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ABSTRACT

One role of mRNA cap guanine-N-7 (G-N-7) methylation is to facilitate the efficient translation of mRNA. The role of mRNA cap
ribose 2'-O methylation is enigmatic, although recent work has implicated this as a signature to avoid detection of RNA by the
innate immune system (S. Daffis, K. J. Szretter, J. Schriewer, J. Q. Li, S. Youn, J. Errett, T. Y. Lin, S. Schneller, R. Zust, H. P. Dong,
V. Thiel, G. C. Sen, V. Fensterl, W. B. Klimstra, T. C. Pierson, R. M. Buller, M. Gale, P. Y. Shi, M. S. Diamond, Nature 468:452-
456, 2010, doi:10.1038/nature09489). Working with vesicular stomatitis virus (VSV), we previously showed that a panel of re-
combinant VSVs carrying mutations at a predicted methyltransferase catalytic site (rVSV-K1651A, -D1762A, and -E1833Q) or
S-adenosylmethionine (SAM) binding site (rVSV-G1670A, -G1672A, and -G4A) were defective in cap methylation and were also
attenuated for growth in cell culture. Here, we analyzed the virulence of these recombinants in mice. We found that rVSV-
K1651A, -D1762A, and -E1833Q, which are defective in both G-N-7 and 2'-O methylation, were highly attenuated in mice. All
three viruses elicited a high level of neutralizing antibody and provided full protection against challenge with the virulent VSV.
In contrast, mice inoculated with rVSV-G1670A and -G1672A, which are defective only in G-N-7 methylation, were attenuated in
vivo yet retained a low level of virulence. rVSV-G4A, which is completely defective in both G-N-7 and 2'-O methylation, also ex-
hibited low virulence in mice despite the fact that productive viral replication was not detected in lung and brain. Taken to-
gether, our results suggest that abrogation of viral mRNA cap methylation can serve as an approach to attenuate VSV, and per-
haps other nonsegmented negative-strand RNA viruses, for potential application as vaccines and viral vectors.

IMPORTANCE

Nonsegmented negative-sense (NNS) RNA viruses include a wide range of significant human, animal, and plant pathogens. For
many of these viruses, there are no vaccines or antiviral drugs available. mRNA cap methylation is essential for mRNA stability
and efficient translation. Our current understanding of mRNA modifications of NNS RNA viruses comes largely from studies of
vesicular stomatitis virus (VSV). In this study, we showed that recombinant VSVs (rVSVs) defective in mRNA cap methylation
were attenuated in vitro and in vivo. In addition, these methyltransferase (MTase)-defective rVSVs triggered high levels of anti-
body responses and provided complete protection against VSV infection. Thus, this study will not only contribute to our under-
standing of the role of mRNA cap MTase in viral pathogenesis but also facilitate the development of new live attenuated vaccines
for VSV, and perhaps other NNS RNA viruses, by inhibiting viral mRNA cap methylation.

N onsegmented negative-sense (NNS) RNA viruses include a
wide range of significant human, animal, and plant patho-
gens. The NNS RNA viruses are classified into four families: the
Rhabdoviridae, exemplified by rabies virus and vesicular stomati-
tis virus (VSV); the Filoviridae, exemplified by Ebola and Marburg
viruses; the Bornaviridae, exemplified by Borna disease virus; and
the Paramyxoviridae, exemplified by human respiratory syncytial
virus (hRSV), human metapneumovirus (hMPV), human para-
influenza virus type 3 (hPIV3), and measles, mumps, Nipah, and
Hendra viruses. For many of these viruses, there are no vaccines
available, and there are no antiviral drugs with proven efficacy
against this entire class of viruses. With the exception of the Bor-
naviridae, the mammalian NNS RNA viruses replicate within the
host cell cytoplasm and do not have access to the host mRNA
capping machinery. Instead, the viruses have evolved their own
mRNA capping machinery. Specifically, the large polymerase pro-
tein (L) is a 220- to 240-kDa multifunctional protein that pos-
sesses nucleotide polymerization (1-3) and mRNA modification
activities, including cap addition (4-6), cap methylation (7-11),
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and polyadenylation (12-15). The enzymatic activities have been
mapped within L to motifs that are highly conserved among all
NNS RNA viruses (16). Specifically, a GDN motif, present within
conserved region III (CR-III) is essential for nucleotide polymer-
ization (1). CR-V contains a GXXT[n]HR motif that is required
for mRNA capping catalyzed by a GDP:polyribonucelotidyltrans-
ferase (PRNTase) (4-6), and CR-VI contains a methyltransferase
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(MTase) motif (KDKE) that catalyzes both guanine-N-7 (G-N-7)
and ribose 2'-O (2'-O) methylation (6, 9, 11, 17). The molecular
architecture of the VSV L polymerase protein (18) shows that a
core ring-like domain contains the RNA-dependent RNA poly-
merase (RdRp) and an appendage of three globular domains con-
tains the cap-forming machinery.

