JVI

Journals.ASM.org

MicroRNA Targeting of Neurotropic Flavivirus: Effective Control of
Virus Escape and Reversion to Neurovirulent Phenotype

Brian L. Heiss,* Olga A. Maximova, Dzung C. Thach, James M. Speicher, and Alexander G. Pletnev

Laboratory of Infectious Diseases, National Institute of Allergy and Infectious Diseases, National Institutes of Health, Bethesda, Maryland, USA

Neurotropic flaviviruses can efficiently replicate in the developing and mature central nervous systems (CNS) of mice causing
lethal encephalitis. Insertion of a single copy of a target for brain-expressed microRNAs (miRNAs) in the 3’ noncoding region
(3'NCR) of the flavivirus genome (chimeric tick-borne encephalitis virus/dengue virus) abolished virus neurovirulence in the
mature mouse CNS. However, in the developing CNS of highly permissive suckling mice, the miRNA-targeted viruses can revert
to a neurovirulent phenotype by accumulating deletions or mutations within the miRNA target sequence. Virus escape from
miRNA-mediated suppression in the developing CNS was markedly diminished by increasing the number of miRNA target sites
and by extending the distance between these sites in the virus genome. Insertion of multiple miRNA targets into the 3'NCR al-
tered virus neuroinvasiveness, decreased neurovirulence and neuroinflammatory responses, and prevented neurodegeneration
without loss of immunogenicity. Although the onset of encephalitis was delayed, a small number of suckling mice still suc-
cumbed to lethal intracerebral infection with the miRNA-targeted viruses. Sequence analysis of brain isolates from moribund
mice revealed that the viruses escaped from miRNA-mediated suppression exclusively through the deletion of miRNA targets
and viral genome sequence located between the two miRNA targets separated by the greatest distance. These findings offer a gen-
eral strategy to control the reversion of virus to a virulent phenotype: a simultaneous miRNA targeting of the viral genome at
many different functionally important regions could prevent virus escape from miRNA-based attenuation, since a deletion of the
targeted genomic sequences located between the inserted miRNA binding sites would be lethal for the virus.

Cellular small noncoding microRNAs (miRNAs) regulate di-
verse processes in many plant and animal species through the
assembly of the miRNA-induced silencing complex (RISC), which
binds the complementary target sequences in mRNA and subse-
quently cleaves or posttranscriptionally represses the targeted
mRNA (5, 10, 14). Many miRNAs have a distinctive cell- and
tissue-specific pattern of expression (6, 10, 21). These distinctively
expressed miRNAs are now being exploited to modulate the tissue
tropism of a variety of viruses and to limit viral pathogenesis by
engineering virus genomes that contain the target sequences rec-
ognized by cellular miRNA-preprogrammed RISCs (4, 16-18,
35). Recently, we demonstrated that the inclusion of a single copy
of a target for a brain-expressed miRNA into the genome of neu-
rotropic chimeric tick-borne encephalitis virus/dengue virus 4
(TBEV/DEN4) flavivirus (28) was sufficient to prevent the devel-
opment of otherwise lethal encephalitis in adult mice infected
intracerebrally (i.c.) with a large dose of virus (15). Viruses bear-
ing a complementary binding sequence for mir-9, mir-124a, or
let-7c miRNA had limited access to the central nervous systems
(CNS) of immunocompromised mice lacking T and B cell re-
sponses. These findings indicate that miRNA targeting is an effec-
tive strategy for controlling flavivirus neurotropism and patho-
genesis. However, even a single-nucleotide mutation in the
miRNA target sequence led to a base pairing mismatch with the
corresponding miRNA and restored the ability of the virus to
cause paralysis and death in mice (15). This potential virus rever-
sion to the neurovirulent phenotype by accumulation of muta-
tions within the miRNA target sequence prompted us to more
closely analyze the genetic stability of miRNA-targeted flavivi-
ruses in the relevant animal models.

Previously, we demonstrated that neurovirulent escape mu-
tants did not emerge in the mature CNS of immunocompetent
adult mice inoculated directly into the brain with miRNA-tar-
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geted TBEV/DEN4 viruses (15); this might be due to both the
miRNA-mediated suppression of virus replication in the mature
CNS and the virus clearance by the fully developed antiviral im-
mune responses. In the present study, we evaluated the neuro-
pathogenesis and genetic stability of miRNA-targeted TBEV/
DEN4 viruses in the developing CNS of suckling mice, a more
sensitive animal model for assessment of flavivirus neurovirulence
(29, 30, 33). Since the central nervous and immune systems of
suckling mice are still immature compared to those of adult mice,
we assumed that the less potent antiviral response in suckling mice
might allow for prolonged replication of miRNA-targeted viruses
and emergence of virulent escape mutants. Following intracere-
bral inoculation of suckling mice with TBEV/DEN4 virus carrying
a single target for mir-124a miRNA, all virus isolates from the
brains of mice that developed encephalitis contained partially or
completely deleted mir-124a target sequences. The risk of virus
escape from miRNA-mediated suppression in the CNS of suckling
mice was minimized by increasing the number of targets in the
viral genome for broadly brain-expressed miRNAs (mir-9 and/or
mir-124a). We demonstrate that the location of miRNA target
sites in the 3’ noncoding region (3'NCR) of the TBEV/DEN4
genome and their spacing affect the level of virus suppression.
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Analysis of the escape mutants derived from the brains of mori-
bund mice shows that resistant viruses overcame miRNA-medi-
ated suppression exclusively by acquiring large deletions encom-
passing the introduced miRNA-targeted sequences and the
genome sequence located between the two miRNA targets sepa-
rated by the greatest distance. Our findings indicate that the in-
crease in the number of miRNA targets in the 3'NCR and in the
distance between the targets results in significant attenuation of
flavivirus neurovirulence even in the developing mouse CNS.

MATERIALS AND METHODS

Viruses. Chimeric TBEV/DEN4 cDNA (GenBank accession no. FJ28986)
(28) that contains the prM and E protein genes of Far Eastern subtype
TBEV strain Sofjin with the remaining sequence derived from recombi-
nant DEN4 virus was used previously to generate recombinant viruses
carrying a single target for let-7¢, mir-9, mir-124a, mir-128a, or mir-218
miRNA inserted immediately after the TAA stop codon into the 3'NCR of
the TBEV/DEN4 genome between nucleotides (nt) 10280 and 10281 (15).
The recovered viruses derived from simian Vero or mosquito C6/36 cells
were designated let-7cT, mir-9T, mir-124aT, mir-128aT, and mir-218T.

To generate the 3'NCR deletion mutant virus, the BstBI-Kpnl DNA
fragment (from nt 10551 to 10664) was amplified by PCR and used for
replacement of the corresponding DNA fragment sequence in the full-
length cDNA genome of TBEV/DEN4A243 (15). The resulting cDNA
clone (TBEV/DEN4A270) differed from parental TBEV/DEN4 cDNA by
the insertion of the BstBI cleavage site located immediately after the TAA
stop codon and the deletion of 270 nt of the TBEV/DEN4 genome (from
nt 10281 to 10550).

