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ABSTRACT Eastern equine encephalitis virus (EEEV) is the most pathogenic mem-
ber of the Alphavirus genus in the Togaviridae family. This virus continues to circu-
late in the New World and has a potential for deliberate use as a bioweapon. De-
spite the public health threat, to date no attenuated EEEV variants have been
applied as live EEEV vaccines. Our previous studies demonstrated the critical func-
tion of the hypervariable domain (HVD) in EEEV nsP3 for the assembly of viral repli-
cation complexes (vRCs). EEEV HVD contains short linear motifs that recruit host pro-
teins required for vRC formation and function. In this study, we developed a set of
EEEV mutants that contained combinations of deletions in nsP3 HVD and clustered
mutations in capsid protein, and tested the effects of these modifications on EEEV
infection in vivo. These mutations had cumulative negative effects on viral ability to
induce meningoencephalitis. The deletions of two critical motifs, which interact with
the members of cellular FXR and G3BP protein families, made EEEV cease to be neu-
rovirulent. The additional clustered mutations in capsid protein, which affect its abil-
ity to induce transcriptional shutoff, diminished EEEV’s ability to develop viremia.
Most notably, despite the inability to induce detectable disease, the designed EEEV
mutants remained highly immunogenic and, after a single dose, protected mice
against subsequent infection with wild-type (wt) EEEV. Thus, alterations of interac-
tions of EEEV HVD and likely HVDs of other alphaviruses with host factors represent
an important direction for development of highly attenuated viruses that can be ap-
plied as live vaccines.

IMPORTANCE Hypervariable domains (HVDs) of alphavirus nsP3 proteins recruit host
proteins into viral replication complexes. The sets of HVD-binding host factors are
specific for each alphavirus, and we have previously identified those specific for
EEEV. The results of this study demonstrate that the deletions of the binding sites of
the G3BP and FXR protein families in the nsP3 HVD of EEEV make the virus avirulent
for mice. Mutations in the nuclear localization signal in EEEV capsid protein have an
additional negative effect on viral replication in vivo. Despite the inability to cause a
detectable disease, the double HVD and triple HVD/capsid mutants induce high lev-
els of neutralizing antibodies. Single immunization protects mice against infection
with the highly pathogenic North American strain of EEEV. High safety, the inability
to revert to wild-type phenotype, and high immunogenicity make the designed mu-
tants attractive vaccine candidates for EEEV infection.

KEYWORDS Eastern equine encephalitis virus, FXR, G3BP, alphavirus, capsid protein,
intrinsically disordered, neurovirulence, nsP3, vaccine, viral replication

The Alphavirus genus in the Togaviridae family contains a wide variety of viral
pathogens, which are circulating on all continents (1). In nature, alphaviruses are

transmitted mostly by mosquito vectors between vertebrates that serve as amplifying
hosts. Some of them represent unquestionable public health threat and cause human
diseases of different severities (2). The Old World (OW) representatives are generally less
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pathogenic and rarely cause life-threatening illnesses. The main symptoms are usually
limited to rash and arthritis, but chikungunya virus (CHIKV) infection may be severe, and
arthritis symptoms can continue for years (3–5). The New World (NW) alphaviruses,
represented by Venezuelan (VEEV), eastern (EEEV), and western (WEEV) equine enceph-
alitis viruses, cause more severe diseases, which are mainly characterized by meningo-
encephalitis and often result in either lethal outcome or neurological sequelae (6–8).
The capacity of NW alphaviruses to be efficiently transmitted by aerosol makes them
potential biological warfare agents. EEEV is the most pathogenic among alphaviruses.
In the United States it remains relatively rare, with an average of eight EEEV disease
cases reported annually during 2003 to 2018. However, in 2019, the CDC received
reports of 34 cases of EEEV disease, which resulted in 12 deaths (9, 10). Despite the
significant threat to public health, to date, no licensed vaccines or therapeutic means
have been developed against the OW and NW alphavirus infections.

The alphavirus genome is represented by a single-stranded genomic RNA (G RNA)
of positive polarity that mimics cellular mRNAs in terms of having a Cap structure at the
5= terminus and a poly(A) tail at the 3= terminus (1). Upon delivery into the cells, G RNA
is translated into viral nonstructural proteins, nsPs, which form replication complexes
(vRCs) that mediate G RNA replication and transcription of subgenomic (SG) RNA. The
latter RNA is translated into viral structural proteins, which ultimately form infectious
viral particles. Alphavirus structural proteins (SPs), particularly the envelope glycopro-
teins E2 and E1, are greatly less conserved than nsPs because the evolution of nsPs is
limited by their enzymatic functions in RNA synthesis. SPs mediate infection of specific
tissues and organs, determine sensitivity to type I interferon (IFN), and are critical
determinants of viral pathogenesis (11, 12). Accumulation of mutations in SPs appears
to adapt alphaviruses to replicate in mosquito and vertebrate species circulating in
specific geographical areas.