Our understanding of mRNA modifications of NNS RNA vi-
ruses comes largely from studies of VSV. In response to a specific
promoter element provided by the genomic leader region, the
polymerase initiates mRNA synthesis at the first gene start se-
quence (19, 20). The nascent mRNA is capped through an uncon-
ventional mechanism in which the GDP:PRNTase of L transfers a
monophosphate RNA onto a GDP acceptor through a covalent
protein-RNA intermediate (4—6). Following cap formation, VSV
mRNAs are sequentially methylated at the ribose 2'-O position
and G-N-7 position (8, 21), an order which is opposite that of
other known methylation reactions. Unlike traditional cap-forming
enzymes (22), the VSV capping and methylation machinery require
cis-acting signals in the RNA (8, 23-25) and a minimal nascent RNA
chain length of 31 nucleotides (nt) (26). In response to a gene end
sequence, L polyadenylates and terminates mRNA synthesis by the
programmed stuttering of polymerase on a U7 tract (27).

mRNA 5’ cap structures are essential for mRNA stability and
efficient translation (28). Guanine-N-7 (G-N-7) methylation of
the mRNA cap structure is required for recognition of the cap by
the rate-limiting factor for translation initiation, eIF-4E (28-30).
Although the precise mechanism by which VSV mRNAs are trans-
lated is not fully understood, they utilize a variation of the canon-
ical cap-dependent translational pathway that is hypersensitive to
the lack of a ribosomal protein, rpL40 (30-34). In infected cells,
host mRNA translation is rapidly inhibited through suppression
of the intracellular pools of eIF-4E by a manipulation of the phos-
phorylation status of the 4E binding protein (4E-BP1) (35). Nev-
ertheless, in vitro experiments have shown that G-N-7 cap meth-
ylation facilitates translation of VSV mRNA (30, 31, 33, 34). The
biological function of mRNA cap 2'-O methylation, however, re-
mains less well understood. Recent work with West Nile virus
(WNV), vaccinia virus, mouse hepatitis virus, and human coro-
navirus strain 229E showed that 2’-O methylation of viral RNA
cap structure functions to prevent the detection of viral RNA by
the innate immune system (36-38, 57). From this perspective,
2'-O-methylation provides a molecular signature for the discrim-
ination of self and nonself mRNA.

Previously, we characterized recombinant MTase-defective
VSV that contain substitutions to a predicted M Tase catalytic mo-
tif, KDKE, or a S-adenosyl-L-methionine (SAM) binding site (9,
17, 21). Those VSVs can be classified into three groups: viruses
completely defective in both G-N-7 and 2’-O methylation (rVSV-
K1651A, -D1762A, -K1795A, -E1833Q, and -G4A), those defec-
tive in G-N-7 but not 2’-O MTase (rVSV-G1670A and -G1672A),
and those that require elevated SAM concentrations to permit full
methylation (rVSV-G1674A and -Y1835A). With the exception of
rVSV-G1674A and -Y1835A, all MTase-defective VSVs were at-
tenuated in cell culture, as judged by diminished viral plaque size,
reduced infectious viral progeny release (in single-step growth
curves), and decreased levels of viral RNA and protein synthesis
(9, 17, 21). However, whether these MTase-defective VSVs are
attenuated in vivo is not known.

In this study, we examined the impact of mRNA cap methyl-
ation status on VSV pathogenicity in mice. We found that viruses
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with mutations in the predicted MTase catalytic site were highly
attenuated and that viruses with substitutions in the SAM binding
site that led to defects in G-N-7 but not 2’-O methylation retained
low virulence. Each of those recombinants stimulated high levels
of VSV-specific antibody and provided full protection against
challenge with wild-type virus, demonstrating that such methyla-
tion-defective viruses might be good vaccine candidates. Remark-
ably, not all mutations that blocked methylation were highly
attenuated, since rVSV-G4A, which contains 4 amino acid substi-
tutions in the predicted SAM binding site, retained low virulence
in mice despite the fact that it is completely defective in G-N-7 and
2'-0 methylation and lacks evidence of productive viral replica-
tion in vivo. Since the transcripts generated by this virus in vitro
lack both G-N-7 and ribose 2'-O methyl groups, we anticipated
that this virus would be exquisitely sensitive to control by the
innate immune system. The molecular mechanism of the viru-
lence associated with this virus will likely be of interest to deter-
mine and may help further our understanding of the innate im-
mune control of virus infection.

MATERIALS AND METHODS

Recombinant VSV. Wild-type recombinant VSV (rVSV) and MTase-de-
fective VSVs (rVSV-K1651A, -D1762A, -E1833Q, -G1670A, -G1672A,
-G4A, and -G1674A) were recovered from an infectious clone of VSV
Indiana strain as described previously (9, 21). All recombinant VSVs were
grown on BHK-21 cells in Dulbecco’s modified Eagle’s medium (DMEM;
Invitrogen, Carlsbad, CA) containing 2% fetal bovine serum (FBS; Invit-
rogen). Virus titers were determined by plaque assay in Vero cells as pre-
viously described (9, 21).

