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ABSTRACT Tick-borne encephalitis virus (TBEV), a member of the genus Flavivirus,
is one of the most medically important tick-borne pathogens of the Old World. De-
spite decades of active research, attempts to develop of a live attenuated virus (LAV)
vaccine against TBEV with acceptable safety and immunogenicity characteristics
have not been successful. To overcome this impasse, we generated a chimeric TBEV
that was highly immunogenic in nonhuman primates (NHPs). The chimeric virus con-
tains the prM/E genes of TBEV, which are expressed in the genetic background of an
antigenically closely related, but less pathogenic member of the TBEV complex—
Langat virus (LGTV), strain T-1674. The neurovirulence of this chimeric virus was sub-
sequently controlled by robust targeting of the viral genome with multiple copies of
central nervous system-enriched microRNAs (miRNAs). This miRNA-targeted T/1674-
mirV2 virus was highly stable in Vero cells and was not pathogenic in various mouse
models of infection or in NHPs. Importantly, in NHPs, a single dose of the T/1674-
mirV2 virus induced TBEV-specific neutralizing antibody (NA) levels comparable
to those seen with a three-dose regimen of an inactivated TBEV vaccine, currently
available in Europe. Moreover, our vaccine candidate provided complete protection
against a stringent wild-type TBEV challenge in mice and against challenge with a
parental (not miRNA-targeted) chimeric TBEV/LGTV in NHPs. Thus, this highly attenu-
ated and immunogenic T/1674-mirV2 virus is a promising LAV vaccine candidate
against TBEV and warrants further preclinical evaluation of its neurovirulence in
NHPs prior to entering clinical trials in humans.

IMPORTANCE Tick-borne encephalitis virus (TBEV) is one of the most medically im-
portant tick-borne pathogens of the Old World. Despite decades of active research,
efforts to develop of TBEV live attenuated virus (LAV) vaccines with acceptable
safety and immunogenicity characteristics have not been successful. Here we report
the development and evaluation of a highly attenuated and immunogenic microRNA-
targeted TBEV LAV.

KEYWORDS Langat virus, tick-borne encephalitis virus, chimeric virus, live
attenuated virus vaccine, microRNA

ick-borne encephalitis virus (TBEV), a member of the genus Flavivirus, is one of the

most medically important tick-borne pathogens of the Old World. Several effective
formalin-inactivated vaccines against TBEV have been developed and are commercially
available in Europe, Russia, China, and Canada (reviewed in reference 1). However,
lengthy vaccination schedules (three primary immunizations over a 1-year period) and
the need for booster immunizations at 3-to-5-year intervals raise concerns regarding
the practicality of these inactivated TBEV vaccines in the vast geographic ranges of the
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virus. Such concerns underscore the importance of the development of a single-dose
TBEV vaccine capable of inducing long-lasting immunity. The success of the live
attenuated yellow fever virus 17D and Japanese encephalitis virus SA 14-14-2 vaccines
(2) suggests that a live attenuated TBEV vaccine can adequately address this challenge.

Langat virus (LGTV) is a naturally attenuated member of the TBEV serocomplex.
Compared to TBEV, LGTV is associated with reduced neurovirulence and neuroinva-
siveness in mouse and nonhuman primate (NHP) models (3, 4). LGTV is endemic in
Southeast Asia, but since its discovery in the 1950s (5), there have been no reports of
LGTV-associated human disease. In the 1970s, due to its presumed low pathogenicity
and high immunogenicity, LGTV attracted attention as a potential natural vaccine strain
against tick-borne encephalitis (6, 7). However, a massive immunization program of
649,479 individuals in Russia using LGTV (strain Yelantsev) was associated with 35 cases
of postvaccination meningoencephalomyelitis and one death in an individual over
65 years of age (7). This precluded any further use of the LGTV strains as a live
attenuated virus (LAV) vaccine against TBE. Since then, despite continued research, the
goal of developing a safe LAV against tick-borne encephalitis has been difficult to reach
(8, 9).

One of the most popular approaches for TBEV attenuation has been the construc-
tion of chimeric viruses containing the structural protein genes of TBEV and the
nonstructural protein genes from other antigenically distant, nonneuroinvasive and/or
attenuated flaviviruses (3, 10-14). Since the nonstructural proteins play an important
role in the pathogenicity of flaviviruses and represent a target (T) for cellular immune
responses (15, 16), the chimerization of the TBEV structural protein genes with non-
structural genes of LGTV, an antigenically related virus (88% homology [17, 18]), may be
a more appropriate genetic platform for the stimulation of optimal TBEV immunity.
However, in the case of a highly neuropathogenic flavivirus such as TBEV, achieving
successful virus attenuation by chimerization alone has proven difficult (8, 11-14, 19).
As such, we sought to rationally design an immunogenic chimeric TBEV/LGTV strain
containing targeted neuroinvasive attenuation.

Flavivirus neuropathogenicity is governed by (i) the ability of a virus to produce and
sustain the level of viremia sufficient for central nervous system (CNS) invasion (i.e., the
viremic capacity of the virus), (i) the ability of a virus to enter the CNS (i.e., virus
neuroinvasiveness), and (iii) the ability of a virus to replicate in neurons and to spread
and induce neuropathology once within the CNS (reviewed in reference 20). Selective
expression of several evolutionary-conserved cellular microRNAs (miRNAs) in the CNS
(21), particularly in neurons, enables a straightforward strategy to attenuate the neu-
ropathogenicity of flaviviruses (22, 23). Flaviviruses that contain sequences comple-
mentary to the CNS-specific miRNAs (miRNA targets) should lose the ability to replicate
in cells expressing the respective miRNAs (23). Therefore, our goal was to rationally
design a safe TBEV LAV strain by combining two strategies: (i) chimerization of two
closely antigenically related viruses, TBEV (highly neuropathogenic) and LGTV (less
pathogenic); (ii) introduction of miRNA targeting sequences into viral genome to
reduce or eliminate virus neuropathogenicity.

Recently, we generated and characterized chimeric strains of TBEV/LGTV that con-
tained targets (T) for CNS-expressed miRNAs (mir-124 and mir-9) inserted at two distant
locations in the viral genome (duplicated E/NS1 junction region [dE/NS1] and the 3’
noncoding region [3'NCR]) (24). These viruses were constructed using the genetic
background (defined as a complete flaviviral genome lacking the prM and E genes) of
the E5 strain of LGTV and prM and E genes of TBEV (Far Eastern subtype, strain Sofjin).
The neuropathogenicity of these miRNA-targeted TBEV/LGTV E5 strains (designated
T/E5 viruses here) was strongly attenuated (24). In addition, mice infected with a single
dose of different T/E5 viruses developed protective immunity against subsequent
challenge with a parental T/E5 virus that did not contain miRNA targets [miRNA(T)s].
However, these miRNA-targeted T/E5 viruses had low immunogenicity in nonhuman
primates (unpublished data). Furthermore, substantial neuroinvasiveness of miRNA-
targeted T/E5 viruses was observed in adult SCID mice. This was associated with
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deletion of all miRNA(T)s in the genomes of viruses recovered from brains of those
paralyzed/morbid SCID mice (24). Thus, the safety, genetic stability, and immunoge-
nicity of the miRNA-targeted TBEV/LGTV chimeric viruses required substantial improve-
ment.

The E5 strain of LGTV was produced by repeated passage of the prototype TP-21
strain in chicken embryos (4, 25). It has been previously reported that infection of
rhesus monkeys with TP-21 induced a 58-fold-lower titer of TBEV-specific neutralizing
antibody (NA) than infection with LGTV T-1674 (here referred to as strain 1674) (14).
This suggests that the poor immunogenicity of our previously constructed T/E5 viruses
in nonhuman primates (NHP) might have been due to overattenuation of the E5 strain.
We recently demonstrated that insertion of miRNA-targeting cassettes into three
separate/distant locations within the LGTV genome (duplicated C gene [dC] region,
duplicated E/NS1 junction gene [dE/NS1] region, and 3’NCR) substantially improves
virus stability in the CNS of newborn mice compared to viruses that contain miRNA(T)s
in only one or two locations of viral genome (26). Therefore, we hypothesized that
insertion of miRNA-target cassettes into three (instead of two) distant locations of the
TBEV/LGTV genome containing the genetic background of strain 1674 (instead of E5)
would substantially improve immunogenicity, while ensuring high stability (and safety)
of the resultant chimeric TBEV/LGTV.

Since human immune responses to vaccination are more accurately recapitulated by
NHPs than are responses of mice, in this study we primarily focused on the NHP model
for evaluation of vaccine efficacy. In contrast, the susceptibility of mice (particularly
newborn mice and mice bearing genetic immunodeficiency) to tick-borne flaviviruses
infection substantially surpasses that of monkeys, justifying the use of various mouse
models for evaluation of the safety of the developed viruses (27, 28). To ensure an
optimal immunogenicity, stability, and safety profile for a newly developed miRNA-
targeted TBEV/LGTV vaccine candidate, here we report an initial preclinical testing in
NHPs and in various sensitive mouse models.

