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Eastern and Venezuelan equine encephalitis viruses (EEEV and VEEYV, respectively) cause severe morbidity
and mortality in equines and humans. Like other mosquito-borne viruses, VEEV infects dendritic cells (DCs)
and macrophages in lymphoid tissues, fueling a serum viremia and facilitating neuroinvasion. In contrast,
EEEYV replicates poorly in lymphoid tissues, preferentially infecting osteoblasts. Here, we demonstrate that
infectivity of EEEV for myeloid lineage cells including DCs and macrophages was dramatically reduced
compared to that of VEEV, whereas both viruses replicated efficiently in mesenchymal lineage cells such as
osteoblasts and fibroblasts. We determined that EEEV infection of myeloid lineage cells was restricted after
attachment, entry, and uncoating of the genome. Using replicon particles and translation reporter RNAs, we
found that translation of incoming EEEV genomes was almost completely inhibited in myeloid, but not
mesenchymal, lineage cells. Alpha/beta interferon (IFN-a/f3) responses did not mediate the restriction, as
infectivity was not restored in the absence of double-stranded RNA-dependent protein kinase, RNase L, or
IFN-a/f3 receptor-mediated signaling. We confirmed these observations in vivo, demonstrating that EEEV is
compromised in its ability to replicate within lymphoid tissues, whereas VEEV does so efficiently. The altered
tropism of EEEYV correlated with an almost complete avoidance of serum IFN-o/f induction in vivo, which may
allow EEEV to evade the host’s innate immune responses and thereby enhance neurovirulence. Taken together,
our data indicate that inhibition of genome translation restricts EEEV infectivity for myeloid but not mesen-
chymal lineage cells in vitro and in vivo. In this regard, the tropisms of EEEV and VEEYV differ dramatically,
likely contributing to observed differences in disease etiology.

Members of the Alphavirus genus, family Togaviridae, are
enveloped, positive-sense RNA viruses, the majority of which
are vectored by arthropods between avian and/or mammalian
hosts (26). Three mosquito-borne alphaviruses that are geo-
graphically restricted to the Americas cause severe, potentially
fatal encephalitis in humans and equines when they emerge
from the enzootic transmission cycle: namely, eastern equine
encephalitis virus (EEEV), western equine encephalitis virus,
and Venezuelan equine encephalitis virus (VEEV). Both
VEEV and EEEV cause epizootic outbreaks of severe, fre-
quently fatal encephalitis in equines (54). However, disease
etiologies in humans differ between these two viruses for rea-
sons that are not well understood.

Although VEEYV is classified as an encephalitic alphavirus,
VEEYV infection of humans typically causes a “flu-like” illness
that ranges from mild to severe, with prominent lymphoid and
reticuloendothelial involvement (16). Progression to neurolog-
ical disease occurs in only 4 to 14% of symptomatic cases, and
fatalities are rare (28, 53). By comparison, EEEV causes far
more severe encephalitic disease in humans. Infected individ-
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uals experience the sudden onset of fever, chills, myalgia, ar-
thralgia, retro-ocular pain, a headache of increasing severity,
and decreased consciousness for several days (17). Then infec-
tion progresses rapidly to neurological disease with the possi-
bility of paralysis, seizures, coma, and death in 30 to 80% of
patients, and mild to severe long-term neurologic deficits occur
in an estimated 35% of the survivors (17). Fortunately, human
cases of EEEV are rare in the United States, most likely due to
rare exposure to the virus, with only 254 confirmed and prob-
able cases documented between 1964 and 2007 (12). Disturb-
ingly, surveillance indicates that EEEV is endemic to most
states in the eastern United States, increasing the likelihood
that a relatively minor shift in environmental conditions could
trigger an EEEV epidemic outbreak in human populations.
Isolation of EEEV from Aedes albopictus mosquitoes, which
have recently been introduced into areas in the United States
where EEEV is endemic, has heightened concern because of
the opportunistic feeding behavior of these mosquitoes as well
as their apparent high vector competence for this virus (35).
Experimental VEEV infection of mice, in which virus is
injected subcutaneously to mimic the bite of an infected mos-
quito vector, closely parallels the biphasic disease course seen
in horses and severe human infections, and this model has
been used extensively to elucidate steps in VEEV pathogene-
sis. After deposition in the skin, replicating virus is first ob-
served in the draining lymph node (DLN) within 4 h postin-
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fection (p.i.), preceding replication at the site of inoculation by
several hours (6). VEEV targets Langerhans cells, dendritic
cells (DCs), and possibly also macrophages in the skin and
exploits the migratory properties of these immune system sen-
tinel cells to spread from the site of inoculation and access the
regional DLN (34; W. B. Klimstra, D. L. Browning, C. L.
Gardner, and K. D. Ryman, unpublished data). A high-titer
serum viremia is produced which seeds peripheral tissues be-
yond the inoculation site including other lymphoid and reticu-
loendothelial tissues such as LN, spleen, thymus, Peyer’s
patches, and pancreas and sporadically infects skeletal muscle
(13, 24). VEEV infection induces the systemic release of type
I interferon (alpha/beta interferon [IFN-o/B] [13]) and tran-
scriptional upregulation of proinflammatory cytokine genes in
the DLN and spleen as early as 6 h p.i. (23). By 48 to 72 h p.i.,
the virus has invaded the central nervous system (CNS) via the
olfactory and trigeminal nerves (14, 45), resulting in fatal en-
cephalitis by 7 to 10 days p.i.

Wild-type EEEV also produces a uniformly fatal encepha-
litis in peripherally inoculated mice (3, 33, 46, 51), but it differs
from VEEV infection in at least one important regard: the
DLN and spleen appear to be largely spared during EEEV
infection (51). However, once morbidity is apparent, EEEV
infection is rapidly fatal. Vogel et al. (51) demonstrated in vivo
that EEEV favors cells of the mesenchymal lineage, particu-
larly osteoblasts, as targets for peripheral amplification. Edel-
man and coworkers (32) suggested that the tropism of VEEV
and EEEV might also differ in humans, demonstrating that
VEEV efficiently infects human leukocytes in vitro but that
these cells are relatively refractory to infection by EEEV.
Thus, EEEV appears to be an anomaly among the alphaviruses
in that this virus does not replicate well in lymphoid tissues but
nevertheless achieves neuroinvasion and is highly neuroviru-
lent.

We have further investigated these findings to determine the
underlying reasons for differing disease etiologies. In head-to-
head comparison with wild-type VEEV, clinical signs of infec-
tion with a North American strain of EEEV appear signifi-
cantly later, implying that the lymphotropic phase of disease is
less prominent. This is correlated with restricted tropism of
EEEV for cells of the myeloid lineage both in vivo and in vitro.
The apparent inability of EEEV to infect DCs and macro-
phages is controlled not by the virus-receptor interaction but at
the level of genomic translation necessary to synthesize the
nonstructural proteins (nsPs) and initiate replication. More-
over, although we have recently demonstrated that translation
of the alphavirus genome is sensitive to the double-stranded
RNA-dependent protein kinase (PKR)-dependent and PKR-
independent antiviral activities of type I IFN (43, 49), transla-
tion of the EEEV genome in myeloid cells was not restored in
the absence of PKR/RNase L- or IFN-o/B-mediated re-
sponses. Finally, we present data suggesting that sparing of the
lymphoid tissues dramatically reduces the IFN-o/B inductive
response in vivo, perhaps representing a unique approach to
the evasion of antiviral responses within the host. Thus, we
posit that disease etiology is determined by the interaction
between the infecting virus and the host’s immune system,
coupled with the tropism of the virus for specific host tissues
such as joint and lymphoid tissues versus CNS. These findings
have important implications for the future design of acute-
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phase antiviral therapeutics and vaccines against EEEV and
other alphaviruses.

MATERIALS AND METHODS

Cell lines. Baby hamster kidney (BHK-21) and 1.929 murine fibrosarcoma cell
lines were maintained in alpha minimum essential medium («MEM) supple-
mented with 10% donor calf serum (DCS) and 10% tryptose phosphate broth.
Murine RAW 264.7 monocyte-macrophage cells were maintained in Dulbecco’s
modified Eagle’s medium supplemented with 10% fetal bovine serum (FBS). All
media contained 100 U/ml penicillin, 0.05 mg/ml streptomycin, and L-glutamine.

