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Artificial target sequences for tissue-specific miRNAs have recently been introduced as a new means for altering the tissue tro-
pism of viral replication. This approach can be used to improve the safety of oncolytic viruses for cancer virotherapy by restrict-
ing their replication in unwanted tissues, such as the liver. Semliki Forest virus (SFV) is a positive-strand RNA virus and, similar
to the related alphaviruses, like Sindbis virus, has potential as a gene therapy vector and an oncolytic virotherapy agent, but this
potential is limited by the neurovirulence of these alphaviruses. Here, we have generated a replicative SFV4 carrying six tandem
targets for the neuron-specific miR124 between the viral nonstructural protein 3 and 4 (nsp3 and nsp4) genes. When adminis-
tered intraperitoneally into adult BALB/c mice, SFV4-miRT124 displayed an attenuated spread into the central nervous system
(CNS) and greatly increased survival. Peripheral replication was not affected, indicating neuron-specific attenuation. Moreover,
a strong protective SFV immunity was elicited in these animals. Intracranial infection of adult mice with SFV4-miRT124 showed
greatly reduced infection of neurons in the brain but led to the infection of oligodendrocytes in the corpus callosum. Taken to-
gether, our data show that miR124-mediated attenuation of neurovirulence is a feasible and promising strategy for generating

safer oncolytic alphavirus virotherapy agents.

MicroRNAs (miRNAs) are small noncoding RNA molecules
that have important regulatory roles in gene expression by
targeting mRNAs for cleavage or translational repression. Incom-
plete sequence complementarity between the miRNA and the tar-
get mRNA can induce translational repression without mRNA
degradation, whereas a higher degree of sequence complementa-
rity leads to catalytic degradation of the target mRNA (1). The
human genome encodes more than 1,000 miRNAs, and over 50%
of cellular mRNAs have been estimated to be under miRNA reg-
ulation (2). miRNAs have important regulatory roles in develop-
ment, cell proliferation, differentiation, apoptosis, and stress re-
sponses, explaining why dysregulation of miRNA expression is
associated with many diseases, most notably cancer (3).

miRNA targeting has recently been used to modify replicative tro-
pism of both RNA and DNA viruses (4-10). By tissue-specific target-
ing the expression of viral genes that account for viral replication/
pathogenicity, it is possible to generate rationally attenuated live
vaccine viruses and safer oncolytic viruses for the treatment of cancer.
For example, Edge et al. developed a tumor-specific vesicular stoma-
titis virus (VSV) by inserting 3 copies of Let7 miRNA target elements
in the 3" untranslated region of the VSV genomic RNA (5). Likewise,
by inserting four copies of muscle-specific miRNA target elements
into the coxsackievirus A21 genome, Kelly et al. could prevent lethal
myositis developing in mice infected with the miRNA-targeted cox-
sackievirus A21 without compromising the tumor cell-killing po-
tency of this virus (7).

Semliki Forest virus (SFV) is an enveloped positive-strand
RNA virus of the family Togaviridae. The natural hosts of SFV
include small wild animals, birds, and nonhuman primates, while
the vectors are usually mosquitoes of the Aedes subspecies. Several
strains of SFV exist. Strains such as SFV4 and L10 (the prototype
SEV) are highly neurovirulent in mice of all ages, causing fatal
encephalitis (11). In contrast, the avirulent strain A7(74) shows
age-dependent neurovirulence, being lethal only to neonatal mice
(12, 13). In the central nervous system (CNS) of older mice, the
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replication and spread of A7(74) are attenuated, and the infection
remains asymptomatic. Human SFV infections are associated
with a disease characterized by headache, fever, myalgia, and ar-
thralgia of variable severity (14, 15). One fatal case of SFV enceph-
alitis in a laboratory worker has been reported (16).

Replication-competent SFV vectors based on A7(74) have
been considered promising tools for cancer virotherapy (17-19).
Since SFV is neurotropic, infecting cells of the CNS, it has been of
particular interest in virotherapy of brain tumors (see references
20 and 21). As an example of the potential of SFV vectors in the
treatment of gliomas, Heikkili et al. showed that systemically ad-
ministered oncolytic SFV vector derived from the strain A7(74)
could efficiently eradicate orthotopic human glioma xenografts in
nude mice (20).