Transcription of viral RNA in vitro and scintillation counting. Viral
RNA was synthesized in vitro by using 10 ug of purified virus (rVSV and
rVSV-G4A) as described previously (9, 21). Reactions were performed in
the presence of 1 mM ATP, 0.5 mM CTP, GTP, and UTP, and 15 pnCi
[*H]SAM) (85 Ci/mmol; PerkinElmer, Billerica, MA), and 25% (vol/vol)
rabbit reticulocyte lysate. Where indicated, reaction mixtures were sup-
plemented with 1 mM S-adenosylhomocysteine (SAH). After incubation
at 30°C for 5 h, RNA was purified with an RNeasy minikit (Qiagen, Va-
lencia, CA). Aliquots of purified RNA were mixed with 4 ml of ReadySafe
scintillation mixture (Beckman Coulter, Brea, CA), and the number of
disintegrations per minute (dpm) was measured by scintillation counting
using a 1414 series counter (PerkinElmer).

Replication of VSV in different cell lines. Confluent BHK-21, Vero,
or HEp-2 cells in 35-mm dishes were infected by rVSV or rVSV-G4A at a
multiplicity of infection (MOI) of 0.1. After 1 h of adsorption, the inocu-
lum was removed, the cells were washed three times with DMEM, fresh
DMEM (supplemented with 2% fetal bovine serum) was added, and in-
fected cells were incubated at 37°C. After 24 h, supernatants were har-
vested, and virus titers were determined by plaque assay on Vero cells.

Analysis of viral mRNA cap methylation in cell culture. Confluent
BHK-21, Vero cells, or HEp-2 in 35-mm dishes were infected by rVSV or
G4A at an MOI of 0.1. After 24 h postinfection, total RNA was isolated
with an RNeasy minikit (Qiagen). Subsequently, poly(A)-containing
RNA was isolated from total RNA using a Dynabeads mRNA isolation kit
(Invitrogen) according to the manufacturer’s recommendations. To ex-
amine G-N-7 methylation, equal amounts of viral RNA were incubated
with 10 units of vaccinia virus G-N-7 MTase supplied with the m7G cap-
ping system (ScriptCap) in the presence of 15 uCi [’H]SAM (85 Ci/mmol;
PerkinElmer). To examine 2'-O methylation, viral RNA was incubated
with 10 units of vaccinia virus G-N-7 MTase in the presence of 100 uM
cold SAM, and RNA was purified and further incubated with vaccinia
virus 2'-O MTase (VP39). Finally, RNA was purified with an RNeasy
minikit (Qiagen), and the methylation of the mRNA cap structure was
measured by determining *H incorporation using a 1414 series scintilla-
tion counter (PerkinElmer).
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Animal experiments. (i) Animal experiment 1 (pathogenicity). Sev-
enty-two 4-week-old specific-pathogen-free female BALB/c mice
(Charles River Laboratories, Wilmington, MA) were randomly divided
into nine groups (8 mice per group). These mice were housed within
ULAR facilities of The Ohio State University under approved Institutional
Laboratory Animal Care and Use Committee (IACUC) guidelines. Each
inoculation group was separately housed in rodent cages under biosafety
level 2 (BSL-2) conditions. Mice in group 1 were inoculated with rVSV
and served as a virulent control. Mice in groups 2 to 8 were inoculated
with seven different MTase-defective VSVs (rVSV-K1651A, -D1762A,
-E1833Q,-G1670A, -G1672A, -G1674A, and -G4A). Mice in group 9 were
inoculated with DMEM and served as uninfected controls (the normal
control). Each mouse was inoculated intranasally at a dose of 5 X 10° PFU
in a volume of 50 pl. After inoculation, the animals were evaluated twice
every day for mortality and the presence of any symptoms of VSV infec-
tion. The severity of clinical signs associated with VSV infection was
scored based on the following criteria: grade 3 (severe) was characterized
by ruffled fur, hyperexcitability, tremors, circling, and paralysis; grade 2
(moderate) was characterized by ruffled fur with neurological symptoms
such as circling; grade 1 (mild) was characterized by ruffled fur but no
neurological symptoms; grade 0 was defined as no symptoms. The body
weight of each mouse was monitored on a daily basis. At day 7 postinoc-
ulation, 4 mice from each group were euthanized. At day 14 postinocula-
tion, the remaining 4 mice from each group were euthanized. The brain,
lungs, and spleen from each mouse were collected for both virus isolation
and histological analysis as described below.

(ii) Animal experiment 2 (pathogenicity). Forty 4-week-old specific-
pathogen-free female BALB/c mice were randomly divided into 5 groups
(8 mice per group). Mice in group 1 were inoculated with DMEM and
served as the uninfected control. Mice in group 2 were inoculated with
rVSV and served as the virulent control. Mice in groups 3 to 5 were inoc-
ulated with MTase-defective rVSV-K1651A, -G1670A, and -G4A, respec-
tively. All mice were inoculated intranasally at a dose of 5 X 10° PFU per
mouse and were evaluated as described for animal experiment 1 except
that euthanasia was performed at days 3 and 5 postinoculation.