RESULTS

Chimeric TBEV/LGTV constructed using the genetic background of LGTV strain
1674 is highly immunogenic in NHPs. Strain 1674 of LGTV was sequenced (GenBank
accession no. MK680893.1), and an infectious cDNA clone of the virus was generated.
The sequence of strain 1674 differs from those of strains TP-21 and E5 by 42 and 45
amino acids (aa) in the polyprotein, respectively (see Table S1 in the supplemental
material). To generate a chimeric TBEV/LGTV strain, using the genetic background of
LGTV 1674, we replaced the prM/E genes of virus strain 1674 with those of TBEV (strain
Sofjin; Far Eastern subtype; GenBank accession no. X07755.1) (Fig. 1A). The resultant
T/1674 virus replicated with kinetics similar to those of T/E5 (24) in Vero cells (see
Fig. STA in the supplemental material) (P = 0.2623, two-way analysis of variance
[ANOVAI). Newborn mice are highly permissive with respect to intracerebral infection
with most flaviviruses (19, 29-31), making them a convenient model to compare levels
of viral replicative fitness in vivo. T/1674 and T/E5 replicated indistinguishably in the
brain of newborn Swiss Webster (SW) mice after intracranial (i.c.) inoculation (Fig. S1B)
(P = 0.6363, two-way ANOVA) and exhibited similar mortality rates (Fig. S1C and D and
Text S1) (P = 0.1053, one-sided Fisher's exact test, for all doses). Taken together, these
results indicate that replacement of genetic backbone of LGTV strain E5 with that of
strain 1674 had no effect on TBEV/LGTV fitness in cell culture or on neuropathogenicity
in newborn mice.

Next, we compared the levels of immunogenicity of T/1674 and T/E5 viruses in
rhesus macaques. To minimize the number of NHPs required, the evaluation was
performed as part of a challenge study for miRNA-targeted viruses (Fig. 1B), which is
discussed below. Animals that had previously been subjected to mock inoculation were
infected subcutaneously (s.c.) with the T/1674 or T/E5 virus at a dose of 10° PFU
(Fig. 1C). Both viruses induced transient viremia in 100% of infected animals (Fig. 1D),
but the mean titer of T/1674 virus was 1.7 log,, PFU/ml higher than that of the T/E5
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FIG 1 Construction of the chimeric miRNA-targeted TBEV/LGTVs and their immunogenicity in NHPs. (A) Schematic represen-
tation of the chimeric T/1674 virus. The white boxes correspond to LGTV strain 1674 sequences. Orange boxes depict TBEV
sequences (strain Sofjin). The genetic organization of the miRNA-targeting cassettes that were used to generate T/1674-mirV2 and
positions of their insertion into the dC, dE/NS1, and 3'NCR regions of the T/1674 virus is indicated. C trn (48AA), replication
promoter region of the C gene of LGTV; TM1 and TM2, transmembrane helical regions of E protein. Gray boxes represent the
codon-optimized sequences of the C gene of TBEV and TM regions of LGTV. (B) Characterization of chimeric TBEV/LGTVs that were
used in the NHP immunogenicity study. Compositions of the miRNA-targeting cassettes inserted into the dC, dE/NS1 and 3'NCR
regions of T/1674 virus are depicted. Red boxes indicate the targets for mir-124; blue boxes indicate the targets for mir-9. Viruses
were purified by the one-step terminal dilution method. Working stocks were generated after the second consecutive passage
in Vero cells followed by virus titration in Vero cells. Stability of miRNA(T)s was assessed after 10 passages in Vero cells by
sequencing analysis. The crosses (+) indicate that all miRNA targets in the virus remained stable at the passage 10. (C and D)
Experimental design (C) of the study performed to compare viremia, immunogenicity, and protective efficacy data for the
chimeric TBEV/LGTVs in NHPs (D). Rhesus macaques in groups of three or four were subjected to mock inoculation or infected
subcutaneously with 10° PFU of miRNA-targeted viruses. Monkeys were bled on dpi 1 to 7 to determine the duration of viremia
(expressed as mean number of viremia days per animal in the group) and the mean peak viral titer in the serum of each animal
in the group [expressed as log,,(PFU/mI)]. On dpi 28 and 56, animals were bled to determine NA titer (expressed as geometric
mean [GMT] for the group) using the 50% plaque reduction neutralization (PRNT,,) assay. At dpi 29, animals were challenged s.c.
with 10° PFU of T/E5 or T/1674 virus, followed by evaluation of viremia duration and peak virus titer in serum. Virus titer in serum
was determined by focus-forming assay in LLC-MK2 cells, and data are expressed as log,,(PFU/ml). NT, not tested. Serum samples
from four animals s.c. inoculated with a formalin-inactivated TBEV vaccine “Encepur” in three human doses (3 X 0.5 ml) on days
0, 7, and 21 and collected for neutralization assay 21 days after the third dose were from our previous studies (13).
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virus. No animals exhibited a febrile reaction or neurological signs for the duration of
the experiment (28 days). A substantially higher titer of NA against chimeric T/E5 was
detected in the serum of NHPs infected with T/1674 virus than in those infected with
T/E5 virus (Fig. 1D) (P = 0.0286, one-tailed Mann-Whitney test). Interestingly, the dif-
ference in the NA responses between the T/1674 and T/E5 viruses was substantially
greater (50% plaque reduction neutralization [PRNTS,] assay values of 830 and 29,
respectively) against the Hypr strain of TBEV (European subtype) than against the T/E5
virus (PRNTs, asssay values, 812 and 101, respectively). These data indicate that the
T/1674 virus is more efficient than the T/E5 virus in inducing NA responses with broad
lineage specificity (Sofjin and Hypr).

Single-dose inoculation of NHPs with chimeric miRNA-targeted TBEV/LGTV
induces a potent TBEV-specific NA response. While neurological signs were not
observed in NHPs infected with T/1674, the virus remained highly neurovirulent in
newborn mice (Fig. S1B and C). This suggested that T/1674 has the potential to cause
neurologic disease in a subset of human vaccinees similar to that observed in previous
LGTV clinical trials (7). To restrict replication of the T/1674 virus in the CNS, we modified
this virus by introducing multiple miRNA(T)s for the CNS-expressed mir-124 miRNA
alone or in combination with mir-9 into a duplicated capsid gene region (dC) and a
duplicated E/NS1 gene region (dE/NS1) and into the 3’NCR (Fig. 1A; see also Fig. S2 and
S3). The suitability of the dC and 3'NCR for insertion of miRNA(T)s was validated in our
previous studies (24, 26, 32, 33). The genetic configuration of the dE/NS1 region has
been previously described (24, 26) and was additionally modified by deleting the entire
H1 and H2 sequences and eliminating the partial transmembrane (TM) helical TM1
region of the E gene of LGTV, as depicted in Fig. S4A. This deletion substantially
increased the replicative fitness of the miRNA-targeted TBEV/LGTV in Vero cells
(Fig. S4B).

We observed previously that insertion of the combination of mir-124(T) and mir-9(T)
into the flavivirus genome substantially reduces viral neuropathogenicity compared to
monotypic miRNA targeting (32, 34). However, we also observed that, compared to
insertion of mir-124(T), insertion of mir-9(T) into the 3’'NCR of a chimeric TBEV/dengue
4 virus decreased viral immunogenicity in NHPs (35). The effect of mir-9(T) insertion into
the open reading frame (ORF) of flaviviruses on virus immunogenicity remains unclear.
Therefore, the following two approaches were pursued to increase virus immunoge-
nicity: (i) multiple-genome targeting for mir-124 only (see T/1674-mirV1 data in Fig. 1B
[see also Fig. S2]) and (ii) combined targeting for mir-124 and mir-9 in the dC and
dE/NS1 regions while preserving monotypic mir-124 targeting of the 3’NCR (see
T/1674-mirV2 data in Fig. 1B [see also Fig. S3]).

Infectious T/1674-mirV1 and T/1674-mirV2 viruses were rescued by plasmid DNA
transfection into Vero cells, followed by a clonal purification using terminal dilution
method. The genetic integrity of the clone-purified viruses was verified by complete-
genome sequencing. The levels of growth of both viruses in Vero cells were indistin-
guishable from that of the parental T/1674 virus (Fig. S5) (P> 0.1 [two-way ANOVA]),
reaching titers of 7.5 to 8.0 log,,(PFU)/ml. To evaluate the stability of miRNA-targeted
viruses, they were subjected to 10 passages in Vero cells followed by sequencing of
genome regions containing miRNA(T)s. All miRNA(T)s in both viruses remained un-
changed (Fig. 1B).