Mice. Outbred CD-1 mice were purchased from Charles River Laboratories
and housed in the Animal Resource Center at Louisiana State University Health
Sciences Center—Shreveport (LSUHSC-S) under specific-pathogen-free condi-
tions. All procedures were carried out in accordance with the guidelines of the
LSUHSC-S Institutional Animal Care and Use Committee. Mice were used at 6
to 8 weeks of age, and all experiments were performed in the biosafety level 2 or
3 animal facilities at LSUHSC-S.

Primary cell cultures. Bone marrow-derived, conventional DC (cDC) cultures
were generated and maintained as described previously (30) in RPMI 1640
medium supplemented with 10% FBS, 1% nonessential amino acids, 1 mM
sodium pyruvate, 5 mM HEPES buffer, 50 pM B-mercaptoethanol, 10 ng/ml
granulocyte-macrophage colony-stimulating factor, and 10 ng/ml interleukin-4
(Peprotech, Rocky Hill, NJ). Briefly, bone marrow cells aspirated from femurs
and tibias of CD-1 mice were plated for 1 h (37°C, 5% CO,) to allow attachment
of macrophages (see below), after which nonadherent DC progenitors were
removed and cultured. After 7 days, nonadherent cDCs in the culture superna-
tant were pelleted, counted, and resuspended in complete medium for infection.
Adherent macrophages from bone marrow were cultured in Dulbecco’s modified
Eagle’s medium supplemented with 20% 1.929-conditioned supernatant and
10% FBS, harvested after 7 days by scraping, pelleted, and seeded appropriately
for experiments.

To generate primary murine osteoblast cultures, calvaria were dissected from
3- to 5-day-old suckling mice, scraped gently until white, and triply digested in
aMEM containing 0.05% trypsin-EDTA and 10 mg/ml collagenase P, as de-
scribed previously (7). After being cultured for 5 days in « MEM supplemented
with 15% FBS, osteoblasts which had grown out from digested calvaria were
trypsinized, strained to remove bone fragments, and seeded into 150-mm culture
dishes. Once confluent, osteoblasts were harvested by trypsinization, counted,
and seeded appropriately for experiments. All media contained 100 U/ml peni-
cillin and 0.05 mg/ml streptomycin.

Viruses. Construction of cDNA clones for the wild-type EEEV strain FL93-
939 (1), VEEV strain ZPC738 (5), and another alphavirus, Sindbis virus (SB)
strain TR339 (29), have been described previously. FL93-939 and ZPC738 cDNA
clones were generously provided for these studies by Scott Weaver (University of
Texas Medical Branch, Galveston). Capped, infectious viral RNAs were gener-
ated by in vitro transcription (mMessage mMachine; Ambion) from linearized
c¢DNA plasmid templates and electroporated into BHK-21 cells. Virus particles
were harvested from the supernatant 20 to 24 h after electroporation when
cytopathic effect (CPE) was evident, clarified of cell debris by centrifugation, and
stored at —80°C in single-use aliquots. Virus stock titers were determined by
standard BHK-21 cell plaque assay, and titers were expressed as PFU/ml.

Replicons. The replicon plasmid constructs used in this study were (i) replicons
expressing green fluorescent protein (GFP) and (ii) replicons expressing firefly
luciferase (fLUC). We have previously described the construction of SB-based
replicon genomes expressing both GFP and fLUC and the packaging of these
genomes into replicon particles (SBREP) by using a bipartite helper system to
provide the structural proteins (40, 41, 44). The construction and packaging of
analogous VEEV-based replicon particles (VREP) expressing GFP have been
previously described (34, 39). These constructs were generously provided by
Robert Johnston (University of North Carolina, Chapel Hill). The fLUC-ex-
pressing VEEV-based replicon genome was generated by the directional cloning
of the fLUC gene immediately downstream of the 26S mRNA promoter into the
multiple cloning site of the pVR21 replicon plasmid.

An analogous EEEV-based replicon system (EREP) was developed from the
full-length cDNA clone of FL91-4679 (46). Shuttle vector 1 (SV1) was created by
cloning the PmlII (nsP4)-Nael (vector) fragment of the original FL91-4679 rep-
licon with a BglII site immediately downstream of the 26S subgenomic promoter
and upstream of the 3’ nontranslated region (NTR) into the ZeroBlunt vector
(Promega). The GFP gene was amplified by PCR to introduce BgllI termini,
cloned into the BglII site in SV1, and screened for the correct orientation. A
fragment spanning Clal (nsP4) to NotI [immediately downstream of the poly(A)
sequence] was reintroduced into EREP (EREP-GFP). Subsequently, a second
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shuttle vector (SV2) was made in which a multiple cloning site (Ascl-Xbal-Agel-
Pacl-BglII) was introduced in place of the BglII site by overlap PCR mutagen-
esis. The fLUC gene was amplified with 5’ AscI/3’ Pacl termini and directionally
cloned into SV2. As for the EREP-GFP, this fragment was cloned into EREP via
Clal-NotI.

To generate an EREP genome with the fLUC gene fused in frame within nsP3,
a unique Agel site was introduced by megaprimer PCR mutagenesis into the
nsP3 gene at nucleotide (nt) 5175 (corresponding to amino acid positions 384
and 385 in the nsP3 variable region). The PCR fragment with the Agel site was
cloned into EREP-GFP using AvrlI sites upstream (in nsP3) and downstream at
nt 5175 in nsP4. Agel sites were added to the 5" and 3’ termini of the fLUC gene
by PCR (without stop codon), cloned into EREP-nsP3LUC, and screened for
directionality and fLUC production.

The EEEV capsid helper plasmid was generated by cloning a PCR-amplified
C gene with initiation and termination codons and BglII termini into SV1. A
fragment spanning BstEII (nsP4) to NotI [after poly(A)] was cloned into EREP
from which the nsP genes had been removed between nt 1513 and nt 7183 by
digestion with Stul (nsP1) and Clal (nsP4) and blunt-end religation. The EEEV
glycoprotein helper plasmid was generated by cloning PCR-amplified PE2/E1
genes with initiation and termination codons and 5" Ascl/3" Pacl termini direc-
tionally into SV2. The BstEII-Notl fragment was cloned into the Stul-Clal-
deleted EREP as described for the capsid helper.

Chimeric helpers to package EREP genomes in SB structural proteins are as
described for EEEV capsid and glycoprotein helpers but with amplification of
the C or PE2/E1 genes from wild-type SB strain TR339 instead of EEEV.
Chimeric helpers to package the VREP genome in EEEV structural proteins are
described elsewhere (Klimstra et al., submitted).

Alphavirus replicon particles expressing fLUC or GFP were produced by
packaging infectious replicon RNA transcripts in viral structural proteins pro-
vided in trans by helper RNAs as previously described (44). Briefly, the replicon
RNA genome encoding the viral nsP genes and expressing the heterologous gene
from the viral 26S promoter, along with two defective helper RNAs providing the
wild-type capsid and glycoprotein genes but lacking the virus-specific packaging
signal, was coelectroporated into BHK-21 cells. Due to the lack of viral structural
genes in the replicon genome, infectious replicon particles undergo only one
round of infection. From each preparation, 10% of the total volume was evalu-
ated by serial passage on BHK-21 cells for the presence of CPE-inducing,
propagation-competent virus recombinants or contaminants. Replicon particles
were concentrated from supernatants by centrifugation through a 20% sucrose
cushion and resuspended in OptiMEM serum-free growth medium (Mediatech).

Translation reporters. Construction and in vitro transcription conditions for
the SB, EEEV, and VEEV RNA translation reporters have been described
previously (43, 49). Briefly, primers were designed to truncate the nsP1 gene and
fuse in frame with the fLUC gene followed by the 3" NTR and poly(A) tail,
yielding a reporter whose translation was initiated from the authentic genome
initiation site of the respective virus.