(iii) Animal experiment 3 (pathogenicity). Twenty-four 4-week-old
specific-pathogen-free female BALB/c mice were randomly divided into 3
groups (8 mice per group). Mice in groups 1 to 3 were inoculated with
DMEM, rVSV, and rVSV-G4A, respectively. All mice were inoculated
intranasally at a dose of 5 X 10°® PFU per mouse and were evaluated as
described for animal experiment 1 except that euthanasia was performed
at days 1 and 2 postinoculation.

(iv) Animal experiment 4 (LDs,). The 50% lethal doses (LDs,) of
selected recombinant VSVs (rVSV, rVSV-G1674A, rVSV-G4A, rVSV-
G1762A, and rVSV-K1651A) were determined. Briefly 4-week-old specific-
pathogen-free female BALB/c mice were inoculated with four doses of each
recombinant virus (10°, 10%, 107, and 10* PFU per mouse, 5 mice per
group). Animals were observed every 12 h until 14 days postinoculation.
The 50% lethal dose (LD5) for each virus was calculated by the method of
Reed and Muench (39).

(v) Animal experiment 5 (immunogenicity). Twenty-eight 4-week-
old specific-pathogen-free female BALB/c mice were randomly divided
into seven groups (4 mice per group). Mice in groups 1 to 5 were
immunized with MTase-defective rVSV-K1651A, -D1762A, -E1833Q,
-G1670A, and -G1672A, respectively. Mice in group 6 were inoculated
with DMEM and served as the challenged control. Mice in group 7 were
inoculated with DMEM and served as the uninfected controls (normal
controls). All mice were immunized intranasally at a dose of 5 X 10° PFU
per mouse. After immunization, the animals were evaluated daily for body
weight, mortality, and the presence of any symptoms of VSV infection.
Blood samples were collected from each mouse weekly by facial vein
bleed, and serum was isolated for antibody detection. At week 4 postim-
munization, mice in groups 1 to 6 were challenged with rVSV at a dose of
5 X 10° PFU per mouse. After challenge, the animals were evaluated twice
every day for mortality and the presence of any symptoms of VSV infec-
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tion. The body weight for each mouse was monitored on a daily basis. At
day 7 postchallenge, all mice from each group were euthanized. The brain,
lungs, and spleen from each mouse were collected for virus isolation and
histological evaluation.

(vi) Animal experiment 6 (immunogenicity). Experimental design
for experiment 6 was essentially identical to that for experiment 3 with the
exception that a booster immunization was given. Briefly, 28 4-week-old
specific-pathogen-free (SPF) female BALB/c mice were randomly divided
into seven groups (4 mice per group). Mice in groups 1 to 6 were immu-
nized intranasally at a dose of 5 X 10° PFU with rVSV-K1651A, -E1833Q,
-D1762A, -G1670A, -G1672A, and -G4A, respectively. At week 2 after
primary immunization, mice were given boosters intranasally with 5 X 10°
PFU of the corresponding virus. At week 3 after booster immunization, mice
in groups 1 to 6 were challenged with rVSV at a dose of 5 X 10° PFU per
mouse. At day 7 postchallenge, all mice were euthanized, and brains and lungs
were collected for virological and pathological evaluation.

Determination of virus burden in lungs and brains. A brain hemi-
sphere and right lung from each mouse were homogenized in phosphate-
buffered saline (PBS) solution, and the presence of infectious virus was
determined by plaque assay in Vero cells as described previously (9, 21).
The presence of viral RNA in brain and lung tissues was determined by
reverse transcription-PCR (RT-PCR). Briefly, total RNA was extracted
from lungs and brain using an RNeasy minikit (Qiagen) according to the
manufacturer’s instructions. Two primers (5'-ATGTCTGTTACAGTCA
AGAG-3"and 5'-TCATTTGTCAAATTCTGAC-3") were designed to tar-
get the VSV N gene, ranging from position 64 to position 1332 (number-
ing refers to the complete VSV Indiana strain genome sequence). RT-PCR
was performed using a one-step RT-PCR kit (Qiagen). The amplified
products were analyzed on a 1% agarose gel.

Quantification of beta interferon (IFN-f3) mRNA by real-time RT-
PCR. Total RNA was extracted from lung or brain tissues using the Qiagen
RNeasy kit (Qiagen). The RNA was treated with DNase I (Ambion), and
first-strand cDNA was synthesized with Superscript III reverse transcrip-
tase (Invitrogen) using oligo(dT) primers (Promega). Real-time PCR was
performed in 20-pl reaction mixtures with primers for mouse IFN-8
(forward, 5'-CTC CAG CTC CAA GAA AGG AC-3’; reverse, 5'-TGG
CAA AGG CAG TGT AAC TC-3’). The mRNA levels of IFN-3 were
determined using SYBR green master mix (Applied Biosystems). The PCR
conditions and cycles were as follows: initial DNA denaturation for 10
min at 95°C, followed by 45 cycles at 95°C for 10 s, followed by an anneal-
ing step at 58°C for 10 s, extension at 72°C for 10 s, and then signal
detection 81°C for 2 s. A plasmid containing the mouse IFN-f3 sequence
was used as a standard.