To evaluate the immunogenicity of miRNA-targeted viruses, we inoculated rhesus
macaques s.c. with a dose of 10° PFU of each virus (Fig. 1C). Both viruses caused brief
viremia in 100% of the animals; the viremia lasted ~1day less than that seen in
monkeys infected with T/1674 (see Fig. 1C [Mock2 group, challenge studyl). Also,
substantial [~1 to ~2 log,,(PFU/mI)] reductions in the mean peak virus titer were
detected in serum of T/1674-mirV1- and T/1674-mirV2-infected NHPs compared to the
T/1674-infected group (Fig. 1D). This indicates that multiple genome modifications
(which are needed to accommodate robust miRNA targeting) resulted in moderate
attenuation. T/1674-mirV2 induced higher titers of NA than T/1674-mirV1 as measured
against the T/E5 or TBEV (Hypr) viruses, although these differences were not statistically

March/April 2019 Volume 10 Issue 2 e02904-18

mBio’

mbio.asm.org 5


https://mbio.asm.org

Tsetsarkin et al.

significant (P > 0.05; Mann-Whitney test). Importantly, the T/E5-specific and TBEV-
specific NA titers induced by a single injection with T/1674-mirV2 appeared comparable
to or higher than the NA titers attained after immunization with three recommended
consecutive human doses of the inactivated TBEV vaccine “Encepur,” which was used
here for comparison (Fig. 1D).

To determine if the immunity induced by T/1674-mirV1 or T/1674-mirV2 was
protective, we challenged monkeys s.c. with 105 PFU of the T/1674 virus on day 29
postimmunization (Fig. 1C). Wild-type TBEV was not used as the challenge agent due
to animal facility biocontainment limitations. None of the virus-inoculated animals
developed detectable viremia after the challenge (Fig. 1D), while all monkeys in the
second mock-inoculated group (mock2) exhibited a level of high viremia which lasted
~3.5days (discussed above). Interestingly, a substantial (~10-fold) increase in the
TBEV-specific NA titer was detected in NHPs immunized with either T/1674-mirV1 or
T/1674-mirV2 viruses after challenge with the T/1674 virus. This boost suggests that
limited replication of the T/1674 virus might have occurred at the site of inoculation. In
summary, these results indicate that the miRNA-targeted TBEV/LGTVs constructed
using the genetic backbone of LGTV strain 1674 are highly immunogenic in NHPs after
a single-dose inoculation.

T/1674-mirV2 vaccine candidate virus is not neuropathogenic and provides
protection against lethal TBEV infection in mice. Since NHPs were refractory to
peripheral infection with a parental T/1674 virus (not containing the miRNA targets),
evaluation of the neuropathogenicity and protective efficacy of engineered miRNA-
targeted viruses was performed using models of infection involving more-susceptible
mice. The T/1674-mirV2 virus was more immunogenic in NHPs than the T/1674-mirV1
virus (Fig. 1D) and was therefore selected as the leading vaccine candidate and for
detailed neuropathogenicity studies in mice. However, T/1674-mirV1 was included in
some experiments as a comparator to assess the effect of mir-9(T) insertion on virus
neuropathogenicity.

Adult C3H mice. First, we compared the levels of neuroinvasiveness of parental and
miRNA-targeted T/1674 viruses in adult immunocompetent C3H mice. Three-week-old
mice infected intraperitoneally (i.p.) with 105 PFU of T/1674-mirV1 or T/1674-mirV2
developed moderate viremia at 1 day postinfection (dpi) (Fig. S6) but survived infection
and did not develop signs of neurologic disease. In contrast, all mice infected with the
parental T/1674 virus reached the lethal endpoint at 7 dpi (Fig. 2A) (P < 0.001, log rank
test). Mice immunized with T/1674-mirV1 (n = 5) or T/1674-mirV2 (n = 5) virus devel-
oped a robust TBEV-specific NA response by 28 dpi (Fig. 2B). To test if immunity
induced by infection with the miRNA-targeted TBEV/LGTVs could protect against lethal
challenge, mice were infected i.p. with 10> PFU of a parental T/1674 virus on day 29
postimmunization. All mock-inoculated mice (n = 5) developed encephalitis and were
humanely euthanized by 9 dpi. In contrast, mice immunized with the T/1674-mirV1
(n =5) or T/1674-mirV2 (n = 5) virus survived the challenge (Fig. 2C) (P < 0.001, log
rank test). To assess the efficacy of the T/1674-mirV1 or T/1674-mirV2 virus vaccination
against a wild type TBEV, we immunized C3H mice (n =10 per group) with the
miRNA-targeted viruses, followed by i.p. challenge with a European subtype TBEV (Hypr
strain). The mortality rate in the mock-infected group was 90%, while all mice immu-
nized with the miRNA-targeted viruses survived the challenge (Fig. 2D) (P < 0.001, log
rank test). Moreover, mice immunized with miRNA-targeted viruses did not develop
detectable viremia at 1day postchallenge (dpc) with either the T/1674 virus or a
wild-type TBEV, while all mice in the mock-inoculated groups developed moderate
viremia at that time point (Fig. S6C and D).

To evaluate the effect of miRNA targeting on the tissue tropism of the chimeric
T/1674 viruses, 3-week-old C3H mice were infected i.p. with 105 PFU of the T/1674-
mirV2 or parental T/1674 virus, and levels of viremia as well as virus titers in various
organs (dissected without perfusion) were measured by plaque assay (Fig. 2E to J). As
anticipated, no virus replication was detected in the brain of mice inoculated with the
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FIG 2 Immunogenicity, protective efficacy, and replication of the miRNA-targeted TBEV/LGTVs in C3H mice. (A to C) C3H mice (n = 5) were
inoculated with T/1674, T/1674-mirV1, or T/1674-mirV2 virus or with diluent (mock). At day 29 postimmunization, animals were challenged i.p.
with 10° PFU of T/1674 (n = 5) and monitored for neurological signs. (A) Survival of C3H mice (n = 5) after i.p. inoculation with 105 PFU of T/1674,
T/1674-mirV1, and T/1674-mirV2 viruses. (B) Neutralizing antibody (NA) titer in the serum of C3H mice on day 28 postimmunization with
miRNA-targeted viruses and on day 27 postchallenge with T/1674. The NA titer was determined using the 50% plaque reduction neutralization
(PRNTS,) assay against the T/E5 virus. Differences in NA titer in the mouse sera were compared using the Mann-Whitney test (ns, not statistically
significant [P > 0.05]). (C) Survival of immunized C3H mice (n = 5) after the challenge with 10> PFU T/1674 virus. (D) C3H mice (n = 10) were
inoculated i.p. with 10° PFU of T/1674-mirV1 or T/1674-mirV2 or with diluent (mock). At day 29 postimmunization, animals were challenged i.p.
with 10° PFU of a wild-type TBEV (strain Hypr). The graph shows the survival of immunized mice. (E to K) Kinetics of T/1674 and T/1674-mirV2
virus replication in the brain (E), serum (F), kidney (G), lung (H), spleen (I), muscle (J), and pancreas (K) of C3H mice. Three-week-old mice were
infected i.p. with 10° PFU of T/1674 or T/1674-mirV2 virus. At 1, 3, 5, 7, and 10 dpi, mice were sacrificed (3 animals per time point in each group)
and virus titers in the organs and serum were determined by titration in Vero cells. The dashed lines indicate the limits of virus detection: 1.5
log,o(PFU/ml) for serum; 1.7 log,(PFU/g) for brain (E), kidney (G), lung (H), spleen (1), and muscle (J); and 2.7 log,,(PFU/g) for pancreas (K).
Differences between T/1674 and T/1674-mirV2 titers in mouse serum or organs were compared using two-way ANOVA.

T/1674-mirV2 virus, whereas the brain titer in mice inoculated with the parental T/1674
virus reached 8.5 log,, PFU/ml. These results indicate that the T/1674-mirV2 virus is not
neuroinvasive. In addition, compared to the parental T/1674 virus, replication of the
T/1674-mirV2 virus was also attenuated in all tested peripheral organs, although the
differences in peripheral replication were not as striking as those seen in the CNS
(Fig. 2F to J). This indicates that extensive virus genome targeting for the CNS-
expressed miRNAs is associated with moderate nonspecific viral attenuation in the
periphery, adding to the safety profile of the T/1674-mirV2 vaccine candidate.