However, to further increase the safety of SFV-based viro-
therapy, additional measures to restrict SFV replication in the
CNS are needed. One such measure is the protection of neurons.
To address this issue, we have generated novel miRNA-targeted
SEV vectors by inserting into their genomes multiple target ele-
ments for the neuron-specific miR124. SFV4 carrying liver-spe-
cific miR122 was used as a control. To summarize, we found that
the novel miR124-targeted SFV4 virus showed attenuated neuro-
virulence in adult BALB/c mice, while retaining peripheral repli-
cation potency similar to that of the miR122 target-carrying con-
trol virus.
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MATERIALS AND METHODS

Construction of miRNA-targeted replication competent SFVs. pSP6-
SFV4, a plasmid containing the genomic sequence of SFV4, was modified
by creating a novel Ndel site (CATATG) upstream (starting at 5,514 nu-
cleotides [nt]) of the sequence coding for the protease cleavage site (CTA
GGCCGCGCGGGTGCA) located between the nonstructural protein 3
and 4 (nsp3 and nsp4) coding regions. A synthetic DNA sequence includ-
ing duplicated sequence coding for the protease cleavage site and se-
quences for six target elements for miR122 or miR124 was inserted be-
tween the upstream naturally existing Xhol (CTCGAG; starting at 5,304
nt) site and the novel Ndel site, resulting in a plasmid carrying six miRNA-
target elements flanking by sequences coding for the protease cleavage
sites. Full sequences of the miRNA-targeted viruses are available upon
request.

Cell cultures and viruses. Human hepatocellular carcinoma cell line
Huh7, human cervical cancer cell line HeLa, human embryonal carci-
noma cellline Tera-2, and human primary glioblastoma cell line U87 were
cultured in Dulbecco’s modified Eagle’s medium (DMEM; Sigma-Al-
drich, St. Louis, MO) with 10% fetal calf serum (FCS; Life Technologies,
Carlsbad, CA), 1% r-glutamine, and 1% penicillin-streptomycin at 37°C,
5% CO,. The Syrian hamster kidney fibroblast cell line BHK-21 was
cultured in DMEM supplemented with 10% FCS (Autogen Bioclear, Wit-
shire, United Kingdom), 1% L-glutamine (Sigma-Aldrich), 1% penicillin-
streptomycin (P0781; Sigma-Aldrich), and 2.98 g/500 ml 2-[4-(2-hy-
droxyethyl)piperazin-1-yl]ethanesulfonic acid (HEPES; Sigma-Aldrich)
at 37°C, 5% CO,. The African green monkey kidney epithelial cell line
Vero(B) was cultured in DMEM supplemented with 5% FCS, 1% L-glu-
tamine, 1% penicillin-streptomycin, and HEPES at 37°C, 5% CO,.

Preparation of replication competent SFVs has been described previ-
ously (22). Briefly, wild-type SFV4 or viruses carrying miRNA target ele-
ments were produced from in vitro transcribed RNA by transfection into
the BHK-21 cell line. Quantification of viruses was done by plaque titra-
tion in the Vero(B) cell line.

For virus titration of mouse tissues, one half of each brain and a part of
each liver were snap-frozen in liquid nitrogen and stored at —70°C until
homogenized in 1% bovine serum albumin (BSA)-phosphate-buffered
saline (PBS) for virus titration. The homogenate was centrifuged at
4,500 X gat +4°C for 5 min, and the supernatant was used for titration.
Blood samples were drawn from mice immediately after euthanasia, and
the serum was separated using Microvette 500 Z-gel tubes (Sarstedt,
Numbrecht, Germany). Titration was done as described above with a
plaque analysis in Vero(B) cells.

Cell viability assays. All cell lines tested were infected with SFV4,
SFV4-miRT122, or SFV4-miRT124 at a multiplicity of infection (MOI) of
0.1. Cell viability was measured 24 h postinfection (p.i.) (Tera-2), 48 h
postinfection (Huh7, BHK-21, and HeLa), or 72 h postinfection (U87)
using the CellTiter 96 AQ,.,,,, one solution cell proliferation assay (Pro-
mega, Fitchburg, WI), and a multiwell plate reader (Multiskan EX;
Thermo Fisher Scientific, Waltham, MA) was used to determine the op-
tical density of the reactions at 492 nm.

Western blot analysis. Cells were lysed with 1% NP-40 lysis buffer
[150 mM NaCl, 50 mM Tris-HCl (pH 7.9), 1% Nonidet P-40) in the
presence of protease inhibitors. Protein concentrations were determined
by the Bio-Rad protein assay (Bio-Rad, Hercules, CA), and 10 pg of each
sample was separated by SDS-PAGE and then blotted onto a nitrocellu-
lose membrane (Bio-Rad). After blocking overnight at 4°C with PBS plus
0.05% Tween 20 containing 5% nonfat dry milk, the membranes were
treated with rabbit polyclonal antibodies against nsp3 and nsp4 (kindly
donated by Tero Ahola, University of Helsinki) or rabbit anti-SFV against
envelope and capsid proteins as primary antibodies and then with IRDye
800 secondary antibody against rabbit immunoglobulins (LI-COR, Lin-
coln, NE). The Odyssey infrared imaging system (LI-COR) was used for
the detection and quantification of SFV proteins.