Mortality and pathogenesis studies. Virus inocula containing 10° PFU of
VEEV or EEEV in a 10-pl volume (1 X 10° PFU/ml) were administered
subcutaneously in each hind leg footpad using a 27-gauge needle and 100-ul
gastight Hamilton syringe. Mock-infected mice received 10 ul phosphate-buff-
ered saline (PBS)-1% DCS by the same route. Virus-infected and corresponding
mock-infected mice were observed at 24-h intervals, scored for degree of sick-
ness, and weighed where appropriate. Average survival times (ASTs) and per-
cent mortality were then calculated.

At predetermined intervals p.i., groups of three mice per treatment were
sacrificed under isoflurane anesthesia and blood was collected by cardiac punc-
ture. Serum was separated from whole blood by using Microtainer tubes (Bec-
ton-Dickinson) and stored in single-use aliquots at —80°C. Mice were perfused
with PBS-1% DCS for 10 min at 7 ml/min to flush blood-borne virus. Tissues
were harvested into preweighed Kontes tubes, homogenized in PBS-1% DCS,
and clarified by centrifugation (13,000 X g, 15 min, 4°C). Supernatants were
assayed for virus by standard plaque assay, expressed as PFU/DLN, ml, or g.

In vivo bioluminescence imaging and data quantification. Inoculation with
fLUC-expressing replicon particles was performed as described above. In vivo
imaging of fLUC activity in mice was performed on a charge-coupled device
camera (Xenogen Corp., Alameda, CA). Briefly, mice were anesthetized by
intraperitoneal injection of ketamine-xylazine (90 mg ketamine/kg of body
weight and 10 mg/kg xylazine) and 0.7 mg/kg luciferin substrate approximately 10
min prior to imaging. Images were acquired for 2 to 10 s, depending on relative
light emission from various sites of infection. Relative intensities of transmitted
light from in vivo bioluminescence were represented as a pseudocolor image
ranging from violet (least intense) to red (most intense) superimposed on the
corresponding gray-scale photograph using LivingImage (Xenogen) image anal-
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ysis software. fLUC expression was quantified by dissecting the DLNs of these
animals and performing an in vitro luciferase activity assay (Stop n’ Glo; Pro-
mega). Luciferase activity is expressed as relative light units (RLU) per pg of
protein.

Virus growth curves and replicon infections. Adherent cells were infected in
24-well or 6-well plates at a multiplicity of infection (MOI) of 1 PFU/cell or 0.1
PFU/cell, as indicated in the figure legends. After incubation with virus or
replicon particles for 1 h at 37°C, cells were washed three times with PBS-1%
DCS diluent, appropriate medium was replaced, and cells were incubated (37°C,
5% CO,). Nonadherent cDCs were infected in suspension in 96-well plates at the
desired MOI (37°C, 1 h) and washed three times in PBS-1% DCS by pelleting
and resuspension. Cells were resuspended in supplemented RPMI 1640 medium
and seeded into larger wells as appropriate. For virus growth curves, superna-
tants were harvested at time zero and subsequent time points for titration by
plaque assay. For GFP-expressing replicon infections, cells were monitored by
fluorescence microscopy and photographed using equal exposure times. For
fLUC-expressing replicon infections, cell lysates were prepared and luciferase
activity was assayed as described above.

Translation assays. Virus-derived reporters were introduced into cells by
electroporation (7.5 wg RNA per reaction mixture; Bio-Rad GenePulser).
Briefly, harvested cells were pelleted twice and electroporated in OptiMEM.
Cells were then plated in six-well plates or maintained in suspension for various
intervals. Luciferase assays were performed on cell lysates as previously de-
scribed (43).

IFN-o/f analyses. Serum IFN-o/B was measured by standard biological assay
on 1929 cells as described previously (50), using a commercially prepared IFN-
o/B standard (Access Biomolecular) and encephalomyocarditis virus as the in-
dicator virus. The endpoint was defined as the dilution of IFN-o/B required to
protect 50% of the cells from encephalomyocarditis virus-induced CPE, and the
level of IFN-o/B was expressed as international units (IU)/ml or g.

RESULTS

Differential disease progression following VEEV and EEEV
infection. Stocks of wild-type VEEV strain ZPC738 and North
American EEEV strain FL.93-393 were generated from ge-
nome-length cDNA clones (1, 5). We performed a head-to-
head comparison of wild-type VEEV and EEEV infections of
adult CD-1 mice to explore anecdotal observations that the
clinical disease course differs between these two closely related
viruses (51). A peripheral route of inoculation was utilized to
mimic natural infection and to facilitate an analysis of viral
replication, dissemination, neuroinvasion, and neurovirulence
as discrete steps. Mice were infected with 10°> PFU subcutane-
ously in the hind leg footpad, corresponding to approximately
50 50% lethal doses of each virus determined by dose depen-
dence studies (data not shown). Following subcutaneous ad-
ministration of VEEV and EEEV at comparable doses, both
viral infections were observed to be rapidly and uniformly fatal
(Fig. 1A), with no significant differences in ASTs (4.8 = 1.0
days for EEEV versus 5.5 * 0.6 days for VEEV; P = 0.23).

During the course of these experiments, it was noted that,
despite the similar ASTs, VEEV-infected animals exhibited
disease signs significantly earlier than did those infected with
EEEV. To quantify these observations, we recorded ensuing
signs of morbidity by clinical score (Fig. 1C and D) and weight
loss criteria (Fig. 1E). In the early stages of infection, VEEV-
infected mice experienced increased severity of disease com-
pared to EEEV-infected counterparts, with piloerection and
weight loss invariably evident within 24 h p.i. and mice becom-
ing ataxic by 72 h p.i. VEEV-infected mice developed evidence
of CNS infection, 4 to 6 days p.i., progressing to paresis/paral-
ysis and death. In striking contrast, EEEV-infected mice ap-
peared healthy during the first 3 to 4 days p.i. with little weight
loss and exhibited signs of disease only 12 to 24 h before death.



VoL. 82, 2008

A B
166 -~ o o o T 4 -
!
_ i
S ] 8 1 |
i
2 601 60 i
@ i
*540 40 !
— - -
O 20 A 20 1 Omm0m
g ]
0 v 0 <
0 1 2 3 4 5 6 7 0 1 2 3 4 5 6 7
D
° 4
Q
E 3
b
o
o
o 2
Ke]
£ 1
b4
0
0 1 2 3
o E F
2 s 25
@
=
[$]
E O 0
=y
g
Z 25 25
=
@
(]
o
¢ so0——————F———————  Fpe—T—T—T—T——1—
o "o 1 2 3 4 5 6 7 o 1 2 3 4 5 6 7

Days post-infection

FIG. 1. Morbidity and mortality differ following infection of out-
bred mice with VEEV or EEEV. Adult, outbred CD-1 mice were
infected with cDNA clone-derived ZPC738 VEEV or FL93-939 EEEV
and monitored for morbidity and mortality as follows. (A and B)
Percent survival following subcutaneous (A) or intracerebral (B) in-
oculation of CD-1 mice with 10°> PFU of VEEV (white circles, dashed
line) or EEEV (black circles, solid line). (C and D) Clinical score over
the disease course of mice infected subcutaneously with 10*> PFU of
VEEV (C) or EEEV (D). Clinical scores to assess signs of disease in
the mice were as follows: 0, healthy (white); 1, ruffled fur and behav-
ioral changes (hatched); 2, paresis or ataxia (crosshatched); 3, mori-
bund (gray); 5, dead (black). (E and F) Percent weight change over the
disease course of mice that were infected subcutaneously (E) or intra-
cerebrally (F) with 10° PFU of VEEV (white circles) or EEEV (black
circles). Data are representative of at least two independent experi-
ments.

Frequent seizures were observed in the latter stages of EEEV
infection without signs of paralysis, whereas seizures were
rarely observed in VEEV-infected counterparts.

We compared the neurovirulence of EEEV and VEEV in
the absence of a requirement for peripheral replication and
neuroinvasion, by introducing the virus inoculum intracere-
brally. Although both virus infections caused the mice to lose
weight within 24 h p.i. (Fig. 1F), EEEV-infected mice had a
dramatically shorter AST than did VEEV-infected mice (2.3 +
0.5 days versus 4.5 * 1.0 days, respectively; P = 0.007; Fig. 1B),
from which we infer that at similar doses EEEV is more neu-
rovirulent than VEEV.