To generate TBEV/DEN4 viruses for simultaneous multiple targeting
for homologous (mir-124a) or two different (mir-9 and mir-124a) brain-
expressed miRNAs, five sites for miRNA target insertions (see Fig. 3 and 4)
were selected in the 3’'NCR, and these sites were located between the
following nucleotide positions: 10280 and 10281 (site 1), 10292 and 10293
(site 2), 10307 and 10308 (site 3), 10469 and 10470 (site 4), and 10554 and
10555 (site 5). Each BstBI-KpnI DNA fragment that encoded the 3'NCR
(from nt 10281 to 10664) with inserted miRNA target sequences was
synthesized by Blue Heron Biotechnology and cloned into the full-length
TBEV/DEN4 cDNA genome. The sequences of the 3'NCRs of eight engi-
neered TBEV/DEN4 cDNA genomes carrying 2, 3, or 4 miRNA targets are
shown in Fig. S1 in the supplemental material. RNA transcripts derived
from these modified TBEV/DEN4 cDNA clones were generated by tran-
scription with SP6 polymerase and used to transfect Vero or C6/36 cells in
the presence of Lipofectamine as described previously (9, 33). Eight vi-
ruses [designated 2x mir-124aT(1,2), mir-9T-124aT(1,2), mir-9T-124aT-
124aT(1,2,3), 3x mir-124aT(1,2,3), 3x mir-124aT(1,2,4), 3x mir-
124aT(1,2,5), 4x mir-124aT(1,2,3,4), and 4x mir-124aT(1,2,3,5)]
carrying 2, 3, or 4 copies of targets (T stands for target) for mir-124a
and/or mir-9 at the insertion sites (the site numbers are shown in the
parentheses) were recovered from Vero cells, biologically cloned by two or
three terminal dilutions, and amplified by two passages in Vero cells.
Virus titer was determined in Vero cells using a plaque-forming assay
(PFA) as described previously (9, 33). To verify the presence of the intro-
duced miRNA target insertions in the virus genome, RNA for each virus
was isolated, and the consensus sequence of the genome was determined.

RNA isolation, reverse transcription, sequence analysis, and quan-
titation. Viral RNA from cell culture medium or mouse brain homoge-
nates was isolated using the QIAamp viral RNA minikit (Qiagen), and
one-step reverse transcription-PCR (RT-PCR) was performed using the
Superscript One-Step kit (Invitrogen) with DEN4- or TBEV-specific
primers. The nucleotide consensus sequences of the virus genomes were
determined through direct sequence analysis of the PCR fragments on a
3730 Genetic Analyzer using TBEV or DEN4 virus-specific primers in
BigDye Terminator cycle sequencing reactions (Applied Biosystems) and
were analyzed using Sequencher 4.7 software (Gene Codes Corporation).
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Evaluation of viruses in mice. All animal experiments were done at
the animal biosafety level 3 (ABSL-3) facilities of the National Institute of
Allergy and Infectious Diseases (NIAID), in compliance with the guide-
lines of the NTAID/NIH Institutional Animal Care and Use Committee.

The neurovirulence of parental and miRNA target TBEV/DEN4 vi-
ruses was evaluated in 3-day-old Swiss Webster mice (Taconic Farms) by
intracerebral (i.c.) inoculation. Suckling mice in litters of 9 or 10 were
inoculated with 1, 10, 10% or 10®> PFU of virus and monitored for mor-
bidity and mortality up to 21 days postinoculation (p.i.). The 50% lethal
dose (LDs,) was determined by the Reed and Muench method (32). Mor-
ibund (paralyzed) mice were humanely euthanized, and their brain ho-
mogenates were prepared to assess the level of virus replication in the
brain as described previously (9, 30). Also, viral RNA from brain homog-
enates was extracted, and the sequence of the genomic region containing
the engineered miRNA target was determined. For study of virus replica-
tion in the mouse brain, 5-day-old mice were inoculated i.c. with 10° PFU
of TBEV/DEN4 or its derivative viruses, and the brains of three mice in
each group were harvested every other day from day 1 through day 19 p.i.
Virus titers in brain suspensions were quantitated by titration in Vero
cells. Virus RNA was extracted from homogenates and used for sequence
analysis to investigate the stability of the engineered miRNA target inser-
tions after virus replication in the brain.

To investigate the neuroinvasiveness of TBEV/DEN4 and its deriva-
tives, 3-week-old SCID mice (ICRSC-M; Taconic Farms) in groups of 5
were inoculated intraperitoneally (i.p.) with 10°> PFU of virus and ob-
served for 49 days for signs of morbidity typical of CNS involvement,
including paralysis. Moribund mice were humanely euthanized.

Immunogenicity and protective efficacy of parental and miRNA target
viruses were assessed in 3-week-old Swiss Webster mice that were inocu-
lated i.p. with 10°> PFU of virus. Survivors were bled on day 28 p.i. to
evaluate antibody response, challenged i.c. on day 33 with 100 i.c. LD4s of
unmodified TBEV/DEN4 virus, and observed for morbidity and mortality
for an additional 3 weeks.

Histopathological and immunohistochemical analyses. Five-day-
old Swiss Webster mice were inoculated i.c. with 10> PFU of the TBEV/
DEN4, mir-124aT, or 4x mir-124aT(1,2,3,5) virus. Control mice were
mock inoculated with Leibovitz’s L-15 medium (Invitrogen). The brains
of three mice were collected on each predetermined time point or when
the mice became moribund. The brains were collected on days 3 and 6 p.i.
(moribund) for TBEV/DEN4-infected mice and on days 3, 6, 8, and 13 p.i.
(moribund) for mir-124aT-infected mice. Mice inoculated with 4x mir-
124aT(1,2,3,5) remained asymptomatic during the 20-day observation
period, and their brains were collected on days 3, 6, 8, 13, and 20 p.i.

The brains were fixed with perfusion fixative (4% paraformaldehyde,
4% sucrose, 1.4% sodium cacodylate; Electron Microscopy Sciences) for
72 h, cryopreserved in 30% sucrose, and treated overnight with 20% glyc-
eroland 2% dimethyl sulfoxide. Multiple brains were embedded in gelatin
matrix blocks using MultiBrain Technology (NeuroScience Associates)
and sectioned coronally at 30 wm beginning at the olfactory bulbs and
proceeding caudally. Serial sections were stored in the antigen preserve
solution (50% phosphate-buffered saline [PBS] [pH 7.0], 50% ethylene
glycol, 1% polyvinylpyrrolidone) at —20°C until staining. A set of 14 serial
sections was used for each staining.