Quantitative RT-PCR. Total RNA was extracted from infected cells
using the GenElute mammalian total RNA miniprep kit (Sigma-Aldrich).
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The concentration of the purified RNA was measured, and 100 ng of total
RNA was used for cDNA synthesis with Fermentas RevertAid Moloney
murine leukemia virus (M-MuLV) reverse transcriptase (RT) (Thermo
Fisher Scientific). The oligonucleotide sequences for the amplification of
the SFV positive-strand genome were as follows: forward primer, 5'-TG
GAGCTGACCACAGACTTG-3', and reverse primer, 5'-GGCCACAAC
GTCAGTATCTC-3". PCR was run using an Mx3005P quantitative PCR
System (Stratagene) with Power SYBR green PCR master mix (Applied
Biosystems, Foster City, CA). After an initial incubation at 95°C for 10
min, 40 amplification cycles were conducted as follows: denaturation at
95°C for 15 s, annealing, and extension at 60°C for 1 min.

Animal experiments. Adult (5- to 7-week-old) female BALB/c-mice
(BALB/cAnNTac; Taconic) were infected with SFV4-miRT122, SFV4-
miRT124, or SFV4 by injecting 1 X 10° PFU (in 100 pl of PBS) intraperi-
toneally (i.p.) (n = 8 per group), or 100 PFU to 1 X 10° PFU (in 10 pl of
PBS) intracranially (i.c.) (n = 5 or 6 per group). For intracranial injec-
tions, mice were sedated with ketamine and medetomidine (75 mg/kg and
1 mg/kg of body weight, respectively, i.p.) and kept under 2% isoflurane
gas anesthesia. Injection was done into the caudate putamen of mice, 2
mm right and 1 mm anterior from bregma in 3 mm depth. The antiseda-
tive drug atipamezole (1 mg/kg, i.p.) and the analgesic carprofen (5 mg/
kg, subcutaneous [s.c.]) were administered after the operation.

After the virus injection, mice were monitored for neurological symp-
toms and distress. Symptoms were graded as follows: 0, no symptoms; 1,
mild symptoms (ruffled fur, hunched back, weakness of limbs, and optic
neuritis); 2, partial paralysis of hind limbs; 3, paralysis of hind or front
limbs; 4, severe paralysis, tetraplegia; and 5, moribund/dead. In the case of
severe neurological symptoms, paralyzed (grade 3 or higher) or distressed
mice were sacrificed and tissue samples (brain, liver, and blood) were
collected for immunohistochemical (IHC) analysis and titration. The an-
imal experiments were performed at biosafety level 2 containment, obey-
ing the guidelines of the local committee of animal welfare.

Measurements from tissue samples. Beta interferon (IFN-3) was de-
tected from serum samples or homogenized brain tissue samples prepared
as described above. An analysis was done using a VeriKine mouse IFN-8
enzyme-linked immunosorbent assay (ELISA) kit (PBL Interferon
Source, Piscataway, NJ) according to the manufacturer’s instructions,
with samples diluted 1:2 or 1:10 in a buffer provided with the kit.

THC analysis. Brain tissue samples for IHC analysis were collected
from mice suffering from neurological symptoms as follows. Mice were
euthanized with CO, and perfused with cold PBS through the left ventri-
cle. After perfusion, a part of the liver and the right hemisphere of the
brain were dissected and placed into 4% paraformaldehyde (4% PFA in
PBS) solution overnight (+4°C). Next-day tissues were transferred from
PFA to 70% ethyl alcohol (EtOH) and stored at +4°C until embedded
into paraffin blocks. Paraffin-embedded tissue samples were cut into
7-pm sections using a microtome, and an IHC analysis was done using a
Vectastain ABC kit (Vector Laboratories, Burlingame, CA) and poly-
clonal anti-SFV antibody (prepared in rabbit).