Differential tissue tropisms of VEEV and EEEYV in vivo. To
reveal pathogenic correlates of the differential disease course
described above, we compared the replication and dissemina-
tion of VEEV and EEEYV in vivo following subcutaneous in-
oculation of 10° PFU per footpad. Serum and PBS-perfused
tissues were collected from virus-infected mice at various times
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p.i. to measure serum viremia and viral load within the DLN,
spleen, liver, muscle, bone aspirate, ankle joint, and brain.
Both the sites and the kinetics of EEEV and VEEYV replication
were found to be distinctly different (Fig. 2). Compared with
VEEV, which reached peak titers in serum and peripheral
tissues within 6 to 12 h p.i,, replication and spread of EEEV
within all the tissues were delayed by 18 to 24 h. It should be
noted that differential specific infectivity of VEEV versus
EEEV virions for BHK cells could influence comparative
plaque assay titers; however, all indications are that EEEV is
equally as infectious per particle as or more infectious per
particle than VEEV (Klimstra et al., unpublished), and there-
fore, in a direct comparison, EEEV titers tend to be slightly
overestimated relative to those of VEEV.

(i) DLNs. The DLN is a known site of early VEEV ampli-
fication, believed to be important for seeding of the primary
serum viremia and dissemination (24, 55). As expected, in our
study the VEEV ZPC738 strain replicated rapidly and exten-
sively in the popliteal LNs following subcutaneous inoculation
in the rear footpad, reaching peak titers of approximately 10°
PFU/LN within 12 h p.i. and gradually decreasing after 24 h p.i.
(Fig. 2A). However, on a per-LN basis, titers in EEEV-in-
fected mice barely exceeded the initial inoculum of 10° PFU by
18 h p.i. Thus, peak titers within the popliteal DLN of VEEV-
infected mice were over 100-fold higher than those in EEEV-
infected counterparts and were attained at least 6 h earlier.

(ii) Serum viremia. Viremic virus was detectable within 6 h
of VEEV infection, peaking by 18 h p.i. and then gradually
diminishing, to fall below the limit of detection (BLD) by 5
days p.i. (Fig. 2B). These data are consistent with previous
descriptions of early release of virus from the DLN, fueling of
the viremia by release from other infected tissues at later
times, and clearance coincident with the development of hu-
moral immunity (13). In contrast, the serum viremia in EEEV-
infected mice was delayed and not consistently evident until
24 h p.i., peaking 24 h later and then falling BLD by 72 h p.i.
Although peak levels of serum viremia were approximately
equal in the two virus infections as measured by plaque assay,
EEEYV viremia was of considerably shorter duration. Further-
more, the magnitude and timing suggested that replication in
the DLN was not a significant source of viremic virus during
EEEV infection.

(iii) Peripheral tissues. To examine replication of the two
viruses in the periphery, virus titers were determined for a
range of tissues (Fig. 2C to E). We initially focused on lym-
phoid and reticuloendothelial tissues, known to be major tar-
gets in VEEV infection (13, 24, 34), and consistent with these
previous reports, the ZPC738 VEEYV strain replicated exten-
sively within the spleen (Fig. 2C) and liver (data not shown),
peaking at 18 h p.i. and remaining elevated throughout the
course of infection. However, EEEV replication was delayed,
peaking ~72 h p.i. Although EEEV exhibited replication levels
as high as those of VEEV at 72 h p.i., these levels were not
maintained and viral loads were observed to be decreasing by
96 h p.i.

Detailed immunohistochemical and in situ hybridization
analyses performed by Vogel et al. (51) indicated that EEEV
preferentially infects cells of the mesenchymal lineage in pe-
ripheral tissues, including osteoblasts, fibroblasts, and myo-
cytes. Similarly in our studies, titration of virus from the epiph-
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FIG. 2. Replication and dissemination profiles of VEEV and EEEV differ in subcutaneously inoculated mice. CD-1 mice, infected with 103
PFU of ZPC738 VEEV (white circles) or FL.93-939 EEEV (black circles) subcutaneously in each rear footpad, were sacrificed at various times p.i.
Titers of virus from DLN (A), serum (B), spleen (C), ankle joint (D), bone aspirate (E), and brain (F) were determined. Values represent the
geometric mean virus titers (log,, PFU/ml or g) for three mice, determined on BHK cells, and are shown * standard deviations. Dotted line

denotes inoculum dose (A) or limit of detection (B to F).

yses and metaphyses of the femur (Fig. 2D) and bone marrow
aspirates (Fig. 2E) demonstrated efficient replication of EEEV
in these tissues 1 to 2 days p.i., peaking at levels similar to those
of VEEV although delayed by approximately 12 h. Both tissues
would be expected to contain a proportion of osteoblasts de-
rived from the periosteum and/or endosteum. Furthermore,
VEEV and EEEV replicated to equivalent levels in the gas-
trocnemius muscle (data not shown).

(iv) CNS. VEEV was detectable in the CNS as early as 6 h
p.i. and continued to accumulate throughout the course of
infection. EEEV was not detectable in the CNS until 24 h p.i.
but amplified rapidly, equaling VEEV titers by 48 h p.i. and
surpassing them by 100-fold at 96 h p.i. (Fig. 2F). Taken to-
gether, these data suggest that the lack of early disease signs in
EEEV-infected mice may be due to the sparing of lymphoid
tissues, with the extensive CNS replication accounting for the
rapid onset of disease, seizures, and death.

Early cellular targets for virus replication are distinctly
different. During the initial steps of VEEV spread from the site
of inoculation in the skin, DCs and macrophages are primary
targets for infection by inoculated VEEV particles and migrate
to the DLN following infection (34; Klimstra et al., unpub-
lished). These events have been characterized using viral rep-
licon particles which can undergo only one round of infection
and do not produce progeny virions, thus unequivocally mark-
ing early cellular targets (34, 39). While EEEV antigen is
found in the DLN early after inoculation, little viral RNA is
detectable, suggesting that replication is limited (51). We have
further demonstrated that infectious EEEV virion titers barely
surpass inoculum levels (Fig. 2A). To specifically examine and

quantify infection of cells at the site of inoculation and in the
DLN, CD-1 mice were inoculated subcutaneously in both rear
footpads with equal doses of packaged replicon particles, rep-
resentative of EEEV (EREP), VEEV (VREP), or SB
(SBREP), expressing fLUC from the subgenomic promoter of
the replicon genome as an infection reporter (Fig. 3A). At 8 h
p.i. (Fig. 3) and 48 h p.i. (data not shown), mice were injected
intraperitoneally with luciferin substrate and imaged (In Vivo
imaging system; Xenogen Corp.) to reveal the location of initial
cellular targets. In VREP-inoculated mice, signal appeared in
areas corresponding to the footpad, the DLN (popliteal), and
occasionally also the inguinal LN (Fig. 3B). Imaging of SBREP-
infected animals produced qualitatively similar results, al-
though signal intensity was generally reduced (data not
shown), consistent with the avirulent phenotype of wild-type
SB in adult mice (40). However, in EREP-inoculated mice,
dramatically lower levels of signal were emitted from the DLN,
with the majority of signal confined to the inoculation site in
the footpad (Fig. 3C). When popliteal LNs were harvested and
processed for in vitro fLUC activity assay, fLUC activity in
EREP-infected DLNs was significantly reduced compared to
that in both VREP- and SBREP-infected DLNs (~500-fold
and 100-fold lower, respectively; Fig. 3F). Thus, EREP is im-
paired in its ability to infect DLN cells during the first round of
replication compared with VREP and even compared with
replicons derived from nonpathogenic SB.