Newborn SW mice. The neuroinvasiveness (invasion of viruses into the CNS from
periphery [reviewed in reference 20]) of T/1674-mirV2 was strongly inhibited in C3H
mice (Fig. 2). However, whether targeting for CNS-expressed miRNAs can inhibit
replication and neurovirulence of T/1674 in cases in which the virus does enter the CNS
remained to be determined. To address this, the newborn SW mice were infected i.c.
with 103 PFU of the parental T/1674 virus or the miRNA-targeted viruses and monitored
for survival, virus loads in the brain, and neuropathology. All suckling mice (n = 10)
injected with the miRNA-targeted viruses survived, while all animals infected with the
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T/1674 virus developed neurological disease by 6 dpi (Fig. 3A) (P < 0.001, log rank test)
with dose-dependent morbidity/mortality rates. These results indicate that virus ge-
nome targeting for CNS-expressed miRNAs strongly attenuates virus neurovirulence. In
addition, the titers of T/1674-mirV1 and T/1674-mirV2 viruses in the mouse brain were
significantly reduced compared to the levels seen with the T/1674 virus (Fig. 3B)
(P < 0.0001, two-way ANOVA, for 3 and 6 dpi). Importantly, replacement of two copies
of mir-124(T) in the genome of the T/1674-mirV1 virus with two copies of mir-9(T)
resulted in an approximately 100-fold reduction in virus titer in the brain at 6 dpi
(Fig. 3B; compare T/1674-mirV2 to T/1674-mirV1) (P < 0.0001; two-way ANOVA). Neither
the T/1674-mirV1 nor T/1674-mirV2 virus was detected in the brain of suckling mice at
21dpi (n=5), strongly suggesting that these viruses did not establish persistent
infection and were completely cleared from the CNS (Fig. 3B).

Results of immunohistochemical analysis of brains from suckling mice inoculated i.c.
with 103 PFU of the parental T/1674 or T/1674-mirV2 virus corroborated the data on
virus replication in the CNS. Widespread neuronal accumulation of the TBEV antigen
was detected in mice inoculated with the parental T/1674 virus (Fig. 3C) at 4 dpi, shortly
before they became moribund. In contrast, viral antigens were not detected (or were
present at levels below the limit of detection) in the brains of mice inoculated with the
T/1674-mirV2 virus at the same time points that were tested for viral replication. At the
end of experiment (22 dpi), the brains of mice inoculated with the T/1674-mirV2 virus
appeared similar to the brains of the mice subjected to mock inoculation, with no viral
antigens present in any of the brain regions (Fig. 3D and E). Severe neuroinflammatory
changes (Fig. 3F; see the data corresponding to the activated microglial phenotype
characterized by the cellular hypertrophy and shortening of the processes, which was
visualized by immunostaining for ionized calcium binding adaptor molecule 1 [IBA1])
and neurodegenerative changes (Fig. 3l; see the data corresponding to the loss and
redistribution of immunoreactivity for microtubule-associated protein 2 [MAP-2] in the
somatodendritic neuronal compartments) were observed in the brains of mice infected
with the parental T/1674 virus. In contrast, the same brain areas of mice inoculated with
the T/1674-mirV2 virus showed normal (resting/surveying) microglial morphology
(compare Fig. 3G and H) as well as preserved neuronal integrity (compare Fig. 3J and
K), with all the data virtually indistinguishable from those representing the mock-
infected brains. Together, these data demonstrate that the T/1674-mirV2 virus is not
neurovirulent in newborn mice after i.c. inoculation.

Adult SCID mice. Restricted replication and rapid clearance from immunocompe-
tent host impede evaluation of the phenotypic and genetic stability of miRNA-targeted
viruses in vivo (Fig. 1 and 3). To overcome these limitations, we infected 3-week-old
SCID mice i.p. with 10° PFU of the T/1674 or T/1674-mirV2 virus and monitored animals
for 53 dpi. SCID mice are deficient for immune functions mediated by B and T lym-
phocytes and represent a very sensitive animal model for studying flavivirus neuroin-
vasiveness and persistence. All mice (n = 5) infected with the T/1674 virus succumbed
to infection between day 8 and day 11 postinfection (Fig. 4A). In contrast, all mice
(n = 5) infected with the T/1674-mirV2 virus survived for the duration of experiment,
despite developing high-level, persistent viremia (Fig. 4B and C). Importantly, at 53 dpi,
the mean T/1674-mirV2 virus titer in mouse brains (Fig. 4D) was about 10-fold to 50-fold
lower than that measured in the serum (Fig. 4C) or spleen (Fig. 4D). Since the animals
were not perfused in this experiment, detection of virus in the brain is likely to be
ascribed to the presence of circulating virus in the blood. In contrast, the load of the
parental T/1674 virus in the brain of mice that developed neurological disease at
8-11 dpi was about 100-fold higher than the titers in the spleen (Fig. 4D).

Sequencing analysis of regions containing miRNA(T)s of the T/1674-mirV2 virus that
was isolated from the brain and serum of SCID mice at 53 dpi showed that all
mir-124(T)s remained stable in all analyzed virus isolates (n =5) (Fig. 4E and F).
Moreover, both mir-9(T)s were also stable in 80% of the mice. In one animal, brain and
serum isolates of the T/1674-mirV2 virus contained G/U heterogeneity at position 8 of
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FIG 3 Pathogenesis of the miRNA-targeted TBEV/LGTV in the brain of newborn mice. (A) Survival of newborn SW mice (n = 10
per group) after i.c. infection with 103 PFU of T/1674-mirV1 and T/1674-mirV2 viruses or i.c. infection with 10—, 10°, or 103 PFU
of T/1674 virus. (B) Growth kinetics of parental (T/1674) and miRNA-targeted viruses in the brain of newborn mice after i.c.
infection with a dose of 103 PFU. For each time point, brains from three pups per virus were collected to determine virus loads
by titration in Vero cells. Mean virus titers * standard deviations (SD) of brain homogenates are shown. Differences in growth
kinetics between viruses were compared using two-way ANOVA. The dashed line indicates the limit of virus detection (1.7 log,,
PFU/g of brain tissue). A crosshatch symbol (#) indicates that after the indicated time point, collection of brain samples was
terminated due to the death of the T/1674-infected animals. (C to K) Immunohistochemical analysis. Representative areas of the
cerebral cortex of suckling mice were inoculated i.c. with a dose consisting of 10° PFU of the T/1674 virus (4 dpi) or the
T/1674-mirV2 virus (22 dpi) or were subjected to mock inoculation (22 dpi). (C to E) Immunoreactivity (IR) for TBEV antigens. (F
to H) Ibal-IR images showing the morphology of microglia. (I to K) Changes in the integrity of somatodendritic neuronal
compartments revealed by MAP-2 IR. Bars, 50 um.
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FIG 4 Phenotypic and genetic stability of the T/1674-mirV2 virus during prolonged replication in SCID mice. (A)
Experimental design. Three-week-old SCID mice (males; n =5 per group) were infected i.p. with 10° PFU of T/1674 or
T/1674-mirV2 virus and monitored for onset of neurological disease for 53 dpi. At indicated intervals postinfection, mice
were bled to determine virus titers in the serum. (B) Survival of SCID mice infected with T/1674 or T/1674-mirV2. Differences
in the survival rates of paired groups of mice were compared using the log rank test. (C) Mean virus titer = SD in the serum
of mice. A crosshatch symbol (#) indicates that serum samples from the T/1674-infected mice were not collected after dpi
7 due to the death of the animals. (D) Comparison of the T/1674 and T/1674-mirV2 virus titers in brain and spleen of SCID
mice. Brains and spleens were collected from T/1674-infected mice at the time of death (8 to 11dpi) and from
T/1674-mirV2-infected mice at 53 dpi. Differences between viral titers were compared using the unpaired two-tailed t test
(****, P < 0.0001; ns, not significant [P > 0.05]). (E and F) Stability of miRNA(T)s with respect to the T/1674-mirV2 virus
isolated from the brain (E) and serum (F) of SCID mice at 53 dpi. Regions containing miRNA-targeting cassettes (dC, E/NST,
and 3’'NCR) were amplified and sequenced. Solid-colored boxes represent target sequences for mir-124 (red) and mir-9
(blue) in the T/1674-mirV2 genome that remained stable at 53 dpi. The striped blue box indicates the mir-9(T) sequence,
which acquired heterogenicity in nt 8 of the target (as shown in the electropherograms below the panels).