RT-PCR from mouse brain tissue. Total RNA was extracted from the
brain tissue of the mouse displaying more severe neurological symptoms
when infected i.p. with SFV4-miRT124 using the GenElute mammalian total
RNA miniprep kit (Sigma-Aldrich). cDNA was generated with SFV4-specific
primer (5"-AATTTTGCGGCCGCTAGCACGTTCTG-3") using Fermen-
tas RevertAid M-MuLV reverse transcriptase (Thermo Fisher Scientific).
For PCR-based amplification of the target element region, the following
primers were used: forward primer, 5'-AATTTTCTCGAGAACCCGATT
CCTCC-3', and reverse primer, 5'-AGATTGGAATTCCTAACGGATTT
TTGTTGT-3". The resulting PCR product was then cloned into the
pJET1.2 vector using the Fermentas CloneJET PCR cloning kit (Thermo
Fisher Scientific), and 18 individual clones were verified by sequencing.

RESULTS

Construction and in vitro characterization of novel miRNA-
targeted SFVs. In order to attenuate neurovirulence of SFV, we
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FIG 1 Schematic presentation of the SFV4 vector carrying tissue-specific miRNA target sequences. (A) Target elements contained 6 copies of miR122
(liver-specific) or miR124 (neuron-specific) target sequences (bold and underlined) with the nsp3/nsp4 protease cleavage site sequences at both ends of
the element (white on black background). (B) Element was inserted between the SFV4 nsp3 and nsp4 genes with the nsp3/nsp4 protease cleavage sites
(black boxes) at both ends of miRNA target element (gray box). (C) Presentation of the whole SFV4 genome with miRNA target element location is

marked with a black arrow.

inserted perfectly complementary target elements for the neuro-
nally expressed miR124 into the genome of SFV4. miR124 was
chosen for this purpose because it has been shown to be expressed
in high levels in the central nervous system (CNS) of mice and
reported to be useful for suppressing poliovirus replication in the
brain (4, 23). However, due to the shortage of well-validated cell
line models expressing miR124, we first tested the feasibility of
miRNA targeting to suppress SFV replication using the liver-spe-
cific miR122 and the Huh7 hepatocellular carcinoma cell line as
an experimental system. Huh7 cells express large amounts of
miR122 (24) and have been successfully used as an in vitro model
to demonstrate the capacity of miR122 target elements to suppress
adenovirus replication in the liver (10, 25).

Three different strategies to generate miRNA-regulated SFV4
were tested. Target elements for miR122 were inserted into the 5’
and 3’ nontranslated regions (NTR) or between the nsp3 and nsp4
genes in the SFV4 genome. In the latter case, an additional pro-
tease cleavage site was introduced between nsp3 and nsp4, fol-
lowed by insertion of miR122 target elements between the addi-
tional and original cleavage sites. Preliminary characterization of
these modified viruses indicated that miRNA targeting was most
effective when the target elements were inserted between nsp3 and
nsp4 (data not shown), and this strategy was chosen for all subse-
quent experiments. This intergenic strategy for the insertion of six
copies of miR122 (SFV4-miRT122) or miR124 (SFV4-miRT124)
target elements is schematically presented in Fig. 1.

To confirm the correct proteolytic processing of nsp3 and nsp4 in
cells infected with these viruses, BHK-21 cells were infected with
SEFV4, SFV4-miRT122, or SFV4-miRT124 at a multiplicity of infec-
tion (MOI) of 1. At 12 h postinfection (p.i.), the processing of nsp3
and nsp4 was analyzed by Western blotting. As shown in Fig. 2A,
SFV4-miRT122 and SFV4-miRT124 viruses showed protein bands of
similar size compared to SFV4 for both nsp3 and nsp4, indicating the
correct processing of both proteins from the polyprotein.
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FIG 2 Invitro characterization of miRNA-targeted SFV4 viruses. (A) Western
blot analysis of viral nsp3 and nsp4 proteins. Samples collected from BHK-21
cells infected with SFV4-miRT124, SFV4-miRT122, and SFV4 or left unin-
fected. (B) Viral proteins detected with Western blotting from infected Huh7
or BHK-21 cells collected at 6 h, 12 h, or 24 h postinfection. (C) The amount of
viral genomic RNA measured with quantitative PCR from infected Huh7 and
BHK-21 cells at 24 h postinfection.
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To evaluate the capacity of miRNA targeting to restrict SFV
replication, we infected miR122-expressing Huh7 cells (24) and
miR122-negative BHK-21 cells (26) with SFV4-miRT122, SFV4-
miRT124, or unmodified SFV4. After 6 h, 12 h, or 24 h of infection
of Huh?7 cells or after 24 h of infection of BHK-21 cells with an
MOI of 0.1, the levels of SFV envelope and capsid proteins were
analyzed by Western blotting and detected by infrared imaging
(Fig. 2B). In the BHK-21 cell line, SFV4-miRT122 and SFV4-
miRT124 produced similar amounts of proteins compared to
SFV4. In the Huh?7 cell line, SFV4-miRT124 and SFV4 expressed
similar amounts of viral proteins at all time points analyzed,
whereas viral protein production of SFV4-miRT122 was strongly
reduced, especially at the early time points (less than 5% of the
amount measured from SFV4- or SFV4-miRT124-infected Huh7
cells). At 24 h p.i., this difference was less pronounced, but viral
protein expression in SFEV4-miRT122-infected Huh7 cells was still
clearly decreased compared to SFV4- or SFV4-miRT124-infected
cultures, where further accumulation of SFV proteins was proba-
bly already limited by virus-induced cytotoxicity.