To further confirm these findings, popliteal LNs were col-
lected 8 h p.i. with GFP-expressing VREP or EREP and
viewed as whole organs by fluorescence microscopy (Fig. 3D
and E). Rare GFP-positive infected cells with DC-like mor-
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FIG. 3. EEEV replication within DLN cells is reduced compared to
that of VEEV. CD-1 mice were inoculated subcutaneously in each rear
footpad with EEEV-based (EREP) or VEEV-based (VREP) replicon
particles expressing a reporter of infection, GFP or fLUC. (A) Diagram-
matic representation of replicon genome and bipartite helper system. (B
and C) Mice infected with fLUC-expressing VREP (B) or EREP
(C) were inoculated intraperitoneally with luciferin substrate as described
in Materials and Methods and subjected to in vivo imaging at 8 h p.i. The
intensity of the luciferase signal is depicted by a pseudocolor map. All
animals were imaged for 2 s to prevent signal saturation. (D to F) DLNs
were dissected from these mice as well as SBREP-inoculated controls,
and fLUC activity was quantified by in vitro luciferase assay (F). Datum
points are presented as RLU per DLN = standard deviation where n =
8, and confidence limits are indicated. DLNs from mice similarly inocu-
lated with GFP-expressing VREP (D) or EREP (E) were harvested 8 h
p.i., flattened with a coverslip, and photographed using a Nikon inverted
fluorescence microscope to reveal GFP-positive cells.

phology were observed in the DLN of EREP-inoculated ani-
mals compared with almost confluent GFP expression in the
subcapsular sinus of DLNs from VREP-inoculated counter-
parts. These cells have previously been shown to be primarily
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FIG. 4. EEEV productively infects mesenchymal, but not myeloid,
lineage cells. Primary CD-1 bone marrow-derived DCs (A), RAW
264.7 monocytes/macrophages (B), primary CD-1-derived osteoblasts
(C), and BHK-21 fibroblasts (D) were infected with VEEV (white
circles) or EEEV (black circles) at equal MOIs (0.1). Titers of progeny
virus released into the supernatant were determined by plaque assay.
Values represent the geometric mean virus titers (log,, PFU/ml). Da-
tum points are shown = standard deviations where n = 3.

CDl1l1c*, CD11b™", and/or F4/80" myeloid lineage cells (Klim-
stra et al., unpublished).

Apparent restriction of virus tropism to mesenchymal, not
myeloid, lineage cells. To determine whether the relative in-
ability of EEEV to efficiently replicate within lymphoid tissues
is due to the inability to productively infect myeloid cells, we
infected CD-1 bone marrow-derived cDCs (Fig. 4A) and mac-
rophages (data not shown) or RAW 264.7 monocytes/macro-
phages (Fig. 4B) and measured progeny virion release over a
time course. Primary cDCs and macrophages were determined
to be almost completely refractory to EEEV infection but
permissive to infection by VEEV. Interestingly, the RAW
264.7 cell line exhibited low permissivity to EEEV infection,
although significantly less than that to VEEV infection, allow-
ing a gradual accumulation of progeny virions in the superna-
tant. In striking contrast, similar analyses in primary mesen-
chymal lineage osteoblasts (Fig. 4C) and BHK-21 fibroblasts
(Fig. 4D) revealed that both EEEV and VEEV replicated
efficiently. These data suggest that EEEV has a greatly re-
duced capacity to productively infect myeloid lineage cells in
vitro, consistent with in vivo observations. However, infectivity
for mesenchymal lineage cells, including osteoblasts, which
have been identified as a predominant infected cell type in vivo
(51), appears to be unimpaired or even enhanced compared
with that of VEEV.

Replication block occurs before subgenomic RNA transla-
tion but after entry and uncoating. To determine the nature of
this restricted tropism, we utilized alphavirus replicons to in-
vestigate infectivity and segregate steps in the virus replication
cycle. Expression of the reporter protein (GFP or fLUC) from
the 26S subgenomic RNA is indicative that the following steps
in replication have occurred: binding/entry and uncoating of
the replicon genome, translation of the replicon genome to
produce the nsPs, synthesis of negative-sense template RNA,
and synthesis and translation of the subgenomic RNA.
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FIG. 5. The restricted tropism of EEEV for myeloid lineage cells is not mediated by the virus-receptor interaction. (A and B) Cells of the
mesenchymal (A) (represented by BHK-21 fibroblasts) or myeloid (B) (represented by RAW 264.7 monocytes/macrophages) lineage were infected
at equal multiplicities (MOI = 1) with GFP-expressing parental or chimeric replicon particles and photographed using a fluorescence microscope
to reveal GFP-positive cells. Replicons are as follows: VEEV replicon genome with VEEV structural proteins (VREP/Vgp) or EEEV structural
proteins (VREP/Egp), SB replicon genome with SB structural proteins (SBREP/SBgp), and EEEV replicon genome with EEEV structural
proteins (EREP/Egp) or SB structural proteins (EREP/SBgp). Inset panels for EREP/Egp and EREP/SBgp depict infection at 100-fold-higher
MOIs than those of other infections. (C and D) Parallel experiment in which fibroblasts (C) or CD-1-derived cDCs (D) were infected with
fLUC-expressing parental and chimeric replicons: VREP/Vgp (white bars), SBREP/SBgp (gray bars), EREP/Egp (black bars), VREP/Egp
(horizontally hatched bars), and EREP/SBgp (diagonally hatched bars). Cells were harvested for luciferase activity assay at various times p.i.
Values represent the geometric mean fLUC activities (log;, RLU/pg). Datum points are shown * standard deviations where n = 3. For panel D,
a single asterisk indicates that VREP/Egp is not significantly reduced compared with VREP/Vgp (P > (.5) and a double asterisk indicates that
EREP/SBgp is not significantly increased versus EREP/Egp (P > 0.5); EREP/Egp values are significantly reduced compared with those for
SBREP/SBgp and VREP/Vgp at all time points (P < 0.01).

All three replicons replicated efficiently in mesenchymal lin-
eage cells (represented by fibroblasts) as indicated by expres-
sion of GFP (Fig. 5A) and fLUC (Fig. 5C), although expres-
sion from SBREP was typically lower per cell. However,
whereas both SBREP and VREP replicated within the myeloid
cells (represented by RAW 264.7 macrophages), EREP in-
fected these cells with dramatically lower efficiency (Fig. 5B
and D). By 8 h p.i, expression of the reporter in SBREP-
infected RAW 264.7 cells was reduced compared to that in
cells infected with VREP, similar to BHK-21 cells, presumably
reflecting a reduced ability of genomic replication or transla-

tion of the subgenomic RNA. We extended these observations
to survey infectivity for other myeloid cell types including pri-
mary murine cDCs and macrophages (CD-1 derived), primary
human DCs, and the human monocytic THP-1 cell line and
observed that EEEV-based replicons possessed little to no
infectivity for any myeloid lineage cell type tested, whereas
VEEYV replicons infected all types efficiently (data not shown).
In contrast, we observed that EEEV replicons were highly
infectious for all mesenchymal lineage cells tested, including
primary CD-1 osteoblasts, the osteoblastic MC3T3 cell line
(both undifferentiated and differentiated), DF-1 chicken fibro-
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FIG. 6. Translation of an EEEV-based reporter RNA is dramati-
cally reduced in myeloid lineage cells. (A) Diagrammatic representa-
tion of in vitro-transcribed reporter RNA expressing fLUC. (B and C)
Cells of the mesenchymal (B) (represented by BHK-21 fibroblasts) or
myeloid (C) (represented by RAW 264.7 monocytes/macrophages)
lineage were electroporated with equal concentrations of RNA report-
ers based upon the genomes of VEEV (white bars), SB (gray bars), or
EEEV (black bars). Cells were harvested for luciferase activity assay at
various times p.i. Values represent the geometric mean fLUC activities
(log,o RLU/png). Datum points are shown = standard deviations where
n = 3. In panel C, a single asterisk indicates that translation of SB
RNA reporter is significantly reduced compared with that of VEEV
reporter (P < 0.01) and a double asterisk indicates that translation of
EEEV reporter is significantly reduced compared with that of VEEV
and SB reporters (P < 0.01).

blasts, and Chinese hamster ovary (CHO K1) cells (data not
shown).