the mir-9(T) located in the dC but not in the mir-9(T) located in the dE/NS1 region
(Fig. 4E and F). Detection of the same mutation in the mir-9(T) sequence in both serum
and brain isolates of the virus suggests that this mutation originated in the periphery/
blood rather than in the brain of the animal. This suggestion and the fact that this
animal had no apparent neurological symptoms at the time of brain and serum
collection are consistent with our interpretation that the virus detected in the brain is
likely associated with the blood circulating through this organ. Overall, these results
demonstrate that despite persistent and unrestricted replication in the blood and
peripheral organs for at least 53 dpi, the miRNA(T)s of the T/1674-mirV/2 virus remained
stable and impeded virus replication in the brain of immunodeficient host animals.
Partial loss of miRNA-targeting sequences does not rescue the neuroinvasive
phenotype of the T/1674-mir virus. Similarly to other RNA viruses, RNA-dependent
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FIG 5 Resistance of the T/1674-mirV2 virus to mutational miRNA(T) instability. (A) Diagram depicting genetic modifications of the miRNA-targeting cassettes

located in the dC and dE/NST regions and in the 3’NCR of the T/1674-mirV2 virus. These modifications

were used to construct viruses containing reduced

numbers of miRNA-targeting cassettes. (B) Schematic representation of the viruses containing reduced numbers (compared to T/1674-mirV2) of miRNA-
targeting cassettes in their genomes and titers of these viruses in Vero cell supernatants at 5 dpi. Striped red and blue boxes indicate that corresponding

mir-124(T) and mir-9(T) sequences contain multiple nucleotide substitutions. Dashes (-) indicate that

the corresponding miRNA-targeting region of the

T/1674-mirV2 virus was replaced (deleted) with the sequence of a parental T/1674 virus. (C) Survival of C3H mice (n = 10) after i.p. infection with 105 PFU of
the viruses depicted in panel B. (D) The titer of T/1674-scr virus in the brain of morbid C3H mice. Brains were collected from mice that had succumbed to
neurologic disease in the experiment depicted in panel C, and virus titers were determined by titration in Vero cells. The titers of T/1674-mirV2 virus in the brain

of healthy C3H mice at 7 and 10 dpi are given in Fig. 2E and are presented here for comparison.

RNA polymerase of flaviviruses does not possess proofreading activity (36), allowing
rapid build-up of genetic diversity in virus populations (reviewed in references 37 and
38). This can potentially affect the stability of miRNA(T)s in the T/1674-mirV2 virus,
which could result in reversion to a neurovirulent phenotype. We observed that
prolonged replication of the T/1674-mirV2 virus in the absence of B-cell-mediated and
T-cell-mediated immune responses in SCID mice was associated with sporadic insta-
bility in one of eight miRNA(T) sequences (Fig. 4E and F). To test a hypothetical scenario
of reversion of the T/1674-mirV2 virus to its original neuropathogenic phenotype, we
generated a panel of viruses mimicking the loss of one or two miRNA-targeting
cassettes (Fig. 5). On the basis of our previous work (24, 26, 34), we reasoned that
elimination of multiple miRNA(T)s inserted into the flavivirus genome is more likely to
occur via deletions of several or all targets in a given cassette than via accumulation of
point mutations in each of the miRNA(T)s. Single or multiple deletions can theoretically
eliminate miRNA targets at the dE/NS1 and 3’'NCR regions, which would restore the
parental genome organization of the T/1674 virus. To evaluate this worst-case scenario,
the dE/NS1 and 3’'NCR regions of the T/1674-mirV2 virus were substituted with those
of the parental T/1674 virus, essentially eliminating all miRNA(T)s and auxiliary se-

March/April 2019 Volume 10 Issue 2 e02904-18

mbio.asm.org 11


https://mbio.asm.org

Tsetsarkin et al.

quences of genome duplication (Fig. 5A). However, the dC region of the T/1674-mirV2
virus was engineered to contain an ORF shift and the codon-optimizing mutations in
the two copies of the C gene (Fig. 1A) (32). Thus, unlike the deletions of miRNA targets
in the dE/NS1 and 3’NCR regions, which would cause the virus to revert to a neuro-
pathogenic phenotype, a potential deletion(s) of miRNA(T)s and auxiliary duplicated
sequences in the dC region could not result in restoration of a wild-type genome
configuration and generation of a viable virus. For this reason, miRNA(T)s in the dC
were not deleted but were mutated by synonymous substitutions in every amino acid
codon, preventing recognition of these sequences by cellular miRNAs. Thus, introduc-
tion of such mutations inactivates all instances of miRNA(T) while preserving the
configuration of the dC region as well as protein sequence translated from this region
(Fig. 5A). Compared to the T/1674-mirV2 virus, which contains a total of eight functional
miRNA(T)s, some viruses that were constructed to mimic mutational instability had as
few as two miRNA targets [e.g., the virus designated (dC + 3')-loss; Fig. 5B].

All mutant viruses replicated efficiently in Vero cells, reaching a titer of between 7.5
and 8.0 log,o(PFU/ml) by 5dpi (Fig. 5B). To determine if partial loss of miRNA(T)s
increased the neuroinvasiveness of the T/1674-mirV2 virus, we infected 3-week-old C3H
mice i.p. with the viruses depicted in Fig. 5B at a dose of 10> PFU (n = 10 per group)
and monitored animals for 28 dpi for onset of neurological disease. Similarly to the
T/1674-mirV2 virus, all viruses that had a reduced number of functional miRNA-
targeting cassettes in their genome did not cause mortality in mice (Fig. 5C) (P > 0.999,
log rank test) and did not induce any detectable neurological signs. To rule out the
possibility that reduced neuropathogenicity of these viruses was caused by a mecha-
nism(s) unrelated to miRNA-mediated attenuation, we mutated all miRNA(T)s (n = 8) in
the T/1674-mirV2 genome by the use of synonymous substitutions, generating virus
T/1674-scr (Fig. 5B; see also Fig. S7). In the 3’'NCR, three mir-124(T)s were replaced with
sequences identical to those generated by synonymous substitutions of mir-124(T)s
located in the dC region. Infection of C3H mice with the T/1674-scr virus caused 90%
mortality in mice by 14 dpi (Fig. 5C) (P < 0.001 compared to T/1674-mirV2 virus; log
rank test). All animals that succumbed to infection exhibited hind limb paralysis.
Moreover, the viral load of T/1674-scr in the brains of moribund animals was ~5 to ~6
log,o(PFU/g) higher than the load of T/1674-mirV2 virus (Fig. 5D). This indicates that
restricted neuroinvasiveness of the T/1674-mirV2 virus in the C3H mice was regulated
primarily by the miRNA-mediated mechanism. Importantly, the presence of only a
single miRNA-targeting cassette at any of the three genome locations was sufficient to
completely restrict viral neuroinvasiveness in the highly permissive mouse model of
infection, confirming high resistance of the attenuated phenotype of the T/1674-mirV2
virus to mutational miRNA(T) instability.

DISCUSSION

Many neurotropic flaviviruses, including the members of TBEV complex, can invade
the CNS, infect resident cells, and establish acute or persistent infections. To limit virus
access to the CNS and to restrict virus replication in neurons, we have utilized an
effective strategy for selective control of virus neurotropism by targeting the viral
genome for cellular miRNAs expressed in the brain.

The main objective of this study was to improve the immunogenicity and safety of
our previously developed miRNA-targeted chimeric TBEV/LGTV vaccine candidate
strains (24). We demonstrate that a new chimeric T/1674 virus constructed using the
genetic background of LGTV strain 1674 is more immunogenic in NHPs than a previ-
ously constructed T/E5 virus which was generated based on genetic background of
LGTV strain E5 (Fig. 1D). Single-dose (5 log,, PFU) subcutaneous inoculation of NHPs
with T/1674 virus induced a potent heterologous NA response against (i) the chimeric
TBEV/LGTV carrying the structural proteins of Far Eastern subtype TBEV strain Sofjin and
(i) European subtype TBEV strain Hypr. This suggests that vaccine candidate viruses
generated using the 1674 strain of LGTV should be able to induce a broadly protective
immune response across TBEV subtypes. Our data are consistent with an earlier report
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showing that LGTV strain 1674 was more immunogenic in NHPs than strain TP-21 (14),
which is closely related to strain E5 (see Table S1 in the supplemental material). Since
the genomes of the T/1674 and T/E5 viruses carry the same prM/E genes of the Sofjin
strain of TBEV, the genetic determinant(s) of increased immunogenicity of the T/1674
virus is most likely associated with the nonstructural genes/sequences. Established
genetic differences between the T/1674 and T/E5 viruses (Table S1) and the availability
of a reverse genetic system provide a general platform for precise elucidation of this
genetic determinant(s) of immunogenicity in future studies. The differences in the
levels of immunogenicity of the T/1674 and T/E5 viruses might be attributable to
differences in (i) the levels of replicative fitness of these viruses in the targeted cells, (ii)
the cell types used for replication in the peripheral organs of NHP, or (iii) the strategies/
mechanisms employed to evade the immune system (reviewed in references 16
and 39).