To test whether the reduced levels of viral proteins in the Huh7
cell line infected with SFV4-miRT122 were due to miRNA-medi-
ated catalytic cleavage of SFV RNA or resulted from translational
repression, we infected the Huh7 and BHK-21 cell lines with
SFV4, SFV4-miRT122, or SFV4-miRT124 at an MOI of 0.1 and
measured the amount of SFV genomic RNA by quantitative PCR
at 24 h p.. (Fig. 2C). In BHK-21 cells infected with SFV4-
miRT122 or SFV4-miRT124, the levels of genomic RNA were sim-
ilar to those in cells infected with SFV4, whereas in the Huh7 cell
line, the amount of genomic RNA in cells infected with SFV4-
miRT122 was strongly (over 83%) reduced compared to cells in-
fected with SFV4-miRT124 or SFV4. As could be expected, based
on the perfect homology of the miR122 target elements, these
results indicated that the miRNA-specific targeting indeed oc-
curred via RNA destruction rather than inhibition of protein
translation.

To evaluate the oncolytic potency of the miRNA-targeted
SFV4 viruses in vitro, we infected a panel of tumor cell lines with
SFV4, SFV4-miRT122, or SFV4-miRT124 at an MOI of 0.1 and
monitored the lytic cell killing and the spread of infection using a
colorimetric cell viability assay. Infection with SFV4 or SFV4-
miRT124 led to efficient destruction of all the tested cell lines (Fig.
3). Infection with SFV4-miRT122 led to the efficient destruction
of all other cell lines except the miR122-expressing Huh7 cell line.
These results suggest that the replication of SFV4-miRT122 was
specifically suppressed by miR122. In addition, the insertion of
miRNA-target elements into the SFV4 genome did not seem to
diminish the oncolytic potency of these viruses in vitro.

SFV4-miR124 shows attenuated spread in the brains of mice.
To evaluate the infection and replication characteristics of the
miRNA-targeted SFVs in vivo, we infected adult 5- to 7-week-old
BALB/c mice intraperitoneally with 1 X 10° PFU of SFV4 or
SFV4-miRT124 in 100 wl PBS. Since miR122 is not expressed in
the CNS, we used SFV4-miRT122 as a control virus to rule out the
nonspecific effects on viral replication due to the insertion of
miRNA target elements into the SFV4 genome. As shown in
Fig. 4A, mice infected with SFV4 started to show neurological
symptoms expressed as limb weakness and paralysis from day 4
p.i., leading to severe symptoms or death in 4 out of 8 mice within
10 days, whereas only 2 mice remained asymptomatic. Infection of
mice with SFV4-miRT122 produced a similar phenotype, leading
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FIG 3 miRNA-targeted SFV4 viruses show oncolytic potency in vitro. Five cell
lines of the miR122-deficient (BHK-21, HeLa, Tera-2, and U87) or miR122-ex-
pressing cell line Huh7 were infected with SFV4, SFV4-miRT122, or SFV4-
miRT124 at an MOI of 0.1. Cell survival in the infected cells was measured at 24 h
postinfection (Tera-2), 48 h postinfection (Huh7, BHK-21, and HeLa), or 72 h
postinfection (U87) using an ATP-based cell viability assay and plotted on the y
axis as the percentage of the control values measured from uninfected cultures.
The data are presented as the means of four repetitions = standard deviations.

to severe CNS-derived symptoms or death in 6 out of 8 mice, and
no statistical survival difference between the SFV4 and SFV4-
miRT122 groups could be observed. In contrast, in the group of
mice infected with SFV4-miRT124, severe neurologic symptoms
could be witnessed only in 1 out of 8 mice and a significant survival
benefit was obtained over the SFV4-miRT122 control group (P =
0.0106, log-rank test), indicating that SFV4-miRT124 replication
was severely attenuated in the CNS.