RT-PCR and sequencing. To determine whether MTase-defective
VSVs were genetically stable in mice, viral RNA was isolated from lungs
and brain. The entire L gene of each MTase-defective VSV was amplified
by one-step RT-PCR using four overlapping fragments. In addition, the
full-length genome of rVSV-G4A isolated from lung or brain was also
amplified. The PCR products were purified and sequenced at The Ohio
State University Plant Microbe Genetics Facility to confirm the presence
of a mutation(s) in the MTase region.

Detection of antibody by ELISA. Ninety-six-well plates were first
coated with 50 pl of highly purified VSV (30 pg/ml, in 50 mM Na,CO,
buffer, pH 9.6) per well at 4°C overnight. Subsequently, individual serum
samples were tested for VSV-specific antibody on antigen-coated plates.
Briefly, serum samples were 2-fold serially diluted and added to VSV-
coated wells. After incubation at room temperature for 1 h, the plates were
washed five times with phosphate-buffered saline (PBS)-Tween (0.05%),
followed by incubation with 50 pl of goat anti-mouse IgG horseradish
peroxidase (HRP)-conjugated secondary antibodies (Sigma) at a dilution
of 1:80,000 for 1 h. Plates were washed and developed with 75 pl of
3,3',5,5'-tetramethylbenzidine (TMB), and the optical density (OD) at
450 nm was determined using an enzyme-linked immunosorbent assay
(ELISA) plate reader. Endpoint titers were determined as the reciprocal of
the highest dilution that had an absorbance value greater than the back-
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FIG 1 Dynamics of mouse body weight change after VSV infection. Four-
week-old SPF female BALB/c mice (8 mice per group) were inoculated with
each MTase-defective VSVs intranasally at a dose of 5X10° PFU. At day 7
postinoculation, 4 mice from each group were euthanized. The body weight of
the remaining 4 mice in each group was monitored until day 14 postinocula-
tion. The average body weight for each group is shown.

ground level (DMEM control). Antibody titers were calculated by the
geometric mean titers (GMT).

Histology. Half of the tissues from each experiment were preserved in
4% (vol/vol) phosphate-buffered paraformaldehyde. After fixation, the
brain was removed from the skull. A horizontal brain section containing
the olfactory bulb, forebrain, cerebrum, hippocampus, and cerebellum
was recovered. Fixed tissues were embedded in paraffin, sectioned at 5
pm, and stained with hematoxylin-eosin (HE) for the examination of
histological changes by light microscopy. The severity of lung histological
change was scored based on the following criteria: grade 3 (severe), prom-
inent lymphoid infiltrates around bronchovascular bundles and venules
with extension into interlobular septa and interstitium; grade 2 (moder-
ate), lymphoid infiltrates present around bronchovascular bundles and
venules without extension into interlobular septa and interstitium; grade
1 (mild), minimal lymphoplasmacytic infiltrates involving occasional
bronchovascular bundles and venules; grade 0, no lesions. The severity of
brain histological change was scored according to the following criteria:
grade 3 (severe), focally extensive and/or multifocal mononuclear inflam-

TABLE 1 Pathogenicity of MTase-defective VSVs in mice

matory cell infiltrates around bronchi and blood vessels in the paren-
chyma (perivascular cuffs) with extension into surrounding neuropil, and
evidence of gliosis (i.e., parenchymal reaction); grade 2 (moderate), two
or three foci of limited infiltration; grade 1 (mild), one infiltrate or paren-
chymal reaction; grade 0, no lesions. The histological slides were exam-
ined independently by three pathologists.

Quantitative and statistical analyses. Quantitative analysis was per-
formed either by densitometric scanning of autoradiographs or by using a
phosphorimager (Typhoon; GE Healthcare) and ImageQuant TL soft-
ware (GE Healthcare, Piscataway, NJ). Statistical analysis was performed
by one-way multiple comparisons using SPSS 8.0 statistical analysis soft-
ware (SPSS Inc., Chicago, IL). A P value of <0.05 was considered statisti-
cally significant.

RESULTS

MTase-defective VSVs exhibited a variable degree of attenua-
tion in mice. To determine whether MTase-defective VSVs were
attenuated in an in vivo pathogenesis model, we inoculated puri-
fied virus into BALB/c mice and monitored body weight changes
and scored clinical symptoms. Mice infected with rVSV lost 3 to 5
g of body weight over a 7-day period, and 2/8 mice died (Fig. 1).
All mice in this group exhibited severe clinical symptoms of VSV
infection, including ruffled fur, hyperexcitability, tremors, cir-
cling, and paralysis. The average score of clinical symptoms in
rVSV group was 3.0 (severe) (Table 1). In contrast, mice inocu-
lated with rVSV-K1651A, -D1762A, and -E1833Q exhibited no
clinical signs of VSV infection, including weight loss (score 0, no
symptoms). The average body weight of mice inoculated with
these recombinants (data for rVSV-D1762A not shown) was in-
distinguishable from that of the uninfected controls (P > 0.05)
during the entire experimental period (Fig. 1). Mice inoculated
with rVSV-G4A, -G1670A, and -G1672A showed moderate
weight loss (2 to 3 g during days 3 to 7 postinoculation). The
average body weights of mice in the rVSV-G4A and -G1670A
groups were indistinguishable (P > 0.05) by day 14 but were lower
than those of the uninfected controls (P < 0.05). During days 3 to
5 postinoculation, mice inoculated with rVSV-G1672A had sig-
nificantly less weight loss than those in the rVSV-G4A and
-G1670A groups (P < 0.05). In addition, mice in the rVSV-G4A
group had a faster weight recovery than those in the rVSV-

