more
highly defined genetic determinants in the structural and non-
structural gene regions of EEEV in order to provide a clearer
understanding of the mechanism and determinants of neuro-
virulence. This information will be important to consider dur-
ing the development of live-attenuated EEEV vaccines and
antiviral treatments.
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