Although T/1674 virus infection in NHPs was asymptomatic, the virus remained
highly neuropathogenic in mice (Fig. 2 and 4; see also Fig. S1 in the supplemental
material). The miRNA-targeting approach (22, 23) was chosen to selectively restrict
T/1674 neuropathogenicity. For that, the T/1674 virus was modified by inserting three
miRNA-targeting cassettes containing a total of eight targets for the CNS-expressed
miRNAs into separate genome locations, generating the T/1674-mirV1 and T/1674-
mirV2 viruses (Fig. 1A). Both viruses remained stable after 10 consecutive passages in
Vero cells, as no mutations/deletions were detected in any of miRNA(T)s by sequencing
analysis. This indicates that inserted miRNA targets do not cause any substantial
reduction of viral replicative fitness in the cells that do not express corresponding
miRNAs.

We showed that a single-dose s.c. inoculation of the NHPs with the T/1674-mirV2
vaccine candidate virus elicits a potent neutralizing antibody response that is compa-
rable to the level of protection that can be induced after three consecutive doses of the
inactivated TBEV vaccine “Encepur” (available for human use in Europe). Furthermore,
a single immunization of NHPs with either the T/1674-mirV1 or T/1674-mirV2 virus
provided protection against viremia following challenge with the parental T/1674 virus
(Fig. 1D). Surprisingly, we observed that the T/1674-mirV2 virus replicated more effi-
ciently than the T/1674-mirV1 virus and induced stronger humoral immunity (Fig. 1D).
It seems unlikely that these properties were mediated by the inserted miRNA targets,
since only two of eight mir-124(T)s in the genome of the T/1674-mirV1 virus were
replaced with the mir-9(T)s. Some viruses can use cellular miRNAs to boost their
replication (40, 41). However, the molecular mechanisms involved in miRNA-mediated
replication enhancement are dependent upon partial sequence complementarity be-
tween miRNAs and specific regions of viral genome. These interactions are selected
during viral evolution (40, 41); therefore, it is highly unlikely that insertion of targets for
mir-9 would lead to development of such adaptation. A more likely explanation would
be that the mir-9(T)s are translated to particular amino acid sequences, which cause
more efficient polyprotein processing or folding. For instance, in the dE/NS1 region, the
mir-9(T) is located in close proximity to the first signalase cleavage site (Fig. 1A; see also
Fig. S8 and Text S1). It is quite possible that mir-9(T) is translated into a peptide which
provides signalase-mediated release of E protein from nascent polypeptide that is more
efficient than that resulting from mir-124(T) translation.

TBEV and its corresponding chimeric viruses usually cause asymptomatic infection in
NHPs following peripheral inoculation (13, 14, 42). In line with these observations, no
clinical abnormalities were seen in monkeys inoculated s.c. with the unmodified or
miRNA-targeted TBEV/LGTVs in this study. In contrast, adult immunocompetent C3H
mice are highly susceptible and developed neurological disease after i.p. infection with
either an unmodified chimeric T/1674 (carries prM/E genes of wild-type Far Eastern
subtype TBEV strain Sofjin) or wild-type European subtype TBEV strain Hypr (Fig. 2C and
D). Therefore, we used these neuropathogenic viruses in the mice challenge study.
When the adult immunocompetent C3H mice were immunized with our leading
vaccine candidate, a T/1674-mirV2 virus, they developed a potent neutralizing antibody
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response and were completely protected from challenge with both neuropathogenic
viruses (T/1674 and Hypr). These results suggest that immunization with the T/1674-
mirV2 virus can be broadly protective across different TBEV subtypes such as was the
case with the inactivated vaccine that was generated based on one TBEV subtype (43,
44). However, this awaits confirmation in future studies.

The main issue associated with the insertion of miRNA targets into the genome of
live virus vaccine candidates is the inherent target instability occurring under condi-
tions of miRNA-mediated selective pressure. This can result in the deletion of the
inserted miRNA targets and a potential reversion to a virulent phenotype (24, 34, 35).
In the case of neurovirulent flaviviruses, we previously showed that increasing the
number of targets for CNS-expressed miRNAs and carefully selecting their placement
sites within the viral genome tended to improve the genetic stability of a modified virus
in the mouse CNS (26, 34, 45). We also observed that simultaneous cotargeting of two
different miRNAs that are highly expressed in the CNS (i.e., mir-124 and mir-9) resulted
in a more robust level of attenuation of virus replication in the CNS than insertion of
targets for only one miRNA (i.e., mir-124) (32, 34). These lessons were taken into
account during the design of the T/1674-mirV2 vaccine candidate virus. All previously
reported miRNA-targeted chimeric TBEV/DEN4 and TBEV/LGTV/(E5) viruses contained no
more than two miRNA-targeting cassettes with a total number of targets for the
CNS-expressed miRNA not exceeding six per virus genome. The T/1674-mirV2 virus was
designed to contain three miRNA-targeting cassettes with six targets for mir-124 and
two additional targets for mir-9 placed into different regions of the viral genome
(Fig. T1A). Importantly, the T/1674-mirV2 virus was nonneuroinvasive and nonneuroviru-
lent in the tested mouse models, in striking contrast to previously engineered viruses
that contained only two miRNA-targeting cassettes and were unstable and neuroinva-
sive (24).

Acquisition of a single point mutation in one of eight sequences of miRNA(T)s
during prolonged persistence of T/1674-mirV2 in one of five SCID mice (Fig. 4E and F)
compelled us to evaluate the general levels of resistance/robustness of the T/1674-
mirV2 virus with respect to mutational miRNA(T) instability. We observed that the
presence of a single cassette, containing as few as two functional miRNA targets
inserted at any of the three studied regions of the viral genome (Fig. 5), was sufficient
to result in generation of a nonneuroinvasive virus in the C3H mouse model. Stated
in another way, hypothetical simultaneous accumulation of mutations/deletions that
affect as many as 6 of the 8 miRNA(T)s in T/1674-mirV2 would not be sufficient to
restore neurovirulence in immunocompetent mice.

Previous studies using LAV candidates against TBEV showed that restricted neuro-
invasiveness does not necessarily correlate with the ability of the virus to replicate and
cause pathological changes in the CNS after i.c. infection (3, 11, 13, 14, 24, 34). Thus,
relying solely on the assessment of the neuroinvasive potential would not be sufficient
to ensure the TBEV LAV safety. To rule out the possibility that miRNA targeting of
TBEV/LGTV genome affects only the ability of virus to invade the CNS and has no effect
on the ability of virus to replicate within the CNS, we bypassed all steps preceding viral
invasion into the CNS (reviewed in reference 20) by using i.c. inoculation of newborn
SW mice to compare the levels of neurovirulence of the parental T/1674 and miRNA-
targeted T/1674-mirV2 viruses. Our findings indicated that the T/1674-mirV2 virus was
unable to infect neurons and induce detectable pathological changes in the CNS,
underscoring the versatility of the miRNA-targeting approach for tissue-specific virus
attenuation to produce an optimal and safe vaccine candidate. Compared to the
T/1674-mirV1 virus, which contains targets for mir-124 only, our leading T/1674-mirV2
vaccine candidate virus carries two additional miRNA targets for mir-9 (Fig. 1B).
Replacement of 2 copies of mir-124(T) with 2 copies of mir-9(T) resulted in a moderate
but significant reduction of the ability of the virus to replicate in the developing mouse
CNS (Fig. 3B). This was likely due to the higher level of expression of mir-9 in the
developing CNS (versus a mature one) necessary for proper neuronal progenitor
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maintenance, neurogenesis, and differentiation (46, 47). Therefore, the significance of
this effect in the adult CNS remains to be elucidated.

Exemplified by Zika virus, the ability to cause a persistent infection in various
peripheral organs has recently emerged as an important pathogenic determinant of
flavivirus infection (48, 49). In this study, we primarily focused on mechanisms that can
ensure attenuation and prevent persistence of TBEV/LGTV in the CNS. We observed a
complete clearance of the miRNA-targeted viruses from the developing brains of
newborn immunocompetent mice within 21 dpi (Fig. 3B). In addition, analysis of
T/1674-mirV2 replication following i.p. infection of C3H mice showed rapid clearance
of the virus from all peripheral organs tested in this study (kidney, lung, spleen, muscle,
pancreas, liver, and heart). This suggests that the numerous modifications to the
TBEV/LGTV genome that are required for incorporation of targets for CNS-specific
miRNAs (Fig. 1A) provide a sufficient level of viral attenuation, preventing the persis-
tence of the T/1674-mirV2 virus in the periphery.