. . Histology score®
No. of sick mice/total sy

No. of mi = 4) with viral RNA in:
0. of mice (n ) with vira n Viral titer at day 7

(score)” Lung Brain Lung Brain (PFU/g)d

Group* Day 7 Day 14 Day 7 Day 14 Day 7 Day 14 Day 7 Day 14 Day 7 Day 14 Lung Brain
DMEM 0/8 (0) 0/4 0 0 0 0 0 0 0 0 0 0

VSV 8/8 (3.0 A) 1/4 3.0A 2.5A 2.5A 0 4 4 3 2 0 2.6 X 10°
rVSV-K1651A 0/8 (0) 0/4 2.0B 1.5B 0 0 3 0 0 1 0 0
rVSV-E1833Q 0/8 (0) 0/4 1.0C 05C 0 0 4 0 0 0 0 0
rVSV-G1670A 6/8 (1.0 C) 0/4 20B 1.5B 0.5B 0 3 0 0 0 0 0
rVSV-G1672A 5/8 (1.0 C) 0/4 2.0B 1.0B 0 0 4 0 0 0 0 0
rVSV-G1674A 8/8 (2.25B) 0/4 3.0A 2.0A 0.5B 0 4 0 1 1 0 0
rVSV-G4A 8/8 (1.375 C) 0/4 3.0A 20A 0.5B 0 4 0 2 1 0 0

@ Each group was infected with the indicated virus or administered DMEM as a control. Each group contained 8 mice.
b The severity of VSV symptoms at day 7 was scored as grade 3 (severe), grade 2 (moderate), grade 1 (mild), or grade 0 (no symptoms). The average score for each group is shown.

Values within a column followed by the same letter are significantly different (P < 0.05).

¢ The severity of histological change was scored based on the extent of lymphoid infiltrates (lung) or inflammatory cell infiltrates and gliosis (brain) as described in Materials and
Methods: grade 3 (severe), grade 2 (moderate), grade 1 (mild), and grade 0 (no lesion). The average scores for four mice are shown. Values within a column followed by different

letters are significantly different (P < 0.05).

 Viral titer was determined by plaque assay. 3 out of 4 mice in rVSV group had average titer of 2.6 X 10° in brains at day 5 postinfection. All other groups did not have detectable

infectious VSV. “0” indicates that the viral titer was undetectable by plaque assay.
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G1670A and rVSV-G1672A groups (Fig. 1). A few mice inoculated
with these recombinants showed mild illnesses, such as ruffled
coats for 2 to 3 days, but recovered quickly. None of the mice
receiving rVSV-G1670A or rVSV-G1672A had neurological
symptoms or died. The average score for clinical symptoms in
these groups was 1.0 (mild) (Table 1). However, some mice in
rVSV-G4A groups exhibited mild neurological symptoms, with
an average score of 1.375, which was not significantly different from
that of mice challenged with rVSV-G1670A and rVSV-G1672A (P >
0.05) (Table 1). Mice inoculated with rVSV-G1674A exhibited body
weight loss similar to that of the rVSV group (P > 0.05). In addi-
tion, mice in rVSV-G1674A groups showed significant clinical
signs of VSV infections, including ruffled fur and neurological
disorders, although the severity was diminished compared to that
seen with rVSV. Taken together, these data demonstrated that (i)
rVSV-K1651A, -D1762A, and -E1833Q are avirulent in mice;
(ii) rVSV-G4A, -G1670A, and G1672A retain low virulence; and
(iii) rVSV-G1674A remains virulent in mice.

MTase-defective VSV had diminished pathological changes
in lung and brain. To examine pathological changes, four out of
eight mice from each group were euthanized at day 7 postinocu-
lation. Lungs, spleen, and brain from each mouse were collected
for histological examination and antigen detection. At the gross
level, lung tissues from rVSV- and rVSV-G1674A-infected mice
appeared to be dark red, a sign of inflammation, whereas lungs
from other MTase-defective VSV groups as well as the uninfected
control group were pink. The spleen samples from rVSV- and
rVSV-G1674A-infected mice were enlarged compared to those
from the uninfected control group. As for brain tissues, no signif-
icant gross pathological changes were observed in all infected
groups compared with the uninfected control. Following euthaniza-
tion of the remaining 4 mice in each group at day 14 postinoculation,
no significant gross pathological changes were found in lungs,
spleens, and brains in comparison to the uninfected controls.