Hematoxylin and eosin staining was performed according to a stan-
dard procedure and used for general assessment of virus-induced histo-
pathology. For detailed analysis of viral antigen distribution, microglial
activation, reactive astrocytosis, and the integrity of somatodendritic neu-
ronal compartments, we performed immunohistochemistry on free-
floating sections following a standard immunoperoxidase method. The
following primary rabbit polyclonal antibodies were used: anti-TBEV (1:
30,000) to reveal viral antigen distribution; anti-Ibal (1:15,000; Wako
Chemicals USA) to reveal immunoreactivity (IR) for ionized calcium
binding adapter molecule and to evaluate microglial activation; anti-
GFAP (1:20,000; Dako) to reveal IR for glial fibrillary acidic protein
(GFAP) and to evaluate reactive astrocytosis; and anti-MAP2 (1:500; Mil-
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FIG 1 Survival curves of suckling mice infected with recombinant TBEV/
DEN4 viruses carrying a single copy of miRNA target. Litters of 10 3-day-old
Swiss Webster mice were inoculated i.c. with 1 PFU (A), 10 PFU (B), or 100
PFU (C) of the indicated viruses and then monitored daily for morbidity for 21
days. The intracerebral LD, for each virus was determined by the Reed and
Muench method (32), and the values are shown in Table 1.

lipore) to reveal IR for microtubule-associated protein 2 (MAP2) and to
evaluate the integrity of somatodendritic neuronal compartments. Pri-
mary antibody staining was visualized using appropriate secondary anti-
bodies and Vectastain Elite ABC kit (Vector Labs) with diaminobenzidine
(Sigma-Aldrich). The sections were then mounted on 2- by 3-in. (50.8- by
76.2-mm) slides, dehydrated in alcohol, cleared in xylene, and covered
with coverslips. All stained brain sections were converted into the digital
whole-slide images using Aperio GL scanner and analyzed using Image-
Scope software (Aperio).

RESULTS

Neurovirulence of TBEV/DEN4 viruses bearing a single copy of
a miRNA target. TBEV/DEN4 viruses bearing a complementary
target for brain-expressed miRNA (let-7¢, mir-9, mir-124a, mir-
128a, or mir-218) were greatly restricted for neurovirulence in
adult mice (15). Since suckling mice have a less developed CNS
and an immature immune system, they represent a highly sensi-
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tive animal model for measuring the pathogenic potential of fla-
viviruses including the assessment of residual neurovirulence of
live attenuated vaccine viruses (29, 30, 33). To determine whether
the miRNA target insertions into the TBEV/DEN4 genome could
attenuate viral neurovirulence in suckling mice, we evaluated the
50% lethal dose (LDs,) of viruses in a classical dose escalation
study. Three-day-old Swiss mice were inoculated by the intrace-
rebral (i.c.) route with a virus dose ranging from 1 to 100 PFU.
With the exception of the let-7¢T virus-infected mice, animals in
other groups developed encephalitis, and the morbidity/mortality
rate in these groups of mice was virus dose dependent (Fig. 1).
mir-128aT and mir-218T viruses did not show any substantial
decrease in the level of neurovirulence compared to the parental
TBEV/DEN4 virus. However, introduction of a target for mir-9,
mir-124a, or let-7c miRNA into the TBEV/DEN4 genome in-
creased the LD of the resulting viruses by 6-, 66-, or >125-fold
and also extended the average survival time (AST) of moribund
mice from 7.6 days to 14.5, 13, or >21 days, respectively (Table 1).
The increase in the i.c. LDs, for the miRNA-targeted viruses over
that of the TBEV/DEN4 parent suggested that their replication in
the developing CNS was restricted. However, the neurovirulence
of these viruses was significantly higher for suckling mice com-
pared to the adult mice (15), despite similar (let-7 and mir-124a)
or slightly higher (mir-9) levels of miRNA expression in the CNS
of suckling mice (miRNA array analysis; see Fig. S2 and Table S1 in
the supplemental material). These results suggest that most likely,
other factors such as the level of immune system maturation
and/or specific differences in the cellular patterns of miRNA ex-
pression in the CNS may play a role in the observed age-depen-
dent susceptibility of mice to these miRNA-targeted viruses.
Since the mir-124aT virus bearing a single target for a brain-
specific and broadly expressed mir-124a (2, 20, 34) exhibited the
most attenuated neurovirulence, it was selected for further evalu-
ation of the replication level and genetic stability in the developing
CNS. Following i.c. inoculation of suckling mice with 10°> PFU of
virus, TBEV/DEN4 replicated efficiently in the brain, attained a
mean peak virus titer of 10.2 log,, PFU/g by day 5, and caused
paralysis and death on day 7 (Fig. 2A). At the same inoculation
dose, the peak level of mir-124aT replication in the brain was
500-fold lower than the parental TBEV/DEN4 virus but similar to
that of the DEN4 virus. In addition, the mir-124aT virus repli-
cated at a lower rate, and mice became moribund at later time
points after inoculation, one mouse became paralyzed on day 7,
and all the remaining mice (n = 18) developed symptoms of en-
cephalitis between days 9 and 13 p.i. Sequence analysis of mir-

TABLE 1 Relative neurovirulence of the parental and miRNA target
TBEV/DEN4 viruses in suckling mice

Virus i.c. LD5, (PFU) Fold reduction®  AST” (no. of days)
TBEV/DEN4 0.8 7.6

let-7¢T >100 >125 >21

mir-9T 5 6 14.5

mir-124aT 53 66 13

mir-128aT 1 9.7

mir-218T <1 8.8

“ Fold reduction in neurovirulence for each miRNA target virus compared to the
neurovirulence of the TBEV/DEN4 parent.

b Average survival times (AST) of moribund mice following inoculation with 10 PFU of
virus.
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FIG 2 Replication and genetic stability of the mir-124aT virus in the brains of suckling mice infected i.c. with a lethal dose. (A) Replication kinetics of parental
TBEV/DEN4 and DEN4 viruses and their mir-124aT derivative bearing complementary sequence for mir-124a in the mouse brains. Suckling mice were
inoculated i.c. with 10° PFU of the TBEV/DEN4 or mir-124aT virus. The brains were removed on odd days postinfection from three mice in each group, and virus
titer was determined by plaque assay in Vero cells. The limit of detection (1.7 log,, PFU/g) is indicated by the broken line. The lines terminate for TBEV/DEN4
and mir-124aT viruses after all mice had succumbed to infection. The values for DEN4 virus are historical data included for comparison (30). (B) Mutations that
accumulated in the miRNA target sequences of mir-124aT progenies isolated from the mouse brain (MB) on the indicated day postinoculation (MB1, mouse
brain 1 from group). The miRNA target sequence that is flanked with BstBI and Xhol sites (underlined) inserted between positions 10280 and 10281 of the
TBEV/DEN4 genome is shown on a gray background. The ORF stop codon is shown boxed. Deletions are shown by dashed arrows. Nucleotides that differ from

those in the mir-124aT virus sequence are indicated in bold type.

124aT progenies derived from the brains of moribund mice iden-
tified single- or double-nucleotide substitutions in the central part
of the mir-124a target sequence in four of the 10 escape mutants
(Fig. 2B). These data are consistent with our previous observa-
tions (15) demonstrating that a single-nucleotide mutation in the
inserted miRNA target (such as the let-7c target) can restore the
virus neurovirulent phenotype. Interestingly, the predominant
(60%) mutation in the brain-derived mir-124aT mutants was a
partial or complete deletion of the miRNA target sequence (Fig.
2B). Thus, the insertion of a single copy of mir-124a target into the
genome was not sufficient to prevent the reversion of virus to the
neurovirulent phenotype in the developing CNS. The develop-
ment of encephalitis was associated with the accumulation of mu-
tations or deletions within the miRNA target sequences of brain-
derived viral progenies. This suggests that perfect base pairing
between a target and its corresponding miRNA is critical for
miRNA target recognition and effective inhibition of virus repli-
cation in the CNS.