To determine whether the apparent block in replication of
EEEV in myeloid cells was due to binding, entry, and/or un-
coating, chimeric replicon particles were produced in which the
reporter-expressing replicon genome of one alphavirus was
coated with the structural proteins of another (38; Klimstra et
al., unpublished). The infectivities of chimeric replicons with
the VREP genome encapsidated in the EEEV structural pro-
teins (VREP-Egp) or the EREP genome encapsidated in the
SB structural proteins (EREP-SBgp) were comparable to
those of the respective replicon particles packaged in homol-
ogous structural proteins (VREP-Vgp and EREP-Egp) in
BHK-21 fibroblasts (Fig. SA and C), indicating that packaging
in heterologous structural proteins did not produce defective
virions. Furthermore, the VREP-Egp chimeric replicon was
not impaired in binding, entry, and uncoating events in RAW
264.7 cells compared to VREP-Vgp, from which we infer that
the VREP genome was delivered into the cytoplasm of my-
eloid cells with equal efficiency by the EEEV and by the VEEV
structural protein coats (Fig. 5B and D). However, the infec-
tivity of EEEV for RAW 264.7 cells was not restored by pack-
aging EREP genomic RNA in SB structural proteins (EREP-
SBgp). Similar findings were made for primary CD-1-derived
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FIG. 7. EEEV genome translation is blocked in myeloid lineage
cells following introduction of the genome by infection. (A) Diagram-
matic representation of the EREP-nsP3-fLUC replicon genome.
(B) EEEV replicon particles containing this genome were packaged in
the standard EEEV structural protein coat (Egp) and used to infect
BHK-21 fibroblasts (black circles), primary osteoblasts (white circles),
or RAW 264.7 macrophages (black squares) at an MOI of 1. Cells were
harvested for luciferase activity assay at various times p.i. Values rep-
resent the geometric mean fLUC activities (log,, RLU/pg). Datum
points are shown * standard deviations where n = 3.

DCs and macrophages (data not shown). We conclude that (i)
EEEV infectivity for myeloid cells is restricted after binding,
entry, and uncoating and is therefore not controlled at the level
of the virus-receptor interaction; (ii) the point of restriction
occurs prior to translation of the subgenomic message; and (iii)
the restricted tropism phenotype of EEEV cosegregates pre-
dominantly with the 5’ and 3’ cis-acting sequence elements
(CSEs) and nsP sequences, not with the structural protein
genes.

Replication block occurs at the level of genome translation.
To facilitate sensitive detection of early genome translation,
the next step after uncoating of the nucleocapsid, we have
previously generated EEEV-, VEEV-, and SB-based RNA
translation reporter constructs (43, 49). These in vitro-tran-
scribed reporter RNAs include the m’G cap structure, the 5’
and 3’ NTRs, and the poly(A) tract of the virus genome and
encode a truncated nsP1 protein (retaining important CSEs)
fused in frame to the fLUC reporter protein (depicted in Fig.
6A). When transfected into permissive cells, reporter RNAs
are translated, producing nsP1/fLUC fusion protein as an in-
dicator of translation from the incoming genome (43, 49).
Here, we investigated whether the infectivity of EEEV for
myeloid lineage cells was restricted at the level of genome
translation by transfecting equal amounts of reporter RNA
into mesenchymal (BHK-21) and myeloid (RAW 264.7) lin-
eage cells. Whereas in vitro-transcribed EEEV-, VEEV-, and
SB-based reporter RNAs were all translated with similar effi-
ciencies in BHK-21 fibroblasts (Fig. 6B), translation of the
incoming EEEV-based RNA was reduced by 50- to 100-fold
compared to that of VEEV- and SB-based reporters in RAW
264.7 macrophages (Fig. 6C) and in primary ¢cDCs (data not
shown).

To confirm these findings when the genome is introduced
into the cell by infection as opposed to transfection, we gen-
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erated a novel replicon genome cDNA in which the fLUC gene
is inserted into the nonconserved region of nsP3 (depicted in
Fig. 7A), similar to the approach used by Rice and coworkers
to create an nsP3-fLUC SB virus (10). As for conventional
replicons, the nsP3-fLUC replicon genome can be packaged
into self-replicating, propagation-incompetent replicon parti-
cles in order to evaluate translation of the incoming genomic
RNA delivered to the cytoplasm by infection. The nsP/fLUC
polyprotein is immediately translated from the incoming ge-
nome without a requirement for negative-strand or sub-
genomic RNA synthesis. However, once the genome is repli-
cated, additional nsP/fLUC polyprotein is translated from the
progeny genomes. The nsP3-fLUC replicon also expresses
GFP under the control of the subgenomic promoter which
requires RNA replication for expression, and comparison to
conventional GFP-expressing EREP infection demonstrated
that the replication of the nsP3-fLUC EREP was not signifi-
cantly impaired by insertion of the fLUC gene (data not
shown). Infection of BHK-21 fibroblasts with nsP3-fLUC
EREP resulted in the rapid production of fLUC, demonstrat-
ing efficient translation of incoming and subsequently progeny
genomes, and a similar, albeit lower-level, accumulation of
fLUC activity was observed in infected primary osteoblasts
(Fig. 7B). In contrast, little or no evidence of fLUC production
was detected in RAW 264.7 macrophages, further supporting
the hypothesis that EEEV infection of myeloid lineage cells is
dramatically restricted at the level of genome translation com-
pared to VEEV and SB and compared to EEEV infection of
mesenchymal lineage cell types.

Restricted tropism is not controlled by IFN-o/B-mediated
pathways. Although both VEEV and SB infect murine DCs
and macrophages in vivo (20, 34, 42, 44) and in vitro (36,
42-44, 55), the permissivity of these cells to infection by SB,
and to a lesser extent by VEEV, is controlled by IFN-o/B
(4244, 55). We have demonstrated previously that the ability
of SB to productively infect myeloid cells in vitro and in vivo is
controlled by IFN-o/p via PKR and PKR/RNase L-indepen-
dent “alternative” pathways that inhibit translation of the
genomic RNA (4244, 49). Accordingly, we reasoned that the
impaired translation of the EEEV genome within myeloid cells
might be due to increased sensitivity to IFN-o/B and/or PKR or
RNase L. Mice deficient in PKR, RNase L, and Mx (triply
deficient [TD]) or the IFN-a/p receptor (IFNAR1 /") and
129/Pas congenic controls were inoculated with EREP, VREP,
or SBREP expressing fLUC, and the popliteal LNs were har-
vested at 8 h p.i. for in vitro fLUC assay (Fig. 8). Neither the
absence of PKR/RNase L nor that of IFN-o/B signaling re-
stored replication of EREP within the DLN (Fig. 8A and B),
although extensive replication was observed at the site of in-
oculation in the footpad by use of the In Vivo imaging system
(data not shown). VREP displayed the highest infectivity re-
gardless of the presence or absence of PKR/RNase L or the
IFN-o/B receptor (Fig. 8A), whereas the absence of PKR/
RNase L caused a significant increase in SBREP fLUC signal
in the DLN compared to that for control mice (Fig. 8B), in
keeping with our previous findings (44).

To confirm in vivo data, we generated primary DCs and
macrophages deficient in components of the type I IFN path-
way from IFNAR1~/~ and TD mice. Like CD-1-derived cells,
cDCs derived from 129/Pas mice were permissive to VEEV

J. VIROL.

infection but almost completely refractory to EEEV as mea-
sured by the release of progeny virions (Fig. 8C). In this ex-
periment, cDC cultures were infected at a low multiplicity
(MOI, 0.1 PFU/cell), and consequently these cells were also
refractory to productive infection by SB. In the absence of
IFN-a/B receptor-mediated signaling, susceptibility to VEEV
and particularly to SB infection was increased. However, prog-
eny virion production from EEEV-infected 129/Pas cDCs ver-
sus that from IFNAR1~/~ ¢DCs was not significantly altered.
Infection of ¢DC cultures with fLUC-expressing SBREP and
EREDP particles revealed that, while SB replication and/or sub-
genome translation was significantly enhanced in the absence
of PKR/RNase L or IFN-a/f receptor-mediated signaling,
confirming our previous findings (44), these cells remained
refractory to EEEV infection (Fig. 8D). Finally, we confirmed
that the block on translation of incoming and progeny EEEV
genomes was not alleviated in the absence of IFN-o/B-mediated
signaling and/or PKR/RNase L by infecting these cells with the
nsP3-fLUC EREP (Fig. 8E) and detected little production of the
fLUC-fused nonstructural polyprotein through 24 h p.i. (compare
to translation in mesenchymal cells in Fig. 7B).