To examine if the course of infection in the single mouse that
developed severe neurologic symptoms upon SFV4-miRT124 ad-
ministration might have been due to mutational loss of the
miR124 target elements, we isolated RNA from the brain of this
animal. The relevant region of the viral genome was amplified by
RT-PCR, and 18 individual clones containing these PCR frag-
ments were sequenced. Sixteen out of 18 clones showed no muta-
tions in the miRNA target region. In 1 clone, 2 target elements had
been deleted, while the remaining 4 target elements were intact.
Only 1 clone out of 18 had lost all the six target elements and had
reverted to the wild-type-like virus. While these results showed
that mutations in the miR124 target elements do occur, the late
emergence and low frequency of escape mutants suggested that
this was a relatively uncommon event and unlikely to explain the
severe outcome of the infection in this animal.

Virus titration from the sera of infected mice revealed a high
level of viremia at day 1 p.i., with a subsequent rapid drop between
days 2 and 3 (Fig. 4B). Importantly, all viruses showed comparable
serum titers, indicating that the miRNA-targeted viruses had re-
tained wild-type-like replication capacity in the periphery. Titers
obtained from homogenized brain tissues showed an increasing
CNS virus load between days 2 and 4 p.i. (Fig. 4C). However, the
average brain titer for SFV4-miRT124 virus remained at 10’
PFU/g, while infection with SFV-miRT122 and SFV4 reached 10°
to 10° PFU/g (100- to 1,000-fold higher).

To evaluate the antiviral interferon responses in the CNS of
these mice, we measured the levels of beta interferon (IFN-f) in
brain homogenates prepared from these animals. While high lev-
els of IFN-3 were found in the brain tissue samples collected from
SFV4- and SFV4-miRT122-infected mice, no IFN-B could be de-
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FIG 4 SFV4-miRT124 shows an attenuated spread into the CNS following intraperitoneal injection in mice. (A) Survival and symptoms witnessed following
intraperitoneal injection of BALB/c mice (1 = 8) with 1 X 10° PFU of the virus and graded as follows: 0, no symptoms; 1, ruffled fur, hunched back, weakness
of limbs, and optic neuritis; 2, partial paralysis of hind limbs; 3, paralysis of hind or front limbs; 4, severe paralysis, tetraplegia; and 5, moribund/dead. (B) Virus
titers measured from serum samples collected from groups of mice (n = 3) 1, 2, and 3 days postinfection (p.i.). (C) Virus titers measured from brain tissue
samples collected from groups of mice (n = 3) 2, 3, and 4 days p.i. nd, not detectable.

tected in the brains of SFV4-miRT124-infected mice (Fig. 5). No
IFN- was detected in the serum samples (data not shown). Thus,
the IFN- levels in the CNS of these animals correlated very well
with our data on the differential capacity of these viruses to repli-
cate in the brain.

Interestingly, an immunohistochemical (IHC) analysis of the
brain sample obtained from the SFV4-miRT124-infected mouse
suffering from severe symptoms revealed only a limited focal in-
fection of the brain (Fig. 6A). In contrast, analysis of the brain
samples from the SFV4-miRT122- and SFV4-infected groups
demonstrated a wide-spread neuronal infection of the midbrain,
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thalamus, and cerebellum (Purkinje neurons) in those mice suf-
fering from neurological symptoms (Fig. 6B and C).

Taken together, these results suggested that insertion of
miR124 target elements into the virus genome strongly atten-
uates the neurovirulence of SFV4 when administered via a pe-
ripheral route.

SFV4-miRT124 infection elicits protective immunity against
lethal SFV challenge. To determine whether the SFV4-miRT124-
infected mice that survived i.p. virus administration had devel-
oped immunity against SFV, we infected 5 such asymptomatic
mice i.p. with 1 X 10° PFU of the lethal L10 strain. As shown in
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Brain

10000+

IFNB (pg/ml)

FIG 5 Beta interferon measurement from mouse brain tissue. Samples col-
lected from mice infected intraperitoneally with 1 X 10° PFU of virus 4 days
postinfection (p.i.). IFN-B measured using ELISA (n = 3). Detection limit 31
pg/ml (dashed line). nd, not detectable.

Fig. 7, all the mice previously infected with SFV4-miRT124 sur-
vived the L10 infection and remained asymptomatic for the 20-
day follow-up period, while the mice without the preceding SFV
infection died within 4 days. Thus, these results showed that effi-

L10 (1x106 PFU)

H -e- No vaccination
80 +F SFV4-miRT124

Percent survival
3
1

Days p.i.

FIG 7 SFV4-miRT124 elicits antiviral immunity against SFV strain L10 in
mice. Kaplan-Meier survival curves of mice infected intraperitoneally with a
lethal dose of SFV strain L10 with (white squares) or without (filled circles) a
preceding intraperitoneal infection with SFV4-miR124T.

cient anti-SFV immunity had developed in SFV4-miRT124-in-
fected mice, suggesting a potential for the use of miR124-attenu-
ated viruses as live attenuated alphavirus vaccines.