Generation of TBEV/DEN4 viruses carrying multiple
miRNA target sites. We next explored whether the introduction
of multiple miRNA binding sites for two CNS-abundant miRNAs
(mir-9 and mir-124a) into the 3'NCR of the viral genome would
reduce the emergence of virulent escape mutants in the develop-
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ing CNS of mice. From our previous studies, we learned that the
TBEV/DEN4 genome can tolerate a large deletion of 243 nt in the
3’'NCR (Fig. 3; the nucleotides from positions 10281 to 10523)
without a significant effect on viral replication in vitro and on
neurovirulence in suckling mice (15). In the present study, the
first four sites on the proposed secondary structure of the TBEV/
DEN4 3'NCR (Fig. 3) were utilized for the insertions of 2, 3, or 4
targets that contained a perfect complementary sequence to mir-9
and/or mir-124a miRNAs. These miRNA targets were inserted in
the predicted accessible, A/U nucleotide-rich loop structures of
the 3'NCR (31), since A/U-rich nucleotide composition near the
miRNA binding site increases the miRNA target site accessibility
for the RISC complex and can promote effective repression of
RNA translation (6, 10, 12). In order to target the longest portion
of the 3'NCR of the viral genome, we first identified the minimum
3’NCR terminal sequence required for virus viability and replica-
tion in vitro. We deleted 270 nt from the TBEV/DEN4 genome
beginning with nt 10281 (following the TAA stop codon of the
open reading frame [ORF]) and extending into the core element
of the 3'NCR (nucleotide position 10550). Compared to the
shorter deletion (243 nt) mentioned above, extension of the dele-
tion into the core element of the 3'NCR resulted in a failure of the
TBEV/DEN4A270 virus to be recovered in Vero cells, suggesting

Journal of Virology


http://jvi.asm.org

MicroRNA Targeting and Flavivirus Neurotropism

cuG GCU
AG G U A G
G cC A A A U GC . ;
U-A- <A c [e] A A GCCGCAA TBEV/DENA4 viruses:
oA ¢ ¢ 10500.6-c. ¢ Il & 2xmir-124aT(1,2)
g:’é g:g' g:g AC ACGi_U A mir-9T-124aT(1,2)
G-C A-U G-C c-G 3)§ mir-124aT(1,2,3)
.Cc-G c-G A-U c-G mir-9T-124aT-124aT(1,2,3)
A-U c-G c-G U-a 3x mir-124aT(1,2,4)
G C-G G-C Cc-G A-U 3x mir-124aT(1,2,5)
v ‘I"fc g Cs,UA A‘”’g "c‘:g' 4x mir-124aT(1,2,3,4)
U Acc-G- 10400 .y_a A A v:e 4x mir-124aT(1,2,3,5)
c G-C A-UU .G A A-U
G-C c-G c-G c-G
A-U C-GACUA C-GACUA A-U
AGUC-G I G c .G A-U
.A | c-cc-ecc RCS2 G-cc-6a CS2 c-c
GUUA-U G-C C-G- G-C C-G G:U
te 3 ‘D’U-A A-U -A-U G-C A-U U U AAC
SKe c-G G-C G:U G-c -G:U 10600.c-g.c a
(10307-8) . )
G-C G-C A A G-C A A U-AUC GGUUCU-3
57 G:U . GC G G A A G G c oI A G-
| A C UAAUAAUCCCCA A GA .A A. GA UGUCGUCCUAGAGACC A
U 10300.a c-G u- A C (NENAN] I
A A G-C CACUGACAAAACGCAGCA ACAAA A ACAGCA CUGG A
. A- c c-G UAUUGACG G A
site 1 =>U c c-c ) . .
(10280-1) b ~ A 2 site 4 site 5 CS1
(10469-70) (10554-5)
A . c a G
CCAACAA U G
site 2 A G
(10292-3) A U.

FIG 3 Construction of recombinant TBEV/DEN4 viruses bearing multiple copies of miRNA targets. Proposed secondary structure for the DEN4 3'NCR part of
the TBEV/DEN4 genome (GenBank accession number FJ828986) (28) and schematic diagram of five miRNA target insertion sites (shown by red arrows) at the
positions between the nucleotides that are indicated in parentheses. The conserved sequence CS1, CS2, and RCS motifs are shown in blue. The designations for
engineered recombinant TBEV/DEN4 viruses carrying 2, 3, or 4 copies of complementary targets (T) for mir-124a and/or mir-9 that were introduced in the
insertion sites [site(s) 1, 2, 3, 4, or 5] specified in the parentheses are shown in the gray box.

that the sequence between nucleotide positions 10523 and 10550
is necessary for virus viability. Therefore, in order to position a
potential target site in the TBEV/DEN4 genome in a sequence
region that is important for virus replication, site 5 (nt 10554 to
10555) (Fig. 3) in the 3'NCR was used for miRNA target insertion.
Six viruses [designated 2x mir-124aT(1,2), 3x mir-124aT(1,2,3),
3x mir-124aT(1,2,4), 3x mir-124aT(1,2,5), 4x mir-124aT(1,2,3,4),
and 4x mir-124aT(1,2,3,5)] (Fig. 3) containing 2, 3, or 4 copies of
mir-124a target sequence were recovered from the engineered
full-length cDNA clones in Vero cells as described previously (15).
For simultaneous targeting of the viral genome with two different
brain-expressed miRNAs, two additional viruses [designated mir-
9T-124aT(1,2) and mir-9T-124aT-124aT(1,2,3)] (Fig. 3) were
constructed. Each of these viruses carried one target for mir-9 and
one or two targets for mir-124a using the insertion sites 1 and 2 or
sites 1, 2, and 3, respectively. Following successful recovery in
Vero cells, all recombinant viruses were amplified by one addi-
tional passage, biologically cloned by two or three subsequent ter-
minal dilutions, and finally amplified in Vero cells by two serial
passages. All miRNA-targeted TBEV/DEN4 viruses grew well in
Vero cells, achieving titers greater than 10° PFU/ml. Sequence
analysis revealed that all recombinant miRNA-targeted TBEV/
DEN4 viruses were genetically stable in Vero cells and contained
the desired miRNA target insertions (3'NCR sequences are shown
in Fig. S1 in the supplemental material).
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Multiple miRNA target insertions altered virus neuroinva-
siveness without negative impact on immunogenicity and pro-
tective efficacy. The parental TBEV/DEN4 and eight recombinant
viruses carrying 2, 3, or 4 miRNA targets were assessed in immu-
nodeficient SCID mice. To determine the ability of miRNA-tar-
geted viruses to replicate in the periphery, and possibly invade the
CNS and cause fatal encephalitis, SCID mice were inoculated in-
traperitoneally (i.p.) with a 10° PFU dose of virus. The TBEV/
DEN4 parent is a neuroinvasive virus in SCID mice with an i.p.
LDs, of 25,000 PFU (33), and all mice infected with TBEV/DEN4
developed paralysis between days 15 and 21 p.i. Unlike TBEV/
DEN4, miRNA-targeted viruses failed to induce CNS disease dur-
ing the 35-day observation period (data not shown). Thus, the
introduction of multiple binding sites for brain-expressed mir-9
and/or mir-124a reduced the neuroinvasive potential of TBEV/
DEN4 in immunodeficient mice.