Taken together, these data indicate that IFN-o/p signaling-
dependent antiviral responses suppressed the production of
progeny virions during SB, and to a lesser extent VEEV, in-
fection of normal cells. However, infectivity of EEEV in my-
eloid lineage cells and lymphoid tissue was not restored by the
absence of PKR, RNase L, or IFN-«/B-inducible antiviral ef-
fectors in vivo or in vitro.

IFN-o/B cytokine induction in vivo. To investigate whether
a differential IFN-o/B induction profile resulted from differen-
tial tissue and cell tropisms, sera were assayed for systemic type
I IFN using a biological IFN-«/B assay. Confirming previous
findings (13, 55), systemic IFN-o/B release was detectable
within 12 h p.i. in VEEV-infected mice, with peak levels of 10°
IU/ml of serum at 18 h p.i. (Fig. 9). In contrast, only one
EEEV-infected mouse had detectable circulating IFN-o/p at
48 h p.i. and at a level barely above the limit of detection. Thus,
peak IFN-o/B levels in VEEV-infected mice were over 1,000-
fold higher than those in EEEV-infected counterparts.

DISCUSSION

Early events in the course of alphavirus infection are critical
to the eventual outcome and severity of disease, involving
intricate interactions between the virus, DCs, and the antiviral
innate immune response. VEEV, in particular, has a strong
tropism for lymphoid tissues that is the result of its predilection
for infecting DCs and macrophages (34, 36; Klimstra et al.,
unpublished), and infection of these cells appears to be pivotal
to many aspects of the VEEV pathogenesis pathway. DCs are
infected at the site of inoculation and commandeered by the
virus as a means to access the DLN, the earliest site of virus
amplification and source of the primary serum viremia (34).
VEEV mutants that are impeded in their ability to complete
this step are attenuated in vivo (6, 9, 24, 34, 55). During
subsequent steps in the pathogenic sequence, DCs and mac-
rophages are believed to serve as reservoirs for virus replica-
tion and the source of the nonspecific proinflammatory re-
sponse.

Over the years, studies have anecdotally alluded to the fact
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FIG. 8. The absence of IFN-o/f pathway components neither restores
EEEYV infectivity for DLN cells in vivo nor alleviates the restriction on

EEEV productive infection and genome translation in myeloid lineage
cells in vitro. (A and B) Mice lacking PKR, RNase L, and Mx (TD); mice
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FIG. 9. EEEV infection does not result in systemic induction of
IFN-o/B in vivo. CD-1 mice were inoculated subcutaneously with 10°
PFU of EEEV (black bars) or VEEV (white bars), and serum was
collected at intervals p.i. Serum levels of IFN-a/f were measured by
bioassay. Values represent the geometric mean cytokine levels (log;,
IU/ml of IFN-o/B) for three mice and are shown = standard deviations
where n = 3. The limit of detection for each data set is indicated by the
dotted line.

that EEEV does not display the same degree of lymphotropism
that VEEV does in rodents (37, 51), but it preferentially infects
fibroblastic and osteoblastic cells of the mesenchymal lineage
(27, 51). By comparing the two virus infections directly, we
have demonstrated that EEEV replication in lymphoid tissues
is severely restricted compared with that of VEEV; indeed,
EEEV titers in the DLN barely surpassed the initial inoculum
dose. Using nonpropagative replicon particles expressing
fLUC and in vivo imaging, we observed that EEEV replication
in DLN tissues was greatly reduced compared to that of
VEEV. Moreover, we noted that SB-based replicons, derived
from a virus that is extremely sensitive to IFN-o/B and there-
fore avirulent for adult animals (42, 44), also were significantly
more infectious for DLN cells than were EEEV-based repli-

lacking IFN-a/B receptor-mediated signaling (IFNAR1™/7); or normal
congenic controls (129/Pas) were inoculated subcutaneously in each
rear footpad with equal doses of EREP (black bars in panels A and B),
VREP (white bars in panel A), or SBREP (hatched bars in panel B)
replicon particles expressing fLUC. Data comparing EREP to VREP
(A) and EREP to SBREP (B) are presented in separate panels as
these were independent experiments. For panels A and B, DLNs were
harvested at 8 h p.i. and fLUC activity was quantified by in vitro
luciferase assay. Datum points are presented as RLU per DLN =
standard deviation where n = 8. (C) Primary ¢cDCs generated from
129/Pas (black bars) or IFNAR1 ™/~ (white bars) mice were infected
with EEEV, SB, or VEEV at equal MOIs (0.1). Titers of progeny virus
released into the supernatant were determined by plaque assay. Values
represent the geometric mean virus titers (log,, PFU/ml) at 48 h p.i. =
standard deviation where n = 3 and confidence limits are indicated.
(D) Primary ¢cDCs generated from 129/Pas (black bars), TD (hatched
bars), or IFNAR1~/~ (white bars) mice were infected with fLUC-
expressing EREP or SBREP conventional replicon particles (MOI, 1).
Cells were harvested for luciferase activity assay at 24 h p.i. Values
represent the geometric mean fLUC activities (log,, RLU/ug) = stan-
dard deviations where n = 3, and confidence limits are indicated. (E)
Primary cDCs derived from 129/Pas (black circles), TD (white circles),
or IFNAR1/~ (black squares) mice were infected with EREP-nsP3-
fLUC replicon particles (MOI, 1). Cells were harvested for luciferase
activity assay at various times p.i. For panels C to E, values represent
the geometric mean fLUC activities (log;, RLU/ug) = standard devi-
ations where n = 3. A single asterisk in panel E indicates that there was
no significant elevation of fLUC activity in the absence of PKR/RNase
L or the IFN-a/B receptor versus 129/Pas control cells (P > 0.5).
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cons. When considered in combination with the observation
made by Vogel et al. (51) that little EEEV replication was
observed in the DLN by in situ hybridization, it is evident that
the tropism of EEEV is altered compared to that of VEEV
and SB.

We hypothesize that the relative inability of EEEV to infect
migratory cells of the immune system, and thereby access and
amplify within the DLN, causes a “bottleneck” in the early
stages of the pathogenesis pathway and contributes to the
delay in establishment of viremia and seeding of tissues distal
to the inoculation site. However, low-level primary viremia
from inoculation site capillaries and/or the limited replication
observed in the DLN presumably is sufficient to seed mesen-
chymal lineage cells such as osteoblasts, which are accessible
from the bloodstream and appear to be the major site of
EEEV amplification in peripheral tissues (51). Since blood-
borne virus titers far exceed replication levels in the lymphoid
tissues, it is likely that these mesenchymal cells are the source
of the amplified, secondary viremia, necessary for EEEV to
neuroinvade, as speculated previously (27, 51). Interestingly,
whereas VEEV primarily invades the CNS via the olfactory
neuroepithelium (14, 45), EEEV appears to directly cross the
blood-brain barrier, while sparing the olfactory epithelium and
bulb (51). We speculate that VEEV may infect DCs lining the
nasal passages as a means of accessing olfactory neurons, but
the restricted tropism of EEEV may necessitate the use of an
alternate neuroinvasive pathway.

In keeping with observations of in vivo tropism, EEEV rep-
licated at least as efficiently as did VEEV in a range of primary
and immortalized mesenchymal lineage cell types, including
osteoblasts and fibroblasts. However, whereas VEEV also rep-
licated efficiently in myeloid lineage cells such as ¢cDCs and
macrophages, EEEV exhibited little or no infectivity for these
cell types. We considered first that the cell tropism restriction
of EEEV might be controlled at the level of binding and entry,
as the virus-receptor interaction is the most commonly de-
scribed determinant of alphavirus tropism and virulence. Ad-
aptation to heparan sulfate (HS) binding in vitro, for example,
is associated with attenuation (9, 29, 47) and reduced infectiv-
ity for DCs in vivo (34). Further supporting this hypothesis, we
have recently demonstrated that, unlike other alphaviruses,
wild-type EEEV strains bind HS (Klimstra et al., unpublished).
However, in chimeric replicon particles the EEEV structural
proteins delivered the VEEV genome to myeloid cells as effi-
ciently as did the VEEV or SB structural proteins, from which
we infer that the tropism restriction occurs after attachment,
entry, and uncoating steps have been accomplished. It remains
possible, however, that while the virus-receptor interaction is
not primarily responsible for the impediment to replication
in DCs in vivo or at all in vitro, HS binding of EEEV virions
may also affect the appearance of infected migratory cells in
the DLN.