However, the evolution of SPs does not appear to be the only means of alphavirus
adaptation to replication in different hosts. Recently, the nonstructural protein 3 (nsP3)
has attracted great attention as an additional major factor responsible for alphavirus
evolution and pathogenesis (13–19). This protein contains a long, intrinsically disor-
dered, C-terminal hypervariable domain (HVD) that encodes a variety of linear motifs,
which interact with virus-specific host factors (16, 20–22). HVDs function as hubs for the
recruitment of host proteins required for alphavirus vRC assembly and function. The
G3BP family members, which are expressed in vertebrate cells, together with their
mosquito cell-specific homolog Rasputin (Rin1), were shown to be critical HVD-
interacting host factors that are specific for all studied OW alphaviruses (16, 23). They
drive replication of CHIKV, Ross River (RRV), Semliki Forest (SFV), and Sindbis (SINV)
viruses. Separately, replication of the NW representative VEEV critically depends on the
members of the cellular FXR protein family (FXR1, FXR2, and FMRP) and not on G3BPs
(16, 18). However, EEEV was found to be unique among the OW and NW alphaviruses.
Its HVD contains binding motifs for the proteins of both the FXR and G3BP families (19),
and in the case of EEEV, members of both families were found to redundantly function
in viral RNA replication (19). This virus can replicate essentially with the same efficiency
in double knockout (KO) G3bp, triple KO Fxr, and parental cells. The use of a wider range
of host factors may be a contributor to the highly pathogenic phenotype of this virus,
its greater replication efficiency, and high cytopathogenicity.

Another important determinant of alphavirus pathogenesis, which is relevant to this
study, is their ability to induce transcriptional shutoff as a means of inhibiting the
development of innate immune response. The nsP2 protein of the OW alphaviruses
induces degradation of the catalytic subunit of cellular DNA-dependent RNA polymer-
ase II (24–27). In the case of NW alphaviruses, such as VEEV and EEEV, viral capsid
protein binds importin-�/� and exportin CRM1 (28). These large, multimeric complexes
block nucleocytoplasmic traffic and ultimately inhibit transcription of cellular RNAs (29).
Thus, both OW and NW alphaviruses interfere with activation of the type I IFN response
and transcription of interferon-stimulated genes (ISGs) in infected cells (30). To date, the
roles of importin-binding nuclear localization signals (NLSs) of VEEV and EEEV, and the
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effects of capsid-specific modifications on viral replication, have been extensively
characterized (31, 32).

In this new study, we have applied the accumulated detailed knowledge of the
capsid-specific determinants of EEEV transcription inhibitory functions and the roles of
nsP3 HVD-binding host factors in viral vRC assembly. We have designed a set of
recombinant EEEV variants that contain extensive irreversible modifications in capsid
NLSs and nsP3 HVDs, and experimentally assessed their effects on EEEV pathogenesis
in a mouse model. Our data demonstrate that clustered mutations in capsid protein
and deletions of FXR- and G3BP-biding sites in nsP3 HVD strongly affect EEEV virulence.
Two combinations of mutations made EEEV incapable of inducing detectable disease in
mice and, consequently, unable to cause death. The latter two mutants demonstrated
no neuroinvasiveness and/or neurovirulence. Importantly, the designed nonpathogenic
EEEV mutants remained capable of inducing high levels of neutralizing antibodies
(Abs), which protected mice against high doses of the parental North American (NA)
strain of EEEV.

RESULTS
Designed capsid and HVD mutants of EEEV are viable and can replicate in

various vertebrate cell lines. In this study, we developed a set of NA EEEV mutants
that contained combinations of irreversible mutations in capsid protein and nsP3 HVD
(Fig. 1A and B). The infectious cDNAs were designed as follows: (i) EEEV/Cm encoded
capsid protein with a mutated NLS; (ii) EEEV/Cm/ΔG contained the above mutations in
the capsid gene and its G3BP-binding peptide in nsP3 HVD was deleted; (iii) similarly,
EEEV/Cm/ΔF also encoded mutated capsid and nsP3 HVD with a deleted FXR-binding
site; (iv) EEEV/Cm/ΔGΔF genome encoded mutated capsid and HVD with deletions of
both G3BP- and FXR-binding sites; and (v) EEEV/ΔGΔF genome contained deletions of
both G3BP- and FXR-interacting motifs in nsP3 HVD-coding sequence, but the capsid
gene remained unmodified. The parental EEEV Florida 93 was used in the study as a
highly virulent, positive control. Thus, replication of the designed mutants in vivo and
their pathogenesis were expected to be dependent either on mutations in capsid
protein or on deletions of the FXR- and G3BP-binding motifs in nsP3 HVD, or on
modifications in both nsP3 HVD and capsid protein.

The in vitro-synthesized G RNAs of the designed mutants and parental EEEV were
transfected into BHK-21 cells (see Materials and Methods for details) and viral stocks
were harvested at 24 h post RNA transfection. All the mutants were viable. As in the
previous studies of alphaviruses that lost the ability to induce transcriptional shutoff, all
of them remained capable of developing plaques on BHK-21 cells under agarose cover
(Fig. 1C). This strongly simplified the assessment of their titers. Plaques formed by the
HVD mutants, particularly by those having both G3BP- and FXR-binding sites in nsP3
HVD deleted (EEEV/Cm/ΔGΔF and EEEV/ΔGΔF), were noticeably smaller. The smaller
plaque sizes were expected since these mutants were unable to utilize two families of
host factors, which are critically involved in EEEV vRC formation and function.