To evaluate the histopathological changes in the brain and lung
tissues, samples were fixed and embedded in paraffin and sec-
tioned, followed by hematoxylin-eosin staining. At day 7 postin-
fection, pulmonary tissues from the rVSV group showed severe
histological changes characterized by prominent mononuclear
cell infiltrates (lymphocytes and macrophages) around bronchi
and bronchiole vascular bundles and venules (Fig. 2 and Table 1).
This inflammatory response extended into interlobular septa and
the interstitium, resulting in variably severe interstitial pneumo-
nia and mononuclear cell alveolitis (Fig. 2). Pulmonary tissue sec-
tions from mice in the r'VSV-K1651A, -G1670A, -G1672A, -G4A,
and -G1674A groups had moderate lymphocyte and monocyte
cellular infiltrates, while mice receiving rVSV-E1833Q exhibited
only mild inflammatory cell changes in the lungs (Fig. 2 and Table
1). At day 14 postinfection, the pulmonary infiltrates were dimin-
ished and were scored as moderate. In contrast, lung tissue sec-
tions from all MTase-defective VSV groups exhibited either no or
mild lymphoid infiltrates (Table 1). No inflammation was ob-
served in lung tissues from the uninfected control group. The
extent and severity of brain inflammatory cell infiltrates varied by
inoculation group. By day 7 postinfection, brain sections from the
rVSV group showed moderate histological changes characterized
by multifocal meningeal mononuclear cell infiltrates with forma-
tion of perivascular cuffs in the parenchyma and evidence of in-
flammatory cells extending into the neuropil (Fig. 3 and Table 1).
Brain tissues from the rVSV-G1670A-, rVSV-G1674A-, and
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FIG 2 Histopathological changes in lungs after VSV infection. Four-week-old
SPF female BALB/c mice were inoculated with each MTase-defective VSV
intranasally at a dose of 5 X 10° PFU. Mice from each group were euthanized
at day 7 postinoculation. The right lung from each mouse was fixed in 4%
(vol/vol) phosphate-buffered paraformaldehyde, embedded in paraffin, sec-
tioned at 5 wm, and stained with hematoxylin-eosin (HE). Detailed criteria for
evaluation of lung histological change are described in Materials and Methods.
Representative lung histology from each group is shown. DMEM control,
grade 0 (no lesion); rVSV, grade 3 (severe); rVSV-E1833Q, grade 1 (mild);
rVSV-G1670A, grade 2 (moderate); and rVSV-G4A, grade 3 (severe).

rVSV-G4A-infected mice had mild inflammatory changes,
whereas those from rVSV-K1651A-, rVSV-E1833Q-, and rVSV-
G1672A-infected mice had no apparent histological change (Ta-
ble 1). By day 14 postinfection, no histological change was found
in brain tissues from all groups. Taken together, these data dem-
onstrated that (i) infection with rVSV causes moderate inflamma-
tory changes in both lung and brain tissues; (ii) infection with
rVSV-K1651A, -E1833Q, and -G1672A causes mild histological
changes in the lungs but not the brain; and (iii) infection with
rVSV-G1670A, -G4A, and -G1674A causes moderate histological
changes in the lungs and mild changes in brains.

Disparate levels of virus burden in the lungs and brains of
mice inoculated with MTase-defective VSV. Since the above-de-
scribed analysis revealed disparate effects in brain and lung pa-
thology following infection of mice with the MTase-defective vi-
ruses, we examined the amount of virus present in the lung and
brains by plaque assay (Table 1). At 7 days postinoculation, 3 out
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FIG 3 Histopathological changes in brain after VSV infection. Mice were euthanized at day 7 postinoculation. A horizontal brain section containing the olfactory
bulb, forebrain, cerebrum, hippocampus, and cerebellum was fixed in 4% (vol/vol) phosphate-buffered paraformaldehyde, followed by HE straining. Detailed
criteria for evaluation of brain histological change are described in Materials and Methods. DMEM control, grade 0 (no lesion); rVSV-K1651A, grade 1 (mild);

rVSV-G4A, grade 1 (mild); and rVSV, grade 3 (severe).

of 4 mice in the rVSV group had virus in the brain (average titer of
2.6 X 10°), whereas no infectious virus particles were detected in
all other groups. At 14 days postinoculation, no virus was detected
in any brain or lung tissue.