Once released into the cytoplasm, the positive-sense genome
of an alphavirus is a multifunctional molecule serving first as
an mRNA for the production of the nonstructural polyprotein
and subsequently as a transcription template for synthesis of
negative-sense RNA replicative intermediates (48). Like cel-
lular mRNAs, capped, polyadenylated alphavirus genomes as-
sociate with the cellular cap-binding protein, eIF4E (8). Al-
though subsequent steps have not been elucidated, we assume
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that translation initiation proceeds as for cellular mRNAs with
assembly of the eIF4F complex, recruitment of the 40S ribo-
somal subunit, scanning to the initiation codon, and recruit-
ment of the 60S ribosomal subunit. Interestingly, our data
indicate that an early and profound block on EEEV infectivity
for myeloid lineage cells occurs at the level of translation of the
incoming viral message (and presumably also translation of
progeny genomes), suggesting that the efficiency with which
this essential first step in the virus life cycle is completed might
contribute significantly to cell and/or tissue tropism. Specifi-
cally, we interpret our data to indicate that (i) translation of
the EEEV genome occurs with much greater efficiency in mes-
enchymal than in myeloid cells; (ii) translation of the VEEV
(and SB) genome occurs with similar efficiencies in mesenchy-
mal and myeloid cells; and (iii) as the in vitro-transcribed
translation reporter RNAs possess only the 5" and 3" CSEs of
the genome flanking the fLUC gene, the translation potential
of the genome in myeloid versus mesenchymal cells is dictated
by the nucleotide sequence of these regions. Provocatively,
recent studies have demonstrated that levels and activity of
translation machinery components are influenced by cell type,
affecting permissivity to SB infection (15), and thus, we spec-
ulate that differences in the translational environment between
myeloid and mesenchymal cell types affect the stability of the
EEEV genome or the efficiency with which it is translated. In
contrast, translation of the VEEV and SB genomic RNAs is
unaffected in the myeloid environment.

Although sequence homology between alphaviruses is not
particularly evident in the genome termini, both the 5’ and 3’
CSE regions are predicted to form highly conserved, secondary
structures (19, 57). In particular, the M-fold algorithm predicts
four stem-loop structures within the 5" 220 nt. Deletion or
disruption of each of these predicted stem-loop structures in
SB affects negative-sense RNA synthesis and the efficiency of
progeny genome synthesis (19), and mutations in the first stem-
loop affect IFN-«/B sensitivity of VEEV in vitro and virulence
in vivo (55). However, little attention has been paid to the role
of these secondary structures in genome stability, efficiency of
translation, or determination of cell tropism. Perhaps differ-
ences in the folding of the stem-loops alter RNA stability,
affinity for eIF4E or another translation factor, or the ability of
the genome to circularize. It has been demonstrated that
elF4E binds with significantly lower affinity to the alphavirus
genome than to the subgenomic capped mRNA (8) and that
the requirement for specific translation initiation factors differs
between these molecules (11). This suggests that the specific
alphavirus RNA structure can alter interaction with translation
initiation factors. Differences in infectivity among closely re-
lated strains of another mosquito-borne RNA virus, dengue
virus, have been shown to correlate with efficiency of transla-
tion of input viral RNA (18).

We have demonstrated previously, and confirmed in this
study, that the ability of SB to replicate in DCs and macro-
phages is restricted in adult mice and in cultured primary cells
in vitro (42-44). This apparent restriction in cell tropism is
controlled by the sensitivity of SB to the antiviral activity of
type I IFN via a combination of PKR-dependent pathways and
IFN-a/B-receptor  signaling-dependent, PKR-independent
pathways (43, 44). Thus, in the absence of the type I IFN
receptor SB replicates systemically in DCs and macrophages in
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vivo and in primary cultures of these cells in vitro. Both con-
stitutively expressed PKR and IFN-o/B priming independent
of PKR dramatically diminish translation of the SB, VEEV,
and EEEV genomes in otherwise permissive cells (49), and
therefore, we tested the hypothesis that components of the
type I IFN pathway might differentially inhibit EEEV transla-
tion in myeloid cells. However, our data seem to rule out the
involvement of PKR or other IFN-o/B-inducible antiviral ef-
fectors in the restricted tropism, both in vivo and in vitro, as
infectivity for myeloid lineage cells was not restored in the
absence of PKR or IFN-o/B receptor-mediated signaling.

As both VEEV and EEEV remain virulent in the face of an
intact, functional IFN-o/B system, it is clear that these viruses
can evade and/or disable components of the IFN-o/B response.
VEEV infection results in the rapid and high-level induction of
type I IFN and proinflammatory cytokines in the DLN and
spleen (23), from both infected and neighboring cells (31).
Systemic type I IFN is known to rapidly induce the transcrip-
tion of IFN-stimulated genes in peripheral tissues and in the
CNS (52). Among the IFN-stimulated genes induced are some
that we have recently demonstrated to possess strong antiviral
activity against SB (56). However, although the IFN-o/B re-
sponse diminishes the virulence of wild-type VEEV, slowing
viral replication and dissemination and increasing the survival
time of infected animals by several days, it cannot control
infection sufficiently to confer protection (25, 55), indicating
that VEEV possesses partial resistance to the IFN-o/B-in-
duced antiviral state. In contrast, we have demonstrated that
EEEYV infection induces little or no systemic IFN-o/B release
in vivo. Taken in conjunction with the findings of Aguilar et al.
(3) that EEEV becomes attenuated in an environment in
which IFN-o/B is induced, it appears that the induction of
IFN-«/B is avoided during EEEV infection as an alternative to
antagonizing IFN-o/B signaling or effector function. Further-
more, in the absence of type I IFN induction during early
peripheral replication, the CNS environment may be relatively
unprepared and unprotected against the invading virus, per-
haps contributing to the rapid replication of EEEV in the CNS
and extreme neurovirulence compared with VEEV.

It has recently been demonstrated that expression of the
EEEV capsid protein results in the arrest of cellular transcrip-
tion (2, 4, 22). Thus, we propose that EEEV possesses at least
two mechanisms acting in concert by which the induction of
type I IFN is suppressed and/or avoided: (i) failure to replicate
in myeloid cells, particularly DCs, results in reduced virus
replication in lymphoid tissues and therefore less activation of
both infected and neighboring immune system sentinel cells
and (ii) expression of the capsid protein within those cells that
are productively infected including fibroblasts, osteoblasts, and
the occasional DC or macrophage further suppresses re-
sponses. This hypothesis is in keeping with recent findings by
Basler and colleagues in which a capsid deletion mutant of
EEEV was found to be attenuated in vivo (2). EEEV antago-
nizes the induction of IFN-a/B from infected cells (e.g., osteo-
blasts) and avoids the stimulation of the major IFN-producing
cells by not infecting them. Interestingly, the capsid protein of
VEEV is similarly described to shut off cellular transcription in
infected cells in vitro (21, 22), but nevertheless this virus in-
duces substantial IFN-a/B secretion in vivo (Fig. 9) (13), from
both infected and uninfected cells in lymphoid tissues (31).
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Finally, we believe that our findings have import for both
the design of acute-phase therapeutics and vaccines against
EEEV. As EEEV appears to evade the type I IFN antiviral
response by a program of avoiding and suppressing induction
of this cytokine, it seems likely that acute-phase therapy during
EEEV infection could be achieved using IFN-o/f or an in-
ducer, particularly if given during the early stages of infection.
It is anticipated that such therapies would be significantly more
efficacious in ameliorating EEEV than VEEV disease. More-
over, we hypothesize that since DCs are major IFN-o/p pro-
ducers and pivotal to IFN sensitivity to SB, attenuated and
immunogenic virus vaccine candidates could be produced by
genetically manipulating EEEV to infect these cells.
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