Our previous studies demonstrated that SINV and VEEV can tolerate extensive
modifications in their nsP3 HVDs and replicate in BHK-21 cells, which are commonly
used for virus rescue and plaque assay. However, many of these variants were nonvi-
able in other tested vertebrate cell lines. Therefore, we next evaluated the replication
efficiency of the designed mutants in a range of the commonly used cell lines, which
included Vero, HeLa, Huh7.5, BHK-21, and NIH 3T3 cells. All the designed viruses could
replicate in these cells (Fig. 2). However, the mutants that lacked both FXR- and
G3BP-binding sites in their HVDs, EEEV/Cm/ΔGΔF and EEEV/ΔGΔF, replicated in HeLa
cells to titers that were lower by a few orders of magnitude than those of other variants
(Fig. 2). From these results we concluded that the introduced mutations did not make
viruses nonviable, and they can be propagated in a variety of vertebrate cell lines.

Modifications introduced into capsid protein and HVD have cumulative nega-
tive effects on EEEV virulence. The most critical question concerned the effects of the
mutations in capsid protein and nsP3 HVD on EEEV pathogenesis. To address this,
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4-to-5-week old CD1 mice were subcutaneously (s.c.) infected with 2 � 105 PFU of
parental wild-type (wt) virus and the designed mutants. In this experiment, we inten-
tionally applied very high doses of viruses to definitively identify the most attenuated
variants. All the mice infected with wt NA EEEV succumbed to the infection within
4 days postinfection (PI) with the median survival time (MST) of 3.5 days (Fig. 3A). Most
of them died before the onset of severe weight loss (Fig. 3B). EEEV/Cm demonstrated
statistically significant attenuation characterized by longer MST (6.5 days). However,

FIG 1 EEEV variants with mutated capsid and nsP3 HVD are viable. (A) Mutations introduced in the EEEV
capsid protein and deletions of G3BP- and FXR-binding motifs in nsP3 HVD. G3BP- and FXR-binding
motifs are indicated by red and blue boxes, respectively. Numbers indicate positions of aa in the
corresponding proteins. (B) Schematic presentation of the genomes of EEEV variants used in this study.
Red and blue boxes indicate positions of G3BP- and FXR-interacting peptides, respectively, in nsP3 HVD.
Black box indicates the presence of mutations in capsid protein. (C) Plaques formed by the viruses
rescued by transfection of the in vitro-synthesized G RNA on BHK-21 cells. Plaques were stained by crystal
violet at 40 h PI.
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eventually, all mice were euthanized because of weight loss and development of limb
paralysis (Fig. 3B). EEEV/Cm/ΔF and EEEV/Cm/ΔG demonstrated better attenuation that
resulted in the survival of some of the infected mice. For both EEEV/Cm/ΔF and
EEEV/Cm/ΔG, MST increased to 10 and 11.5 days, respectively. EEEV/ΔGΔF and EEEV/
Cm/ΔGΔF were even more attenuated, and none of the infected mice exhibited
neurological symptoms or any other signs of the disease, such as weight loss (Fig. 3B),
ruffled fur, or limb paralysis, and we recorded complete survival with no morbidity.

The results of the analyses of the levels of viremia and viral replication in the brain
fully correlated with the above data (Fig. 4). Wt EEEV was readily detectable in mouse
serum at both day 1 and day 3 PI. The levels of viremia induced by EEEV/Cm,
EEEV/Cm/ΔG, EEEV/Cm/ΔF and EEEV/ΔGΔF mutations were lower on day 1 and, for all
these variants, viremia fell below the level of detection at day 3 PI. The triple mutant
EEEV/Cm/ΔGΔF was present in the serum on day 1 either at the level close to the limit
of detection or was undetectable by plaque assay. Like other mutants, EEEV/Cm/ΔGΔF

FIG 2 The designed EEEV variants with mutated capsid proteins and nsP3 HVDs are capable of replication in
commonly used cell lines of vertebrate origin. The indicated cell lines were infected at an MOI of 1 PFU/cell with
EEEV and its mutants. At 20 h PI, media were harvested and viral titers were determined by plaque assay on BHK-21
cells. This experiment was reproducibly repeated three times and standard deviations are indicated. Red and blue
bars indicate titers of EEEV/ΔGΔF and EEEV/Cm/ΔGΔF, respectively. These mutants demonstrated significant
decreases in titers, compared to parental EEEV. Significance of differences was determined by 1-way ANOVA
followed by Dunnett’s multiple-comparison test: nonsignificant (n.s.), P � 0.05; *, P � 0.05; **, P � 0.01; ***,
P � 0.001, ****, P � 0.0001. Data are represented as means with SD (n � 3).
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became undetectable in mouse blood by day 3 PI. Taken together, these data suggest
the introduced mutations/deletions had negative effects on induction of viremia.