Immunogenicity and protective efficacy of parental and
miRNA-targeted viruses were evaluated in immunocompetent
adult Swiss mice at a dose of 10°> PFU. The parental and miRNA-
targeted viruses induced a moderate titer of TBEV-specific neu-
tralizing antibodies as measured on day 28 p.i. (Table 2). On day
33, mice were challenged by the i.c. route of inoculation with an
i.c. 100 LDsys (600 PFU) of virulent unmodified TBEV/DEN4
virus; the i.c. LD5, of TBEV/DEN4 for adult mice was previously
determined to be 6 PFU (15). All mock-inoculated mice devel-
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TABLE 2 Immunogenicity and protective efficacy of TBEV/DEN4 miRNA-targeted viruses in adult Swiss mice

Serum neutralizing antibody response

Survival (%) after i.c.

against TBEV challenge with 100

No. of mice No. (%) of GMT i.c. LDgys of AST*
Virus immunized seropositive mice® (PRNT50,)¢ TBEV/DEN4* (no. of days)
mir-9T 5 4 (80) 55 3 (60) 7
mir-124aT 5 4 (80) 55 3 (60) 11.5
2x mir-124aT(1,2) 10 6 (60) 18 5 (50) 95
mir-9T-124aT(1,2) 10 5(50) 14 6 (60) 9
3x mir-124aT(1,2,3) 10 4 (40) 17 8 (80) 10
mir-9T-124aT-124aT(1,2,3) 10 8 (80) 29 8 (80) 13
3x mir-124aT(1,2,4) 10 9 (90) 48 9 (90) 10
3x mir-124aT(1,2,5) 10 7 (70) 33 7 (70) 10
4x mir-124aT(1,2,3,4) 10 6 (60) 39 5 (50) 12.3
4x mir-124aT(1,2,3,5) 10 10 (100) 60 10 (100) >21
TBEV/DEN4 6 5(83) 197 4 (67) 13
None (mock infected) 5 0 <5 0 (0) 8

“ Three-week-old Swiss mice were inoculated i.p. with 10° PFU of virus, and serum for neutralization assay was collected on day 28.
¥ Number (percent) of seropositive mice with plaque reduction (50%) neutralizing antibody titers (PRNT5,) of =5. PRNTs,, (reciprocal) was determined against the

unmodified TBEV/DEN4 virus.
¢ GMT, geometric mean titers (reciprocal) are calculated for mice that were seropositive.

4 Groups of mice that had been immunized with the designated virus on day 0 were challenged by an i.c. route with 100 LD5s (600 PFU) of TBEV/DEN4 administered i.c. on

day 33.
¢ AST, average survival times of moribund mice following the TBEV/DEN4 challenge.

oped encephalitis between days 7 and 10 postchallenge. However,
mice immunized with a single dose of any of the miRNA-targeted
viruses were partially or completely protected against severe i.c. chal-
lenge during the 21-day period of observation. Moreover, there was
no difference in the level of protection induced in mice by parental
TBEV/DEN4 (67%) or miRNA-targeted viruses (50 to 100%).
Multiple site miRNA targeting within the 3'NCR strongly at-
tenuates virus neurovirulence in suckling mice. The effect of
multiple miRNA targeting on viral neurovirulence was evaluated
in suckling mice. Although an increase in the number of miRNA
binding sites in targeted RNAs is usually associated with an en-
hancement of mRNA translational inhibition or virus miRNA-
mediated suppression (4, 5, 7, 16), introduction of two tandem
targets for mir-124a did not diminish the neurovirulence of the 2x
mir-124aT(1,2) virus compared to that of mir-124aT carrying just
a single copy (Tables 1 and 3). The i.c. LD5, was 53 PFU for both
viruses (Tables 1 and 3). On the other hand, targeting the viral
genome at sites 1 and 2 for two different brain-expressed miRNAs
(mir-124a and mir-9) was effective, since the i.c. LD5, of the con-
structed mir-9T-124aT(1,2) virus increased by 11- or 112-fold
compared to that of mir-124aT or mir-9T, respectively. However,
addition of a third mir-124a target into the mir-9T-124aT(1,2)
genome at insertion site 3 had no additional effect on the neuro-
virulence of the mir-9T-124aT-124aT(1,2,3) virus (Table 3). A
moderate decrease in the neurovirulence was observed for the 3x
mir-124aT(1,2,3) virus carrying three tandem repeats of mir-124a
target at sites 1, 2, and 3 compared to the 2x mir-124aT(1,2) virus
(i.c. LD5gs of 214 and 53 PFU, respectively). In addition, a more
substantial attenuation of virus neurovirulence (greater than
1,250-fold increase in the i.c. LD, compared to parental TBEV/
DEN4) was achieved when a third mir-124a target was inserted at
the more distant position, site 4 or 5, in the 3'NCR of the 3x
mir-124aT(1,2,4) or 3x mir-124aT(1,2,5) genome, respectively. In
total, only 5 mice from three groups of animals inoculated with
10, 100, and 1,000 PFU of 3x mir-124aT(1,2,4) or 3x mir-
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124aT(1,2,5) succumbed to infection after a significant delay in
the onset of encephalitis compared to that of parental TBEV/
DEN4 virus (Table 3). Furthermore, addition of a fourth mir-124a
target copy into the 3x mir-124aT(1,2,3) virus at site 4 or 5 led to
further attenuation of the resulting 4x mir-124aT(1,2 3,4) or 4x
mir-124aT(1,2,3,5) virus, respectively. Only 1 of 30 mice infected
with 4x mir-124aT(1,2,3,5) developed neurological signs (on day
20 p.i.). These results indicate that the increase in both the number
of mir-124a targets and the length of viral genome sequence be-
tween the target sites had an additive attenuating effect on virus
neurovirulence as demonstrated by a delay in the onset of enceph-
alitis and an increase in mouse survival.

Genetic stability of miRNA-targeted viruses in the develop-
ing CNS. Because of the high mutation rate of RNA viruses due to
the low fidelity of the RNA polymerase (8), we examined whether
the delayed onset of viral encephalitis observed in suckling mice
was a result of emerging mutations within the miRNA target in-
sertions. We sequenced the 3'NCRs of 29 viruses that were iso-
lated from individual brains of mice that succumbed to the i.c.
infection with miRNA-targeted viruses (Table 3). The results of
this sequence analysis are shown in Fig. S3 in the supplemental
material. Surprisingly, all brain-derived viruses contained large
deletions (from 53 to 367 nt) that began close to the TAA stop
codon of the ORF and extended into the 3'NCR as shown sche-
matically in Fig. 4; the exact boundaries of the deletions are shown
in Fig. S3. The majority of deletion mutations in the recovered
viruses included partially or completely deleted sequences of the
two most distant miRNA binding sites as well as the viral genome
sequence located between them. The largest deletion, 367 nt, was
found in the 3'NCR of the A367 escape mutant of the 4x mir-
124aT(1,2,3,5) virus. The 3'NCR of the A367 virus retained 135 nt
of which 110 nt represented the 3’-terminal sequence of the ge-
nome and the other 25 nt were the remains of the two most dis-
tantly inserted sequences at sites 1 and 5 (14 and 11 nt, respec-
tively). Sequence analysis of the A367 genome also revealed a
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TABLE 3 Neurovirulence of multiple miRNA target viruses in 3-day-old Swiss mice inoculated i.c.”