Summary. In this study, we demonstrated that the miRNA cotargeting three distant
regions of TBEV/LGTV severely restricted virus replication in the brain and peripheral
organs of mice, improved genetic stability, completely abolished virus neurotropism, and
strongly reduced virus-induced neuropathogenesis. We found that miRNA-targeted strains
of TBEV/LGTV that had been constructed based on the genetic background of LGTV
strain 1674 were more immunogenic in NHPs than viruses based on LGTV strain E5.
Finally, we have identified the miRNA-targeted virus, T/1674-mirV2, as the most prom-
ising vaccine candidate against TBEV and demonstrated that it presents an acceptable
balance between attenuation and immunogenicity in mice and NHPs. Future studies
will be focused on the evaluation of the level of neurovirulence of this new TBEV
candidate in the CNS of NHPs and on the evaluation of the protective efficacy of this
vaccine against challenges with various TBEV strains and, finally, in a phase | clinical trial
in humans.

MATERIALS AND METHODS

All experimental protocols were approved by the NIH Institutional Biosafety Committee.

Cells. Vero (African green monkey kidney) cells were grown in minimal Opti-Pro medium (Gibco)
supplemented with 50 ug/ml of gentamicin (19) at 37°C in 5% CO,. For recovery of viruses from
infectious cDNA clones, Vero cells were maintained in complete DMEM (Dulbecco’s modified Eagle’s
medium [Gibco] supplemented with 10% heat-inactivated fetal bovine serum [FBS; HyClone] and 1X
penicillin-streptomycin-glutamine solution [Gibco]). Biological cloning and preparation of working stocks
of all viruses were performed using Vero cells that were maintained in complete Opti-Pro medium
(Opti-Pro medium supplemented with 4 mM L-glutamine and 2% FBS). LLC-MK2 (rhesus monkey kidney
epithelial) cells were maintained in complete Opti-Pro medium.

Viruses and infectious cDNA clones. All plasmids were assembled and propagated in Escherichia
coli (strains BD1528 and MC1061) using conventional methods (50). An infectious clone carrying chimeric
T/E5 virus (which was constructed using genetic background of the E5 strain of LGTV) has been reported
previously (24). The 1674 strain of LGTV was obtained from World Reference Center for Emerging Viruses
and Arboviruses, University of Texas Medical Branch, Galveston, TX. It was isolated in September 1973 in
Thailand from a pool of Haemaphysalis papuana ticks. The virus was passed 3 times in the brains of
suckling mice and once in Vero cells before being used for sequencing and infectious clone construction.
Full-length viral cDNA of the 1674 strain was inserted into low-copy-number vector pACNR1811 (51)
under the transcriptional control of the eukaryotic RNA Pol Il promoter from cytomegalovirus (CMV) as
described previously (52). Release of an authentic 3" end of LGTV RNA from nascent RNA was ensured
by inserting an antigenomic ribozyme from the hepatitis delta virus and RNA Pol Il terminator sequences
from plasmid ZIKV-/CD (52) downstream of the 3’ end of the viral cDNA. To increase stability of the strain
1674 cDNA sequence during plasmid propagation in E. coli, two intron sequences were inserted after
nucleotide (nt) positions 2496 (NS1 gene) and 9181 (NS5 gene), respectively. The resulting infectious
cDNA clone of strain T/1674 was subsequently modified by replacing structural prM and E genes of LGTV
with the corresponding sequence of TBEV (strain Sofjin; Far Eastern subtype; GenBank accession no.
X07755.1), which was PCR amplified from plasmid T/E5 (nt 422 to 2382).

To construct T/1674-mirV2, we first modified the C gene of the T/1674 plasmid by introducing dC
sequence containing replication promoter region of the C gene (C-trn), followed by one copy of mir-9(T)
and two copies of mir-124(T) sequences, as described previously (33). The replication promoter region of
the C gene (which is harbored in the first 5'-terminal 144 nt [48 aa] of the C gene) was modified by
inserting a single adenine residue after nt 24 of coding C gene sequence, shifting the reading frame of
translation. Sequence of 2A protease from foot-and-mouth disease virus (FMDV) was introduced down-
stream of the second copy of mir-124(T) in the same reading frame as the first AUG codon, followed by
insertion of the full-length copy of the codon-optimized C gene of LGTV, generating plasmid (dE + 3')-
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loss. Insertion of the frame shift and codon optimization mutations into C-trn and full-length copy C
genes, respectively, prevents homologous recombination between these sequences (33). Subsequently,
three copies of mir-124(T) were introduced into the 3’NCR of the (dE + 3’)-loss plasmid at nt positions
7, 14, and 244 (Fig. 5B), generating plasmid dE-loss. Finally, the dE/NS1 region of previously described
plasmid TL6 + 10 (24) was modified by inserting one copy each of mir-9(T) and mir-124(T) sequences
after codon 10 of the NS1 gene of LGTV, followed by insertion of the codon-optimized truncated TM1
(ATM1) region and full-length TM2 region of the E gene of LGTV. The resulting sequence (see Fig. S3C
in the supplemental material) was used to substitute the region of the junction between the E and NS1
genes of the dE-loss construct, generating plasmid carrying the T/1674-mirV2 virus (Fig. S3A).

To construct T/1674-mirV1, we replaced both mir-9(T) sequences in the T/1674-mirV2 plasmid with
sequences encoding mir-124(T) in the manner that was used to preserve the correct translational reading
frame configuration of viral genes (Fig. S2). To generate T/1674-scr, we modified the dE-loss plasmid by
introducing synonymous substitutions in every codon in all sequences encoding mir-9(T) and mir-124(T)
located in the dC region, generating (dC+dE)-loss (Fig. 5B). Subsequently, sequences of mir-124(T)s
located in the 3’ NCR of (dC+dE)-loss were substituted with “scrambled” sequences [mir-124(scr)]
identical to those used in the dC region. The resulting plasmid was modified by insertion of the dE/NS1
region from T/1674-mirV2 following insertion of synonymous substitutions in both the mir-9(T) and
mir-124(T) sequences (Fig. S7C). Note that sequence of the mir-124(scr) located in the dE/NS1 plasmid
contains G at the second position from the 5’ terminus of this sequence. However, in the remaining
mir-124(scr) sequences of plasmid T/1674-scr, this position was replaced with C (Fig. S7). This difference
in the methods used represents only increased convenience for the cloning manipulations and does not
carry any functional significance.

The constructs dC-loss, 3'-loss, and (dC + 3’)-loss (Fig. 5B) were generated by swapping miRNA target
and scramble sequences located in the C gene and the E/NS1 junction region and in the 3'NCR of T/1674,
T/1674-mirV2, and T/1674-scr plasmids. Complete sequences of all plasmids used are available from us
upon request.

Virus recovery and titration. The rescue of T/E5 infectious virus from in vitro-transcribed RNA has
been described previously (24). All viruses constructed using the genetic background of LGTV strain 1674
were recovered by transfection of 5 ug plasmid DNA of the respective infectious clone into 1.5 X 10°
Vero cells as described previously (32). Five days after DNA or RNA transfection, Vero cell supernatants
were harvested and supplemented with 1X SPG (218 mM sucrose, 6 mM L-glutamic acid, 3.8 mM KH,PO,,
7.2 mM K,HPO,, pH 7.2) (32). Supernatants were clarified by centrifugation at 3,000 X g for 5 min, divided
into aliquots, and stored at —80°C. All viruses were biologically cloned by terminal dilution (19) and
amplified by two passages in Vero cells, generating the stocks that were used in the animal experiments.
The full genome of each biologically cloned virus was sequenced to validate its genetic integrity using
Sanger sequencing technology.

The infectious titers of viruses in the cell culture supernatants and in the mouse serum or organs were
determined by titration in Vero cells using an immunostaining plaque-forming assay in 24-well plates as
described previously (19). Vero cell monolayers were fixed with 100% methanol at 5 dpi, and infectious
foci were visualized by immunostaining with TBEV-specific and peroxidase-labeled anti-mouse IgG
antibodies (Dako Co., Carpinteria, CA).

Genetic stability of T/1674-mirV1 and T/1674-mirV2 viruses in Vero cells. For the first passage,
T/1674-mirV1 and T/1674-mirV2 were diluted in complete Opti-Pro medium, followed by Vero cell
infection in a 25-cm? flask at a multiplicity of infection (MOI) of 0.01. Cells were maintained at 37°C and
5% CO, for 5days, and then cell culture supernatant was harvested and diluted 1/50 with complete
Opti-Pro medium, followed by infection of fresh Vero cells (1 ml of diluted supernatant per 25-cm? flask).
The process was repeated 9 times. At the end of the passage 10, viral RNA was extracted from Vero cell
supernatant using a QlAamp viral RNA minikit (Qiagen). Regions of viral genome containing sites of
insertion of the miRNA-targeting cassettes were subjected to PCR amplification using a Transcriptor
one-step reverse transcription-PCR (RT-PCR) kit (Roche) and sequenced.