Brain infections (Fig. 4) were in agreement with the abilities of the mutants to induce
weight loss and cause death. The parental EEEV accumulated in the brain essentially to

FIG 3 Mutations in capsid protein and nsP3 HVD have negative effects on EEEV virulence in a mouse model. (A) CD1 mice (4-to-5 weeks old) were
infected s.c. with the same dose of 2 � 105 PFU of parental EEEV and the designed mutants, or mock-infected (PBS). No death was detected after
day 12 PI. Survival analysis was performed in GraphPad software. Numbers on the graphs indicate mean survival times (MSTs). The significance
between survivals of mice infected with wt EEEV and mutants was estimated using a log rank test; ***, P � 0.001. (B) Weight changes detected
in individual mice infected with the indicated viruses or mock-infected (PBS). Black lines correspond to the mice that survived the infection, and
red lines correspond to the mice that succumbed to the infection.
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the same titers in all the infected mice, which were above 109 PFU/g. At days 1 and 3
PI, titers of the capsid mutant EEEV/Cm were not significantly lower than those of EEEV
and, as described above, despite surviving for a longer time, all the mice succumbed to
infection by day 7. Deletions of FXR- or G3BP-binding sites significantly reduced brain
titers of EEEV/Cm/ΔG and EEEV/Cm/ΔF at day 3 PI. Viral titers also varied by a few orders
of magnitude. Taken together with the longer survival, these data suggested that
mutants likely became less neurovirulent, but remained neuroinvasive. Since some of
the mice survived the infection without profound weight loss and obvious clinical
symptoms (Fig. 3A and B), it is reasonable to assume that entry of the mutants to the
brain and encephalitis development became more random events than during either
wt EEEV or EEEV/Cm infections.

Deletions of both FXR- and G3BP-interacting motifs clearly made EEEV/ΔGΔF even
less neuroinvasive and neurovirulent. In this experiment, titers of this double mutant in
the brains were close to the limit of detection at both day 1 and day 3 PI. The triple
mutant EEEV/Cm/ΔGΔF was not detected in the brains at both times PI. This suggested
that it completely lost the ability either to pass into the brain or to replicate there or,
most likely, both characteristics.

Double HVD mutants remain highly immunogenic. The above data demon-
strated cumulative attenuating effects of the mutations in EEEV capsid protein and
deletions of the binding motifs of host proteins in EEEV nsP3 HVD on viral infection in
vivo. However, the lack of detectable disease in mice could be a result of overattenu-
ation of the mutants, making them poorly immunogenic, if at all. Therefore, we tested
the sera from the survived mice for the presence of EEEV-specific neutralizing Abs (see
Materials and Methods for details). It was not unexpected to find high levels of
EEEV-specific, neutralizing Abs in the sera of mice that had survived the EEEV/Cm/ΔG
and EEEV/Cm/ΔF infections (Fig. 5A). To our surprise, EEEV/ΔGΔF and EEEV/Cm/ΔGΔF
induced neutralizing Abs to the levels that were not significantly different from those
detected in mice that were infected with the above mutants with deleted single FXR-
or G3BP-binding sites in nsP3 HVD. Thus, the lack of virulence of EEEV/ΔGΔF and
EEEV/Cm/ΔGΔF had no detectable negative effect on the abilities of the double
deletion mutants to induce EEEV-specific neutralizing Abs.

Next, mice formerly exposed to the mutant viruses were challenged with high doses
of the parental EEEV (Fig. 5B). Except for the control group that was previously
inoculated with only phosphate-buffered saline (PBS), all the mice that survived the
primary infection were resistant to wt EEEV challenge. They did not demonstrate any
weight loss (Fig. 5C) or any other symptoms of the disease. Thus, EEEV/ΔGΔF and
EEEV/Cm/ΔGΔF induced protective immune response, which correlated with high titers
of neutralizing, EEEV-specific Abs.

FIG 4 Mutations in capsid protein and nsP3 HVD affect the development of viremia and brain titers of
EEEV. CD1 mice (4-to-5 weeks old) were infected s.c. with 2 � 105 PFU of EEEV and the designed mutants
in parallel with the mice used in the analyses presented in Fig. 3. Panels show the levels of viremia and
brain titers as means with SD (where applicable) at days 1 and 3 PI. Significance of differences was
determined by 2-way ANOVA without correction for multiple comparisons: nonsignificant (n.s.), P � 0.05;
*, P � 0.05; **, P � 0.01; ***, P � 0.001, ****, P � 0.0001.
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Lower infectious doses do not reduce the residual virulence of the designed
mutants. In the above study, mice were infected with very high doses of capsid and
HVD mutants of EEEV. In the next round of experiments, we tested whether lowering
the inoculation doses could lead to lower mortality and reduced residual neuroviru-
lence of the variants. CD-1 mice were infected with the same doses of 5 � 103 PFU of
EEEV/Cm, EEEV/Cm/ΔG, EEEV/Cm/ΔF, parental EEEV, and the double HVD mutant
EEEV/ΔGΔF, which was included in these experiments as a nonvirulent control. The data
presented in Fig. 6 were consistent with the results shown in Fig. 3 and 4. EEEV/Cm,
EEEV/Cm/ΔG, and EEEV/Cm/ΔF demonstrated statistically significant increases of MST
compared to parental EEEV, and partial survival of mice. However, the survival was not
better than in the above-described experiments. The levels of viremia were like those
in the experiments with high doses of the viruses, and the indicated mutants were