No. of moribund mice on the following day p.i.:

Dose Morbidity LD, Fold
Virus and group (PFU) 7 8 9 10 11 12 13 15 16 17 18 19 20 21 (%) (PFU) reduction®
2x mir-124aT (1,2) 53 66
Group 1 10 3 1 60
Group 2 102 2 2 1 1 60
Group 3 10° 2 50
mir-9T-124aT (1,2) 562 703
Group 4 10 0
Group 5 102 1 11 1 40
Group 6 10° 11 1 1 1 50
3x mir-124aT(1,2,3) 214 268
Group 7 10 2 20
Group 8 10% 2 2 4 80
Group 9 10° 1 2 12 60
mir-9T-124aT-124aT (1,2,3) 490 613
Group 10 10 1 10
Group 11 10% 1 1 20
Group 12 10° 4 1 60
3x mir-124aT (1,2,4) >1,000 >1,250
Group 13 10 1 10
Group 14 10% 1 11
Group 15 10° 1 1 1 30
3x mir-124aT (1,2,5) >1,000 >1,250
Group 16 10 0
Group 17 10% 1 2 40
Group 18 10° 1 10
4x mir-124aT (1,2,3,4) >1,000 >1,250
Group 19 10 0
Group 20 102 1 11 33
Group 21 10° 1 1 20
4x mir-124aT (1,2,3,5) >1,000  >1,250
Group 22 10 0
Group 23 102 1 10
Group 24 10° 0
TBEV/DENY, group 25 10 9 1 100 0.8°

@ Groups of 9 or 10 mice were inoculated i.c. with the indicated dose of virus and monitored for signs of encephalitis for 21 days. The brains of moribund mice were harvested on
the indicated day, and virus RNA was isolated from brain homogenate. To determine the stability of the miRNA target insertions in the genome, the 3'NCRs of brain-derived
viruses from each group of mice were directly sequenced from brain homogenates. The results of sequence analysis of 29 escape mutant viruses are shown in Fig. S3 in the

supplemental material.

b Fold reduction in neurovirulence for each miRNA-targeted virus compared to the neurovirulence of the parental TBEV/DEN4 virus.

¢ The estimated LD, of TBEV/DEN4 from previous studies (Table 1).

single G,,,, — A nucleotide mutation in the envelope E protein
gene that resulted in a Gly,,; — Asp substitution. Interestingly,
the A367 virus was infectious for Vero cells and replicated effi-
ciently at 37°C with virus titer reaching 6 X 10° PFU/ml on day 7
p.i. Sequence analysis revealed that a Gly,,; — Asp substitution is
an unique adventitious mutation for this escape mutant and was
not present in the genomes of four 3x mir-124aT(1,2,5) escape
mutants having large deletions between the same two most dis-
tantly inserted sequences at sites 1 and 5 (A335, A336, A337, and
A347 deletion mutants; Fig. 4; see also Fig. S3 in the supplemental
material). Insertion of this point mutation into the E protein gene
of TBEV/DEN4A270 cDNA was not able to support virus recovery
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and replication in Vero cells. However, in the absence ofa G,,,, —
A mutation in the E protein gene, the parental TBEV/DEN4 virus,
carrying the 3'NCR sequence derived from the A367 genome,
replicated very slowly in Vero cells and reached a titer of less than
10° PFU/ml during the 14 days of incubation, which was ~10*-
fold lower than that attained by parental TBEV/DEN4 or A367
virus. In addition, this mutant virus produced small plaques with
a size of <0.1 mm, whereas both TBEV/DEN4 and A367 pro-
duced plaques averaging 2 mm. Thus, these findings suggest that a
single G,,,, — A mutation (Gly,,; — Asp) in E protein may con-
tribute to efficient replication of the A367 virus in Vero cells and
possibly, in the mouse brain.
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FIG 4 Localization and size of deletions in the 3'"NCR of escape mutants detected in the brains of moribund mice infected i.c. with miRNA-targeted viruses. (A)
Schematic representation of miRNA target insertion sites 1 to 5 in the 3’NCR as specified in the legend to Fig. 3. (B) The position and number of mir-9 and/or
mir-124a target sites in the 3'"NCR of the virus genome are shown by the black or white boxes, respectively. The size of the deletions (number of nucleotides
deleted [Ants]), their localization in the 3'NCR (arrows), and the day of virus isolation from the moribund mouse are indicated for each escape mutant derived
from a mouse brain. The exact sequence boundaries for each deletion are shown in Fig. S3 in the supplemental material. Each A58 or A53 nucleotide deletion was
found in virus progenies derived from the brains of two mice (indicated by an asterisk).

To verify the ability of the A367 virus isolated from the mouse
brain or Vero cells to cause CNS disease, suckling mice were inoc-
ulated by the i.c. route with 10-fold dilutions ranging from 1 to 10
PFU of virus. Similar to the unmodified TBEV/DEN4 parent, the
A367 virus derived either from the brain homogenate or Vero cells
was highly neurovirulent in mice, with a calculated i.c. LD, 0of 4 or
1 PFU, respectively, and attained a virus titer in the brains of
moribund mice between 1.3 X 10° and 3.2 X 10® PFU/g of brain
tissue.

Sequence analysis data of brain isolates (29 viruses; Fig. 4; see
also Fig. S3 in the supplemental material) indicated that deletion
mutations predominantly encompassed the introduced miRNA
target sequences, suggesting that these deletions emerged as a re-
sult of viral escape from miRNA-mediated suppression. Interest-
ingly, eight escape mutants that were isolated from the brains of
mice inoculated with TBEV/DEN4 viruses bearing two or three
tandem miRNA targets at insertion sites 1 and 2 or 1, 2, and 3
contained nucleotide deletions extending from the miRNA target
site 2 or 3 into the 3’ end of the 3'NCR (e.g., to nucleotide 10370,
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10374, 10379, 10381, 10382, 10433, 10471, or 10529; Fig. 3 and
Fig. 4; the exact boundaries of the deletions are shown in Fig. S3 in
the supplemental material). These findings suggest that after an
initial miRNA-mediated RISC cleavage of the 3'NCR at the target
sites, the viral genome can be further degraded by cellular ribonu-
cleases.

Introduction of four binding sites for mir-124a restricted vi-
rus replication and reduced neuroinflammation in the CNS.
Among all of the generated miRNA target viruses, the 4x mir-
124aT(1,2,3,5) virus carrying four mir-124a targets demonstrated
the most attenuated neurovirulent phenotype. For this reason, we
analyzed the extent of its replication and neuroinflammatory re-
sponses induced in the CNS. Following i.c. inoculation of 30 suck-
ling mice with a 10° PFU dose of virus, the brains of three mice
were harvested every other day, up to day 19. The virus titer of
each brain suspension was determined on Vero cells. In contrast
to the efficient replication of TBEV/DEN4 or mir-124aT (Fig. 2A),
the growth of 4x mir-124aT(1,2,3,5) virus was highly restricted.
Replication of the 4x mir-124aT(1,2,3,5) virus in the brain was
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FIG 5 Spatiotemporal distribution of viral antigens in neurons. Immunohistochemistry for viral antigens was performed on CNS of mice infected with the
parental TBEV/DEN4 (A), mir-124aT (C), or 4x mir-124aT(1,2,3,5) (D) virus on the indicated day p.i. (dpi). A mock control is shown in panel B. The bar (1,000
pm) (in panel A) applies to all panels showing a whole-mouse brain hemisphere. Round insets show circled areas of cortex (Cx), thalamus (Th), or hippocampus

(Hp) at higher magnification (bars in insets, 50 pm).

below the level of detection (<1.7 log,, PFU/g of brain) in the ma-
jority of mice and observed at a very low level (2 to 2.5 log,, PFU/g of
brain) in two of the three mice on day 1 p.i. and in one mouse on day
7 p.i. There were no clinical signs of illness in any mice.