Replication kinetics of T/E5, T/1674, T/1674-mirV1, and T/1674-mirV2 viruses in Vero cells. At
24 h prior to virus infection, we seeded 1 X 106 Vero cells into 12.5-cm? flasks in complete Opti-Pro
medium as described previously (52). Viruses were diluted in complete Opti-Pro medium followed by
infection of Vero cells in duplicate flasks for 1 h at 37°C at an MOI of 0.01. Cells were washed two times
with fresh complete Opti-Pro medium and supplemented with 5 ml of complete Opti-Pro medium. Flasks
were incubated at 37°C in 5% CO, for 5 days. Each day (including 0 dpi), 0.5 ml of cell culture superna-
tants was collected to determine virus titers. The volume of supernatant in each flask was restored by
adding 0.5 ml of fresh medium. Differences in virus replication kinetics between T/1674 and each of
miRNA targeted viruses were compared using two-way ANOVA implemented in Prism 7 software (La
Jolla, CA).

Animal studies. All animal study protocols were approved by the NIAID/NIH Institutional Animal
Care and Use Committee (IACUC) and performed in compliance with the guidelines of the NIAID/NIH
IACUC. The NIAID DIR Animal Care and Use Program acknowledges and accepts responsibility for the care
and use of animals involved in activities covered by NIH Intramural Research Program (IRP) PHS
Assurance D16-00602 (formerly A4149-01; last approved 30 June 2015).

Evaluation of strains of TBEV/LGTV in nonhuman primates. Fourteen Macaca mulatta monkeys,
weighting 2.5 to 5 kg, were screened for NA to TBEV and found to be seronegative. Groups of three or
four monkeys were subjected to s.c. administration of inocula into each shoulder (0.5 ml/site) with 10°
PFU of T/1674mirV1 (n = 4), T/1674mirV2 (n = 3), mock diluent (n = 7; L-15 medium [Invitrogen] sup-
plemented with 1X SPG solution, consisting of 218 mM sucrose, 6 mM L-glutamic acid, 3.8 mM KH,PO,,
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and 7.2 mM K,HPO, [pH 7.2]). Monkeys were bled daily for 7 days for detection of viremia and on day 28
for measurement of TBEV-specific NA titers. The amount of virus in serum was determined by direct
titration on LLC-MK2 cells by the use of paraformaldehyde (PFA) (13, 19, 53). On day 29 postimmuni-
zation, each of the virus-immunized monkeys and the monkeys in one mock-inoculated group (n = 3)
were challenged s.c. with 10° PFU of T/1674 while a second mock-inoculated group was challenged s.c.
with 10> PFU of T/E5. Animals were bled daily for 7 days to test for viremia as well as on day 56 for
measurement of NA levels. The TBEV-specific neutralizing antibody titer was determined by a plaque
reduction assay for individual serum samples using TBEV/E5 or strain Hypr of TBE virus. Serum samples
from another group of four monkeys that had received three doses of a commercial TBEV inactivated
vaccine (Encepur; Chiron/Behring) in our previous study (13) were used for comparison.

Immunogenicity of T/1674-mirV1 and T/1674-mirV2 viruses in adult C3H mice. 3-week-old C3H
female mice (Taconic Farms) were infected i.p. with 10° PFU of T/1674, T/1674-mirV1, or T/1674-mirV2 or
were mock inoculated with L-15 medium supplemented with 1X SPG solution (L15/SPG). This infectious
dose was selected to be consistent with the dose which was used in our previous studies of immuno-
genicity of LGTV-based vaccine candidates in mice (24, 32, 33). Mice were bled on dpi 1 to determine
viremia and on dpi 28 to determine the NA titer against T/E5 virus. At 29 days postimmunization, animals
were challenged i.p. with either 105 PFU of T/1674 (n = 5) or 10° PFU of TBEV (strain Hypr). Mice were
returned to cages and monitored for signs of neurological disease. Mice were bled on dpc 1 to determine
viremia and on dpc 27 for measurement of neutralizing antibody against virus T/E5. Differences between
the levels of viremia induced by the challenge virus in mock-inoculated group and in mice immunized
with T/1674-mirV1 and T/1674-mirV2 were compared using one-way ANOVA. The log rank (Mantel-Cox)
test was used to compare differences in survival curves. Neutralizing antibody titer in mouse serum was
determined using the 50% plaque reduction neutralization (PRNTs,) assay against T/E5 virus as described
previously (53). Differences in NA titers in the mouse sera were compared using the Mann-Whitney test
implemented in Prism 7 software.

Replication kinetics of T/1674 and T/1674-mirV2 viruses in different organs of adult C3H mice.
Three-week-old C3H female mice were ip. infected in groups of 15 with 10° PFU of T/1674 or
T/1674-mirV2 virus. At 1, 3, 5, 7, and 10 dpi, mice were sacrificed (three per group) and viral titers in the
brain, kidney, lung, spleen, muscle, and pancreas tissue homogenates or serum were determined by
titration in Vero cells (19). Differences between the replication kinetics of T/1674 and T/1674-mirV2
viruses in mouse serum or organs were compared using two-way ANOVA.

Neuroinvasiveness of T/1674-scr and viruses containing reduced (compared to T/1674-mirV2)
numbers of miRNA-targeting cassettes in their genomes in adult C3H mice. Three-week-old C3H
female mice were infected i.p. in groups of 10 with 105 PFU of T/1674-mirV2, T/1674-scr or with viruses
containing reduced (compared to T/1674-mirV2) numbers of miRNA-targeting cassettes in their ge-
nomes. Mice were returned to cages and monitored for 28 days for signs of neurological disease. Brains
were collected from mice that developed neurological disease (8 to 11 dpi). The log rank (Mantel-Cox)
test was used to compare differences in survival curves for groups of mice infected with T/1674-mirvV2
and other viruses.

Survival of newborn Swiss Webster (SW) mice after i.c. infection with chimeric TBEV/LGTV. Ten
SW mice (Taconic Farms) (2 to 3 days of age) were inoculated i.c. with 10 ul of L-15/1X SPG solution
containing various doses (ranging from 10~ to103 PFU) of chimeric TBEV/LGTV (depicted in Fig. 1B). Mice
were returned to cages to their mothers and monitored daily for onset of neurological symptoms
(tremor, seizures, and paralysis) for 21 days, at which point the surviving animals were humanely
euthanized. At that point, brains from the mice infected with T/1674-mirV1 or T/1674-mirV2 virus were
dissected to assess viral load by titration in Vero cells.

Replication kinetics of TBEV/LGTV in the brain of newborn Swiss Webster (SW) mice. Three-
day-old SW mice were infected i.c. in litters of 10 with 103 PFU of viruses (depicted in Fig. 1B). Three pups
from each litter were sacrificed at 3, 6, and 9 dpi. Brains were dissected, and virus load in the brain
homogenate was determined by titration in Vero cells.

Immunohistopathological analysis of the brains of newborn mice infected with T/1674 or
T/1674-mirV2. Analysis of viral antigen distribution and assessment of the neuropathological changes
in the mouse brain were performed as previously described (34, 45). Brains of three suckling SW mice
inoculated i.c. with 103 PFU of T/1674 or T/1674-mirV2 virus and brains from mock-inoculated mice were
collected on day 4 or 5, day 12, and day 22 postinfection. For analysis of viral antigen distribution, we
performed immunohistochemistry with primary rabbit anti-TBEV polyclonal antibodies (1:30,000) as
previously described (34).

Replication of T/1674 and T/1674-mirV2 in adult immunodeficient SCID mice. Three-week-old
male SCID mice (Taconic Farms) were infected i.p. in groups of five animals with 105 PFU of T/1674 or
T/1674-mirV2 virus diluted in L-15/1X SPG solution as described earlier (33). Mice were monitored for
53 days for signs of morbidity, including paralysis. Mice were bled on dpi 7, 21, 35, and 53 to assess virus
titer in the serum. Brains and spleens were collected from each animal that survived the experiment
(53 dpi) and from mice that developed neurological disease (8 to 11 dpi). Organs were homogenized in
L-15/1X SPG solution, and the viral titer in each homogenate was assessed by titration in Vero cells.

To evaluate the stability of T/1674-mirV2 virus in SCID mice at 53 dpi, serum and brain homogenates
from 5 individual mice were diluted 100-fold in complete Opti-Pro medium and 1 ml of homogenate
were used to infect Vero cells in a 25-cm? flask for 1 h at 37°C in 5% CO,. Cells were washed two times
with complete Opti-Pro medium and incubated in 5 ml of complete Opti-Pro medium for 5 days at 37°C
in 5% CO,. Viral RNA was extracted from clarified cell culture supernatants using a QlAamp viral RNA
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minikit. Regions of the viral genome containing miRNA-targeting cassette insertions were subjected to
PCR amplification using a Transcriptor one-step RT-PCR kit (Roche), and amplicons were sequenced.

Data availability. The newly generated sequence of strain 1674 was deposited to GenBank under
accession no. MK680893.1.
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