FIG 5 Mice that survived infection with designed EEEV variants were protected against infection with the parental wt EEEV. (A) Serum samples
were collected on day 21 PI in the experiment presented in Fig. 3. Titers of neutralizing Abs were evaluated in PRNT50 using the SIN/EEEV
chimeric virus (see Materials and Methods for details). Significance of differences was determined by 2-way ANOVA without correction for
multiple comparisons: nonsignificant (n.s.), P � 0.05. (B) Mice which survived the primary infection (see Fig. 3 for details) were s.c. challenged
with 106 PFU of parental wt EEEV FL-93 to assess protection. Morbidity and mortality were detected only in the PBS group. (C) Weight changes
were evaluated in the individual mice until day 10 PI. No deaths were detected in the previously infected groups (black lines).
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FIG 6 Lower inoculation doses of EEEV mutants do not make them less virulent. (A) CD1 mice (4-to-5 weeks old) were infected with the same dose of
5 � 103 PFU of parental EEEV and the designed mutants, or mock-infected (PBS). No deaths were detected after day 12 PI. Survival analysis was performed
in GraphPad software. Numbers on the graphs indicate MSTs. The significance between survivals of mice infected with wt EEEV and mutants was
estimated using a log rank test; ***, P � 0.001. (B) Weight changes detected in individual mice infected with the indicated viruses or mock-infected (PBS).
Black lines correspond to the mice that survived the infection and red lines correspond to the mice that succumbed to the infection. (C) Levels of viremia
and brain titers (means with SD [where applicable]) at days 1 and 3 PI. Panels show the levels of viremia and brain titers as means with SD (where
applicable) at days 1 and 3 PI. Significance of differences was determined by 2-way ANOVA without correction for multiple comparisons: nonsignificant
(n.s.), P � 0.05; **, P � 0.01; ***, P � 0.001.
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readily detectable in the brains. Most of the infected mice developed clear neurological
symptoms, such as seizure and partial paralysis, and either succumbed to infections or
were euthanized because of severe weight loss.

As expected, EEEV/ΔGΔF infections were asymptomatic. Mice demonstrated no
weight loss and all of them survived (Fig. 6A and B). As did other survivors, these mice
responded to infection with high titers of neutralizing Abs and were fully protected
against following infection with parental wt EEEV (Fig. 7A to C). Thus, the use of lower
doses did not result in lower residual virulence of EEEV/Cm, EEEV/Cm/ΔG, and EEEV/
Cm/ΔF. These mutants retained the ability to randomly pass the blood-brain barrier and
remained neurovirulent. However, this experiment additionally confirmed the highly
attenuated phenotype of EEEV/ΔGΔF.

FIG 7 Mice infected with low doses of the mutants are protected against challenge with EEEV. (A) Mice
that survived the infection with EEEV mutants or were previously inoculated with PBS (see Fig. 6 for
details) were s.c. challenged with 106 PFU of wt EEEV. Weight changes were evaluated in the individual
mice until day 12 PI. The black lines indicate mice that survived the challenge and red lines correspond
to the mice which succumbed to infection. (B) Titers of neutralizing Abs (PRNT50) in mice at day 21 PI,
before challenge with EEEV (means and standard deviations). (C) Survival of mice in the challenge
experiment. Morbidity and mortality were detected only in the PBS group. Data were analyzed using
GraphPad Prizm software.
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DISCUSSION

Alphavirus pathogenesis is a multicomponent event determined by the functioning
of viral nonstructural and structural proteins, and nucleotide sequences of the cis-acting
elements in viral G and SG RNAs. Mechanistic understanding of their activities in viral
replication in vitro and in vivo determines our overall knowledge of viral biology and
alphavirus-induced diseases, and ultimately leads to the development of antiviral
countermeasures.

Within recent years, alphavirus nsP3 has attracted significant attention as a critical
determinant of viral replication in both vertebrate and mosquito cells (16, 17, 19, 23,
33). To date, no enzymatic functions directly involved in the synthesis of viral G and SG
RNAs have yet been ascribed to this protein. NsP3 has two conserved, structured
domains (the macro domain and alphavirus unique domain [AUD]), and a C-terminal
HVD (33). The distinguishing characteristics of alphavirus nsP3 HVDs are as follows: (i)
they function as hubs for recruiting virus-specific host factors into large protein
complexes during vRC assembly (16, 17, 19–21, 34); (ii) they are intrinsically disordered
(22); (iii) they are highly variable even between the closely related viruses that belong
to the same serocomplexes (1); and (iv) they contain combinations of short linear motifs
that interact with virus-specific sets of host factors. Despite an exceptionally low level
of conservation of amino acid (aa) sequence, HVDs of different alphaviruses, including
the mosquito-specific Eilat alphavirus, demonstrate some similarities in that (i) they
contain motifs that can interact with a variety of the SH3 domain-binding cellular
proteins (20, 22, 34) and (ii) most of them have short repeating peptides located at the
very C termini (16, 21). Importantly, (iii) nsP3 HVD-binding host factors demonstrate
high levels of redundancy in their function in viral replication (17, 19). All members of
the families that interact with HVD motifs can support the formation of functional
alphavirus vRCs.