Intracranial infection with SFV4-miRT124 leads to re-
stricted infection of the corpus callosum. We next wanted to
examine the capacity of SFV4-miRT124 to replicate in neurons
when introduced directly into the brains of mice. To this end, 100,

FIG 6 Immunohistochemical analysis of mouse brain tissue collected following intraperitoneal infection. Mice infected with (A) SFV4-miRT124, (B) SFV4-
miRT122, or (C) wild-type SFV4 (1 X 10° PFU of virus). Samples were collected 6 days (A and B) or 5 days (C) postinfection. Seven-micrometer sagittal brain
sections stained with anti-SFV antibody (left). Magnifications taken from areas indicated with black boxes (right). Scale bar, 200 pm.
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FIG 8 Mice infected intracranially with SFV4-miRT124 show increased survival compared to SFV4-miRT122 or wild-type SFV4. (A) Survival and symptoms
witnessed in groups of BALB/c mice infected intracranially with 100 (n = 6), 10,000 (n = 5), or 100,000 (n = 6) PFU of SFV4-miRT122 (A), 100 (n = 6), 10,000
(n = 6), or 100,000 (n = 6) PFU of SFV4-miRT124 (B), and 100 (n = 6) or 10,000 (1 = 5) PFU of SFV4 (C) and graded as follows: 0, no symptoms; 1, ruffled
fur, hunched back, weakness of limbs, and optic neuritis; 2, partial paralysis of hind limbs; 3, paralysis of hind or front limbs; 4, severe paralysis, tetraplegia; and

5, moribund/dead.

10,000, or 100,000 PFU of SFV4, SFV4-miRT122, or SFV4-
miRT124 were administered into groups of BALB/c mice (n = 5 to
6) via an intracranial injection. Although a significant survival
benefit (P = 0.0009, log-rank test) of SFV4-miRT124-infected
mice was obtained compared to SFV4- or SFV4-miRT122-in-
fected animals, all mice eventually developed lethal neurological
symptoms (Fig. 8).

Interestingly, an IHC analysis of the brains of these mice
showed that infection with SFV4-miRT124 was associated with
a dramatically restricted virus spread in the neurons. Only a
few affected neurons could be seen, while the virus was pre-
dominantly detected in oligodendrocytes of the white matter
tract of the corpus callosum (Fig. 9A). In contrast, the control
miRNA target bearing SFV4-miRT122 caused a global infec-
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tion of the brain involving also the Purkinje neurons of the
cerebellar cortex (Fig. 9B).

DISCUSSION

Here we show that the neuropathogenicity of Semliki Forest virus
can be selectively attenuated by inserting target elements for the
neuron-specific microRNA miR124 between nsp3 and nsp4 in the
viral genome. This genomic modification (SFV4-miRT124) did
not affect normal nsp polyprotein processing, as both nsp3 and
nsp4 were produced identically to wild-type SFV4. Using a well-
validated miR122-based cell line model system, the capacity of cell
type-specific microRNAs to control SFV replication was first
demonstrated in vitro. These studies also confirmed that the
mechanism of SFV attenuation exercised by perfectly comple-
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FIG 9 Immunohistochemical analysis of mouse brain tissue collected following intracranial infection. Samples collected from sacrificed mice followinga 1 X 10°
PFU intracranial injection of SFV4-miRT124 (A) or SFV4-miRT122 (B). Samples were collected 3 days (A) or 2 days postinfection. (B). Magnified pictures taken
from the areas indicated with black boxes. Staining is done from paraffin-embedded 7-pm tissue slices using a polyclonal anti-SFV antibody. Virus antigen in
infected cells is shown in brown. Background stained with hematoxylin. Scale bar, 200 pm.

mentary microRNAs target elements placed between nsp3 and
nsp4 involved viral RNA degradation rather than translational
suppression. Our in vivo results in BALB/c mice showed that neu-
ronal detargeting by miR124 was effective as demonstrated by
strongly reduced neurovirulence and pathology. Virus titers in
serum samples collected from intraperitoneally infected mice
showed similar peripheral replication kinetics for SFV4-miRT124
compared to the nonattenuated control virus (SFV4-miRT122),
indicating that the reduced neuropathology observed after SFV4-
miRT124 infection was not due to peripheral attenuation of the
virus.