In a separate comparative study, histopathological and immu-
nohistochemical analyses of the brain tissue were performed in
three groups of suckling mice inoculated i.c. with the TBEV/
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DEN4, mir-124aT, or 4x mir-124aT(1,2,3,5) virus to evaluate the
distribution of viral antigen, inflammatory cell infiltration, micro-
gliosis, reactive astrocytosis, and presence of neuronal damage.
Extensive neuronal replication of the parental TBEV/DEN4
virus was evident by detection of viral antigens as early as day 3 p.i.
and continued to increase to a very high level throughout the brain
until day 6 p.i., when the mice became moribund (Fig. 5A). The
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mir-124aT virus replicated in neurons at a lower rate, apparently
reaching a peak of replication on day 8 p.i. with a subsequent
decrease by day 13 when all mice became moribund (Fig. 5C). In
contrast, mice inoculated with the 4x mir-124aT(1,2,3,5) virus did
not show any signs of the CNS infection or virus replication in
neurons until day 20 p.i. when the viral antigens were detected in
a small group of cortical neurons (Fig. 5D) of one of three mice.

The time course and magnitude of inflammatory responses
(see Fig. S4 to S6 in the supplemental material) and neuronal
degeneration (Fig. 6) in the CNS differed between the viruses and
appeared to be an outcome of viral replication in neuronal cell
populations. In mice infected with parental TBEV/DEN4 virus,
profound neuroinflammatory changes with extensive microglial
activation (Fig. S4B and S4F), reactive astrocytosis (Fig. S5B and
S5F), inflammatory cell infiltration (Fig. S6B and S6F), and neu-
ronal somatodendritic damage (Fig. 6B and F) were seen on day 6
p.i., the time when all mice became moribund.

The mir-124aT virus carrying only one mir-124a target also
induced neuronal somatodendritic damage (Fig. 6C, G, 1, J, M,
and N), microglial activation (see Fig. S4 in the supplemental ma-
terial), reactive astrocytosis (Fig. S5), and widespread inflamma-
tory cell infiltration (Fig. S6). However, there was a delay in these
responses within the CNS, and all mice became moribund 1 week
later (day 13 p.i.) compared to mice infected with TBEV/DEN4.

The brains of mice inoculated with the 4x mir-124aT(1,2,3,5)
virus did not show signs of neuronal damage (Fig. 6) and had only
minimal inflammatory reactions on days 6, 8 and 13 p.i. (see Fig.
S4, S5, and S6 in the supplemental material). Nonetheless, at the
end of the experiment (day 20 p.i.), the brain tissue of one of three
mice with detectable viral antigens in cortical neurons (Fig. 5D)
showed a moderate microglial activation (Fig. S4), reactive astro-
cytosis (Fig. S5), and inflammatory cell infiltration (Fig. S6). It
should be noted that the somatodendritic neuronal compart-
ments in the brain of this mouse were well preserved by the end of
the experiment (not shown) despite the detection of viral anti-
gens.

Taken together, these and previous (Table 3) data indicate that
targeting of the 3'"NCR with multiple mir-124a binding sites can
markedly restrict virus replication in the developing CNS and pre-
vent virus-induced neuroinflammation and neuronal degenera-
tion.

DISCUSSION

The inclusion of a single copy of target sequences for miRNAs
expressed in the CNS (mir-9, mir-124a, mir-128a, and mir-218)
completely abolished the neurotropism of the TBEV/DEN4 virus
in immunocompetent adult mice, but the effects of these miRNA
target insertions on the viral neurovirulence in newborn mice and
neuroinvasiveness in immunodeficient mice were less evident
than those observed for the let-7c target (15). let-7c is a member of
the large let-7 family of miRNAs which are ubiquitously expressed
in amultitude of tissues and cells (2, 3, 21, 34), and the let-7c target
inclusion into viral genome was most effective in terms of limiting
TBEV/DEN4 neuropathogenesis in both newborn and adult mice.
These findings suggest that a variety of factors including immune
system maturation and levels and patterns of miRNA expression
in the CNS and/or other tissues may play a role in age-dependent
susceptibility of mice to miRNA-targeted virus infection. Se-
quence analysis data of viral isolates derived from the brains of
moribund SCID (15) or suckling mice, which were infected with
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TBEV/DEN4 viruses carrying a single miRNA target, show that
virus escape from the miRNA-mediated suppression can occur
through deletions or mutations within the central region of the
miRNA target sequence. These findings are in line with data ob-
tained for other viruses (4, 11, 16, 22, 36, 37) indicating that the
perfect complementarity between the target sequence and cellular
miRNA is a critical factor for miRNA target recognition and cat-
alytic cleavage of miRNA-targeted RNA by the RISC (6, 12). As we
demonstrated previously (15), a single-nucleotide mutation
within the central region of the let-7c target sequence was suffi-
cient to restore the ability of the let-7cT mutant virus to cause
lethal CNS disease in mice and to efficiently replicate in Vero cells
or primary neurons expressing the let-7c miRNA.

Virus escape from the miRNA-mediated suppression in the
developing mouse CNS was progressively reduced by increasing
the number of miRNA target sites in the 3'NCR of the viral ge-
nome. The simultaneous tandem targeting of the TBEV/DEN4
genome for two different brain-expressed miRNAs (mir-9 and
mir-124a) was more efficient in reducing virus neurovirulence
than targeting of two or three tandem targets for mir-124a miRNA
alone. In addition, we found that genomic targeting with a tandem
repeat of three mir-124a targets (at sites 1, 2, and 3) was less effec-
tive in preventing the development of lethal encephalitis than tar-
geting with the same number of mir-124a binding sites from
which a third mir-124a target was inserted at a more distant posi-
tion (at site 4 or 5).