The C-terminal HVD repeats interact with the structural components of cellular
stress granules, such as G3BP or FXR protein family members. Binding of G3BPs to nsP3
HVD is a prerequisite of replication of the Old World (OW) alphaviruses, such as SFV,
CHIKV, and SINV (21). Interaction with the proteins of the FXR (but not G3BP) family is
critical for the replication of the New World (NW) alphavirus VEEV (16). However, nsP3
HVD of the most pathogenic member of the NW alphaviruses, EEEV, was found to
contain both CHIKV/SINV- and VEEV-specific binding motifs, and demonstrated the
ability to interact with both G3BP and FXR proteins (19). These host factors that belong
to two different families redundantly supported EEEV replication in vertebrate cells.
Consequently, the deletions of individual FXR- and G3BP-interacting motifs in EEEV
HVD had no negative effect on viral replication in vitro, but the elimination of both
binding sites affected viral growth in cultured vertebrate cells (19) (Fig. 2). Importantly,
EEEV variants having both FXR- and G3BP-binding sites deleted remain viable, sug-
gesting that other host factors can still support viral replication, albeit less efficiently
than a complete set of HVD-interacting proteins (Fig. 2). The detected cell-specific
differences in replication of EEEV HVD mutants suggested that in different cell lines,
concentrations of essential host factors may greatly vary. The list of additional EEEV
HVD-binding partners includes CD2AP, SNX9, SNX33, and probably some others (19).
Their functions in EEEV biology need further investigation.

The in vitro data do not necessarily directly correlate with the results coming from
animal experiments. For example, wt VEEV remains encephalitogenic in a mouse model
even when the critical motifs in its HVD are mutated and replication in cultured cells is
affected (18). Thus, in this new study, we experimentally evaluated the effects of HVD
modifications on EEEV virulence. Moreover, since one of the goals of the EEEV-related
research is to attenuate this virus and develop new vaccine candidates, we not only
focused on deletions in nsP3 HVD but also introduced modifications into viral capsid
proteins to test the possibility of additional attenuation. Such mutations make the VEEV
and EEEV capsids incapable of inhibiting cellular transcription and interfering with the
induction of the innate immune response (29, 32, 35, 36). Thus, we tested the effects
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of clustered mutations in capsid and deletions in HVD, and their combinations on the
ability of EEEV to cause viremia and induce encephalitis in mice. Another critical
parameter studied was the ability of the mutants to induce protective levels of
neutralizing Abs.

Capsid-specific mutations detectably attenuated EEEV and significantly increased
MST, but the designed capsid mutant remained both neuroinvasive and neurovirulent
in 100% of infected mice. The deletions of either FXR- or G3BP-binding motifs in the
HVD of EEEV/Cm mutant had an incremental and significant negative effect on viral
virulence. MSTs became longer than those of parental EEEV and EEEV/Cm mutant, and
some mice infected with EEEV/Cm/ΔG or EEEV/Cm/ΔF did not develop neurological
symptoms and survived the infections. From this, we concluded that the capsid- and
HVD-specific mutations had either synergistic or additive negative effects on the ability
of EEEV to induce the disease. However, attenuation remained incomplete, and even
the reduction of the infectious doses did not result in better survival of mice and lower
virulence of the mutants (Fig. 6). These double mutants appeared to remain capable of
randomly passing into the brain, remained neurovirulent, and caused encephalitis.

Elimination of both FXR- and G3BP-binding sites in EEEV nsP3, in contrast, had
deleterious effects on viral virulence. Mice infected even with a very high dose of
EEEV/ΔGΔF, which encoded wt capsid protein, did not lose weight, did not develop any
other symptoms of the disease, and survived the infection. This HVD mutant could still
induce a well-detectable viremia at day 1 PI, but was found in the brains at very low
levels. Its brain titers were either close to the limit of detection or undetectable.
Additional cluster mutations in the capsid protein enhanced attenuation of the EEEV/
Cm/ΔGΔF variant compared to EEEV/ΔGΔF. The triple mutant was not present in the
brains and poorly detectable in blood of infected mice. Like EEEV/ΔGΔF, the designed
EEEV/Cm/ΔGΔF could not cause any detectable disease.

It was reasonable to expect that because of inefficient replication in vivo, EEEV/Cm/
ΔGΔF also lost immunogenicity. However, this was not the case. EEEV/Cm/ΔGΔF
remained capable of inducing neutralizing Abs as efficiently as EEEV/ΔGΔF, and the
developed adaptive immune response protected mice against the following challenge
with parental wt EEEV. One of the important characteristics of alphaviruses is that they
are highly infectious by aerosol. In this study, we could not answer whether the
immune responses developed to EEEV/ΔGΔF and EEEV/Cm/ΔGΔF were sufficient for
protecting mice against aerosol infection. However, titers of neutralizing Abs were very
high and, based on the previous studies (37), may likely be protective against EEEV
delivered by the aerosol route.