The initial peripheral replication of our viruses did not induce
detectable levels of IFN-f in the serum. Instead, IFN- was de-
tected in the brain tissue following intraperitoneal infection with
SFV4 or SFV4-miRT122. Levels of IFN-f3 in the brain correlated
with virus loads, and consequently, no IFN-f3 was detected in
SFV4-miRT124-infected mouse brain samples. These results are
in line with our previous finding that, in the mouse, CNS expres-
sion of cytokines correlates with the rate of SFV replication (27).

Unlike the mice infected with SFV4-miRT122 or wild-type
SFV4, only 1 out of 8 animals infected i.p. with SFV4-miRT124
displayed severe neurological symptoms. To study if this severe
course of the disease could be explained by a loss of the miR124
target elements, we sequenced several independent viral genomes
from brain tissue RNA prepared from this animal. While some
mutations could be found, the great majority of the viruses (89%)
contained the original sequence introduced between nsp3 and
nsp4, arguing against a role of escape mutants in this case. More-
over, these studies suggested that the mutational inactivation of
microRNA target elements placed in this position of an alphavirus
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is a relatively infrequent and slow process and does not pose a
major threat to the utility of this approach in general.

Of note, we found that a prior infection of mice with SFV4-
miRT124 could provide antiviral immunity and complete protec-
tion against an otherwise lethal challenge with a highly virulent
wild-type virus (L10), suggesting that, besides applications in the
area of cancer virotherapy, cell type-specific miRNA targeting
could also be exploited in the development of more potent and
safer alphaviral vaccine vectors. In a related approach, Kamrud et
al. utilized target elements for ubiquitously expressed miRNAs
introduced into the helper RNAs of a vector system based on Ven-
ezuelan equine encephalitis virus (VEEV) to build an additional
safety measure into the production of virus-like replicon particles
(VRP) for VEEV vaccine development (28).

To further characterize the basis of the reduced neuropathoge-
nicity associated with systemic infection with an miR124-con-
trolled virus, we also tested the intracranial administration of
SFV4-miRT124. This resulted in a restricted infection pattern
where a predominant infection of oligodendrocytes of corpus cal-
losum was observed. This infection pattern correlates well with
the known expression of miR124 in different parts of the mouse
brain (29, 30). Interestingly, a similar region-limited infection re-
sult was reported in a recent study where avirulent SFV and SFV
replicons were used (31). The observed infection limited to corpus
callosum might explain the attenuated but nevertheless lethal phe-
notype of SFV4-miRT124 following i.c. infection. However, a sig-
nificant survival benefit was achieved in mice infected with SFV4-
miRT124. It is likely that the infectious doses used for i.c.
injections exceeded the amount of virus that generally enters the
brain following systemic infection. Thus, despite the fatal out-
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come by the i.c. route, we conclude that the SFV4-miRT124 virus
is strongly attenuated in its neurovirulence and shows diminished
pathogenicity.

The severe neurovirulence of SFV4 has limited its utility as a
potential cancer virotherapy agent. The selectively attenuated rep-
lication of SFV4-miRT124 in the CNS now helps to overcome this
problem and opens new possibilities for using SFV as an oncolytic
virus in preclinical mouse cancer models. In this regard, the ratio-
nally and selectively attenuated SFV4-miRT124 offers distinct ad-
vantages compared to the naturally attenuated strains. Wild-type
strains like SFV4 have been reported to be more potent in their
ability to inhibit type I interferon responses in target cells com-
pared to the attenuated strains (32). Indeed, type I interferons
produced by the infected tumor cells have been found to play a key
role in limiting oncolysis by the avirulent SFV vector VA7 (33). It
seems reasonable to expect that SFV4 attenuated by microRNA
targeting might be less susceptible to type I interferon-mediated
antiviral immunity.

On the other hand, Ruotsalainen et al. also showed that treat-
ment of mice with cyclophosphamide led to enhanced VA7 repli-
cation in healthy brain tissue, including neurons (33). Since this
and other immunosuppressive treatments are increasingly being
tested to enhance the oncolytic potential of cancer virotherapy
agents, additional safety measures are clearly needed. In the case of
SFV, an attractive approach for increasing safety would be to com-
bine the features of SFV4-miRT124 and VA7 by engineering the
miR124 target elements into the VA7 genome.

Taken together, our results show for the first time that the
tissue tropism of a fully replicative and neurovirulent alphavirus
can be altered by the insertion of tissue-specific miRNA target
elements into the viral genome. By engineering SFV replication
sensitive to neuron-specific miR124, we were able to strongly at-
tenuate the neurovirulence of SFV4, thus providing new oppor-
tunities for studies on SFV in preclinical mice models for cancer
virotherapy and in alphavirus vaccine development.
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