Multiple miRNA target insertions (2, 3, or 4 copies) into the
3'NCR altered virus neuroinvasiveness in SCID mice and signifi-
cantly attenuated its neurovirulence in immunocompetent mice
without a negative impact on the immunogenicity and protective
efficacy. Importantly, the miRNA targeting of a large portion of
the 3'"NCR with three or four miRNA binding sites greatly reduced
the probability of virus to escape from the miRNA-mediated sup-
pression even in the developing mouse CNS. However, the sup-
pression of virus replication in the brain was not complete. Anal-
ysis of virus escape mutants derived from the brains of moribund
mice showed that emerging viruses can overcome miRNA-medi-
ated suppression by acquiring large deletions that included the
inserted miRNA target sequences as well as the portion of viral
genome located between the two most distant miRNA targets. It
should be noted that this mode of virus escape in the CNS was a
common trend among all viruses carrying two or more miRNA
targets. This observation raises intriguing questions about the po-
tential mechanism(s) involved in the generation of a large deletion
in the viral RNA genome. Since each introduced miRNA target
was fully complementary to the corresponding miRNA, the viral
RNA should be cleaved by Argonaute-2 of the RISC at the miRNA
binding sites (23). These cleavages would release 3’ and 5" RNA
fragments as well as the genomic RNA fragments located between
a pair of miRNA targets that could serve as the RNA template
segments for the subsequent formation of novel RNA genomes.
Most likely, the mechanism involves the covalent joining of two
noncontiguous RNA genome portions (the 5" RNA fragment con-
taining the sequences of the 5'NCR and polyprotein ORF and the
3" RNA fragment containing the 3'-terminal part of the 3'NCR)
by way of a viral polymerase-directed template-switching mecha-
nism similar to that proposed for the generation of viral defective
interfering RNAs (19, 25, 26). The precise mechanism of template
switching by the RNA-dependent RNA polymerase (RdRp) is not
well-known. The current model suggests that the viral RARp to-
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FIG 6 Neuronal somatodendritic damage. Somatodendritic neuronal compartments were revealed by specific IR for the microtubule-associated protein 2
(MAP2-IR) in the CNS of mice infected with the TBEV/DEN4 (B and F), mir-124aT (C, G, L, J, M, and N), or 4x mir-124aT(1,2,3,5) (D, H, K, L, O, and P) virus
on indicated day p.i. Mock controls are shown in panels A and E. The boxed areas of the thalamus in panels A to D, I, and K or of the motor cortex in panels M
and O are shown at higher magnification in the corresponding panels (E to H, J, L, N, and P). Bars, 1,000 um (A to D, I, K, M, and O) and 50 um (E to H, J, L,

N, and P).

gether with the nascent RNA strand, which had been synthesized
on the primary RNA template (the 3" RNA fragment), jumps to
the 5" RNA fragment where it resumes RNA synthesis. Interest-
ingly, among the nucleotide sequences of the 29 escape mutants
analyzed in this study (see Fig. S3 in the supplemental material),
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the junction sites did not show nucleotide similarity but contained
A/U-rich stretches, which are believed to promote RNA recombi-
nation by template switching (26). For each miRNA-targeted vi-
rus, the deleted 3'NCR sequences from virus isolates varied in size
and localization and were always associated with and included the
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miRNA target elements (Fig. 4; see also Fig. S3 in the supplemental
material). In the eight progenies of TBEV/DEN4 viruses bearing
two or three tandem miRNA targets, deletions extended beyond
the last miRNA target to the G/C-rich sequences of the 3'NCR
(e.g., to the nucleotide 10370, 10374, 10379, 10381, 10382, 10433,
10471, or 10529; Fig. 3; see also Fig. S3) which can form hairpin
structures (31) and promote viral RNA recombination (26). The
presence of these large deletions in the viral escape mutants sug-
gests that the cellular exo- and endoribonucleases may contribute
to the further degradation of the initially RISC-generated RNA
fragments prior to recombination.

The 3'NCR of the flavivirus genome is required for the forma-
tion of subgenomic RNAs (27) and is comprised of several con-
served RNA structures that can modulate virus replication and
pathogenicity (13, 24). Conserved sequence elements such as a
tandem of the repeated conserved sequence 2 (RCS2) and con-
served sequence 2 (CS2) in the 3'NCR are important for virus
replication in mammalian cells. Indeed, we found that a 270-nt
deletion between the stop codon and the last 3’ -terminal 114 nt of
the 3'NCR engineered into the recombinant TBEV/DEN4 A270
cDNA, including the RCS2 and CS2 sequences, was lethal, pre-
cluding virus recovery in simian Vero cells. Taking this into ac-
count, the recovery of brain-derived 3x mir-124aT(1,2,5) and 4x
mir-124aT(1,2,3,5) escape mutants with large deletions in the 5’
part of the 3'NCR, including the conserved RCS2 and CS2 struc-
tures (Fig. 3 and 4), was unexpected. The 3'NCRs of five escape
mutant viruses, one for 4x mir-124aT(1,2,3,5) and four for 3x
mir-124aT(1,2,5), varied in length (127, 135, 137, 138, or 139 nt;
see Fig. S3 in the supplemental material) but were always longer
than the 3'NCR engineered in the TBEV/DEN4 A270 cDNA (120
nt) and retained the 110 proximal 3'-terminal nucleotides of the
parental TBEV/DEN4 genome (nt 10555 to 10664) (Fig. 3). The
spacer sequences between the stop codon and these last 3'-termi-
nal 110 nt ranged from 17 to 29 nt in the length and were the
remains of the sequence insertions at sites 1 and 5. Thus, the 5’
part of the 3'NCR between the stop codon and nucleotide 10555
could be substituted with short external sequences without loss of
virus viability. These findings suggest that the size rather than the
primary nucleotide sequence of the spacer region can affect the
yield and replication of infectious virus. However, we also identi-
fied another unique mutation in the structural envelope E protein
(a Gly,,; — Asp substitution) of the A367 escape virus carrying a
large deletion in the 3'NCR. This mutation occurred in an a-helix
H2 element of E protein that is important for the prM-E dimer
stability during virion assembly (1). The exact mechanism by
which the selected escape mutant was able to regain the replicative
capability and revert to a neurovirulent phenotype remains to be
determined. In the absence of a Gly,,; — Asp mutation in the E
protein, the parental TBEV/DEN4 virus, carrying the 3'NCR se-
quence derived from the escape A367 virus, replicated very
slowly in Vero cells and reached a titer 10*-fold lower than that
attained by parental TBEV/DEN4 or A367 virus. Thus, these
findings suggest that a point mutation (Gly,,; — Asp) in E
protein may contribute to efficient replication of the A367 vi-
rus in Vero cells and possibly, in the mouse brain.

Taken together, our findings with multiple miRNA targeting of
neurotropic flavivirus demonstrate that the degree of virus atten-
uation for the CNS can be modulated by increasing the number of
miRNA target sites and targeting a large portion of the viral ge-
nome. Insertion of four target copies for the CNS-specific mir-
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124a in the 3’NCR [4x mir-124aT(1,2,3,5) virus] was the most
effective approach for restricting viral replication, reducing in-
flammatory responses, and preventing neuronal damage even in
the highly vulnerable developing CNS. With this approach, virus
escape from miRNA-mediated suppression was very infrequent
and observed only in the CNS of suckling mice. Sequence analysis
of brain-derived progenies of the miRNA-targeted viruses has
shown that virus escape occurs exclusively through the deletion of
inserted miRNA targets and results in the loss of the viral genome
sequence located between the two most distant miRNA targets.
Importantly, deletions never extended upstream into the viral
polyprotein ORF or downstream into the conserved 3’-terminal
110-nucleotide structure of the 3'NCR signifying the functionally
important role of these regions for virus viability. These findings
have prompted us to propose a rational vaccine design approach
using multiple miRNA targets engineered into many different vi-
ral genome regions (5'NCR, ORF, and 3'NCR) that are crucial for
virus viability in order to control virus neurotropism and prevent
virus reversion to the neurovirulent phenotype. In such a design,
the emergence of neurovirulent escape mutants under the
miRNA-mediated suppression in the CNS would be unlikely due
to the fact that multiple miRNA-induced cleavages would lead to
deletions of critically important virus sequences located between
inserted miRNA binding sites.
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