The high titers of neutralizing Abs induced by the triple EEEV/Cm/ΔGΔF mutant in
the absence of high viremia and any detectable disease correlate with our prior
findings. Previously, we detected similar efficient induction of neutralizing Abs by
VEE/CHIKV recombinant viruses (38–40). These chimeras were deficient in inhibition of
cellular transcription and unable to develop viremia in mice, but induced high levels of
CHIKV-specific neutralizing Abs. As suggested previously for VEEV replicons, VEE/CHIKV
and EEEV/Cm/ΔGΔF could become more efficient inducers of the innate immune
response to viral infection, and the released type I IFN may function as an adjuvant in
the development of adaptive immunity (41).

Live attenuated vaccines (LAVs) remain the most efficient means of inducing
long-term protective immunity against viral pathogens (42–45). LAVs, but not other
viral vaccines, fully mimic natural viral infections in terms of inducing balanced com-
binations of neutralizing Abs and T cell responses. Among other requirements, safety,
efficacy, and stability of the attenuated phenotype remain the major characteristics
during LAV development. Serial blind passaging of wt viruses in cultured cells, chicken
embryos, and suckling mice was a relatively standard approach in LAV design. In the
case of alphaviruses, application of vaccine design resulted in the development of
attenuated VEEV TC-83 and CHIKV 181/25 strains (44, 46). However, in both cases, the
attenuated phenotypes relied only on two nt substitutions in the viral genomes (47, 48)
and, thus, for both mutants, high possibilities of reversions to wt sequence remained an
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issue. Moreover, both vaccine candidates induced adverse reactions in immunized
individuals (49, 50). Despite representing a significant public health threat, to date no
licensed LAVs have been developed for EEEV.

Within the recent 2 decades, the advances in molecular virology and application of
reverse genetics approaches have opened new opportunities for the development of
safe and efficient vaccine candidates for alphaviruses, including EEEV. SIN/EEEV chime-
ric virus has exhibited a highly attenuated phenotype in mice and nonhuman primates
(51, 52). Recombinant Eilat virus encoding EEEV structural proteins (EIL/EEEV chimera),
which is incapable of replication in vertebrate cells, was proposed as a fundamentally
new type of viral vaccine. EIL/EEEV viral particles fully mimic EEEV virions, do not require
any inactivation by formaldehyde or �-propiolactone that can modify particle antigenic
structure, and thus are more immunogenic than standard inactivated vaccines (53). An
EEEV variant with structural genes cloned under the control of an internal ribosome
entry site (IRES) derived from encephalomyocarditis virus (EMCV) was also attenuated
and protected mice against following infection with wt EEEV (54). Furthermore, the
accumulating new knowledge about alphavirus-host interaction and mechanisms of
viral replication led to the identification of the key elements in alphavirus G RNA and
encoded proteins that could be modified to cause viral attenuation. In the case of EEEV,
they include: (i) the 5= untranslated region (5=UTR) of G RNA (55, 56); (ii) supra nuclear
export and nuclear localization signals (supraNES and NLS, respectively) in capsid
protein (28); (iii) E2-specific aa, which mediate the interaction of the glycoprotein with
heparan sulfate (57); and (iv) miR-142-3p microRNA-binding sites in the 3=UTR of EEEV
G and SG RNAs (58). Mutations and deletions introduced into these sites additively
affect EEEV virulence in mice (37).

Our new study was based on the observation that EEEV nsP3 HVD is a key player in
recruiting host factors that function in viral vRC assembly and RNA synthesis. It interacts
with multiple host proteins, which redundantly mediate RNA replication in different
tissues, where the concentration of each factor can vary. Thus, EEEV HVD is a critical
new target for modifications aimed at EEEV attenuation. Deletions of FXR- and G3BP-
binding sites affected the efficiency of viral replication, both in vivo and in vitro. Mutant
viruses, which were incapable of interacting with FXR and G3BP proteins, became no
longer neurovirulent and did not induce symptomatic disease in a mouse model.
Inactivation of the NLS in the capsid protein additionally affected viral replication in
vivo. Importantly, despite the loss of virulence, the developed HVD mutants of EEEV
remained highly immunogenic and, at a single dose, protected mice against following
infection with wt virus.

MATERIALS AND METHODS
Cell cultures. Vero E6, HeLa, and NIH 3T3 cells were received from the American Type Culture

collection (ATCC, Manassas, VA). Huh7.5 cells were obtained from Charles M. Rice (Rockefeller University,
NY, NY) and BHK-21 cells were kindly provided by Paul Olivo (Washington University, St. Louis, MO).
BHK-21, Vero, HeLa, and NIH 3T3 cells were maintained in alpha minimum essential medium (�MEM)
supplemented with 10% fetal bovine serum (FBS), glutamine, and vitamins. Huh7.5 cells were maintained
in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% FBS and glutamine.

Plasmids. The infectious cDNA clone of North American (NA) EEEV Florida 93 (FL93) was kindly
provided by Scott Weaver (University of Texas Medical Branch, Galveston, TX). The original T7 promoter
in this plasmid was replaced by the SP6 promoter, and the resulting plasmid construct was used for
modification of the capsid gene and nsP3 HVD. The modifications were made by standard PCR-based
mutagenesis. The introduced mutations/deletions and the genomes of all the designed mutants are
schematically presented in Fig. 1A. In the names of the constructs, Cm indicates the presence of
mutations in the NLS-coding sequence of the capsid gene, whereas ΔG and ΔF indicate deletions of the
G3BP- and FXR-binding motifs in nsP3 HVD, respectively. Plasmid containing infectious cDNA of
recombinant SIN/EEEV virus has been described elsewhere (51). The genome of this chimeric virus
encodes SINV-specific nsPs and its cis-acting RNA elements, and structural genes are derived from the
North American EEEV (51). SIN/EEEV was used for assessing the levels of EEEV-specific neutralizing Abs
in the plaque reduction neutralization test (PRNT50). The nucleotide sequences of the plasmids and
details of cloning procedures can be made available upon request.

In vitro RNA transcription and transfections. Plasmids containing viral cDNAs were purified by
ultracentrifugation in CsCl gradients and linearized using the unique restriction sites located downstream
of the poly(A) sequence in the 3=UTR of the viral genome. The in vitro transcription reactions were
performed in the presence of a cap analog (New England BioLabs) using SP6 RNA polymerase according
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to the manufacturer’s protocol (Invitrogen). No additional purification of the in vitro-synthesized RNA was
done, and 12 �l of the reaction mixtures was directly used for the transfection of BHK-21 cells. EEEV
genomes were transfected using TransIT-mRNA transfection reagent according to the manufacturer’s
instructions (Mirus). Viral stocks were harvested 24 h posttransfection. All the procedures of the in vitro
RNA synthesis, virus rescue, and the following analysis of EEEV replication were performed in biosafety
level 3 (BSL3) conditions of SEBLAB of the University of Alabama at Birmingham. The SIN/EEEV viral
genome was synthesized in BSL2 conditions, and the virus was rescued by electroporation of the in
vitro-synthesized RNA into BHK-21 cells in the previously described conditions (59). Infectious titers of the
viruses were assessed by plaque assay on BHK-21 cells (59).

Viral infections in vitro. For all the cell lines used, cells were seeded into 6-well Costar plates at the
concentration of 5 � 105 cells/well. After 4 h of incubation at 37°C, they were infected in PBS supple-
mented with 1% FBS with recombinant viruses at an MOI of 1 PFU/cell. Media were harvested 20 h PI,
and viral titers were determined by plaque assay on BHK-21 cells.

Animal experiments. CD1 mice (4-to-5-week-old females) were obtained from the Charles River
Laboratory. They were s.c. infected with the designed EEEV mutants and parental wt EEEV in 100 �l of
PBS supplemented with 1% mouse serum. Mice were monitored twice a day for clinical signs of disease,
such as weight loss, change in behavior, seizures, and paralysis. At days 1 and 3 PI, animals were
sacrificed and blood and brain samples were collected for assessment of viremia and viral replication in
the brains. Titers were determined by plaque assay on BHK-21 cells. At day 21 PI, blood samples were
taken for measuring the titers of neutralizing Abs, and mice were challenged with 106 PFU of wt EEEV
FL93. Mice were monitored twice a day for clinical signs of disease and weight loss for the next 2 weeks.
These experiments were performed in the animal biosafety level 3 (ABSL3) facility of SEBLAB of the
University of Alabama at Birmingham according to IACUC-approved protocols.

Evaluation of viremia and viral titers in the brains. Sera were serially diluted in PBS supplemented
with 1% FBS. Semiconfluent BHK-21 cells in 6-well plates were infected for 1 h at 37°C. The cells were
overlaid with 0.5% agarose supplemented with DMEM and 3% FBS and incubated for 48 h at 37°C. They
were then fixed and stained with crystal violet.

Brain samples were homogenized in PBS and, after low-speed centrifugation, supernatants were used
for measuring the titers by plaque assay on BHK-21 cells as described above.

Titers of neutralizing antibodies (PRNT50). Serum samples were incubated at 50°C for 1 h to
inactivate complement and then serially (2-fold) diluted in PBS supplemented with 1% FBS and 250
PFU/ml of SIN/EEEV. Samples were incubated with shaking at 37°C for 2 h, and 0.2-ml aliquots were then
applied to monolayers of BHK-21 cells in 6-well Costar plates. After incubation at 37°C for 1 h, the cell
monolayers were overlaid with 0.5% agarose supplemented with DMEM and 3% FBS. After 2 days of
incubation at 37°C, plaques were stained with crystal violet. The nonlinear curves were used to get
best-fit values (slope and intercept) for each sample, and these values were used to calculate dilution
with a 50% reduction using GraphPad Prism software.

Statistical analyses. All the statistical analyses were performed using GraphPad Prism 8.0 software.
See figure legends for details.
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