Since we were unable to detect any infectious virus particles at
both days 7 and 14 postinoculation in MTase-defective VSV
groups, we next tested for viral RNA by RT-PCR. Briefly, after
extraction of total RNAs from equal amounts of lung and brain
tissue, a 1,268-bp fragment spanning the VSV N gene was ampli-
fied by RT-PCR and subsequently analyzed by agarose gel electro-
phoresis. The presence of the viral N gene was detected in most
lung samples from mice infected with MTase-defective virus at
day 7 postinoculation; however, the amount of the RT-PCR prod-
uct was lower than that obtained for the rVSV-infected mice (Fig.
4). Similar observations were obtained with brain samples. While

(A) Day7 Day14  pay7 Day 14

Day 7

3 out of 4 brain samples from rVSV-infected mice at day 7 postinoc-
ulation were positive for viral RNA, no viral RNA was detected in
most brain samples from mice infected by MTase-defective VSV
(Table 1; Fig. 4). At day 7, 2 out of 4 mice in the rVSV-G4A
challenge group had detectable viral RNA in brain, whereas no
viral RNA was detected in rVSV-G1670A- and rVSV-G1672A-
infected animals (Table 1). By day 14, lung samples from the mice
infected with MTase-defective VSV were negative for viral RNA,
whereas those from the rVSV group remained positive. Typically,
viral RNA levels in the brain were significantly less than those in
lung tissues (Table 1; Fig. 4).

One possibility underlying our inability to detect infectious
virus in most lung and brain samples from mice infected with
MTase-defective VSVs s that the virus had already been cleared by
day 7 postinoculation. To determine whether VSV was present in

Day 14 Day 7 Day 14 Day7 Day14

kbM12341234

DMEM-lung rVSV-lung

Day 14 Day 7

(B)

Day 7 Day 14 Day 7

K1651A-lung

1234M1234M12341234 M12341234 M12341234

G1670A-lung G4A-lung

Day 14 Day7 Day14 Day7 Day14

DMEM-brain rVSV-brain

M12341234M12341234M12341234

K1651A-brain

M12341234 M12341234

G1670A-brain G4A-brain

FIG 4 Detection of viral RNA in lung and brain by RT-PCR. Equal amounts (0.5 g) of lung and brain tissues were homogenized in 0.5 ml of DMEM. Total RNA
was extracted from each sample, followed by RT-PCR to amplify the VSV N gene. The amplified products were analyzed on a 1% agarose gel. M indicates DNA

marker; lanes 1 to 4 indicate the numbers of mice.
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TABLE 2 Viral titers in lungs and brain of mice at days 3 and 5 postinfection

Viral titer (no. of positive mice) in:

No. of sick mice/total (score)” Lung Brain
Group” Day 3 Day 5 Day 3 Day 5 Day 3 Day 5
DMEM 0/8 (0) 0/4 (0) 0(0) 0(0) 0 (0) 0(0)
VSV 8/8 (3.0 A) 4/4 (3.0 A) 6.7 X 10° (4) 1.2 X 10° (4) 8.0 X 10° (4) 1.1 X 10* (4)
rVSV-K1651A 0/8 (0) 0/4 (0) 1.1 X 10° (3) 0(0) 0(0) 0(0)
rVSV-G1670A 8/8 (1.0 C) 2/4 (1.0 B) 3.9 X 10 (4) 6.3 X 10" (1) 1.5 X 10* (4) 0(0)
rVSV-G4A 8/8 (1.5B) 4/4 (1.25B) 2.1 X 10" (1) 0(0) 0(0) 0(0)

@ Each group was infected with the indicated virus or administered DMEM as a control. Each group contained 8 mice.

b The severity of VSV symptoms at days 3 and 5 was scored as grade 3 (severe), grade 2 (moderate), grade 1 (mild), or grade 0 (no symptoms). The average score for each group is
shown. Values within a column followed by different letters are significantly different (P < 0.05).

¢ Viral titer (PFU/g) was determined by plaque assay. The average titers from four mice are shown. A value of 0 indicates that the viral titer was undetectable by plaque assay.

the lung and brain tissues from infected mice at earlier time
points, we inoculated mice with rVSV, rVSV-K1651A, rVSV-
G1670A, and rVSV-G4A and monitored them as described above
except that the euthanization time points were day 3 and day 5
postinoculation (Table 2). By day 3 postinoculation, 6.7 X 10,
1.1 X 10%,3.9 X 10* and 2.1 X 10' PFU/g of viruses were detected
in lung samples from mice infected with rVSV, rVSV-K1651A,
rVSV-G1670A, and rVSV-G4A, respectively. By day 5 postinocu-
lation, virus titers were diminished to 1.2 X10> and 6.3 X10'
PFU/g for rVSV and rVSV-G1670A groups, respectively, and be-
low the limit of detection for rVSV-K1651A and rVSV-G4A
groups. All brain samples from mice in the rVSV group also had
high viral burdens at day 3 postinoculation, with an average titer
of 8.0 X 10° PFU/g. In comparison, the brains of mice inoculated
with r'VSV-G1670A contained 1.5 X 10* PFU/g (P < 0.05). By day
5 postinoculation, the virus load in brain samples from the rVSV
group was reduced to 1.1 X10* PFU/g, whereas virus was com-
pletely cleared in the rVSV-G1670A group. No virus was detected
in brain samples from mice infected by rVSV-K1651A and rVSV-
G4A at day 3 or 5 postinoculation. These data demonstrated that
MTase-defective VSVs created much lower viral burdens in both
lungs and brains than rVSV. Specifically, viral titer in brain and
lung was ranked as follows: rVSV > rVSV-G1670A > rVSV-
K1651A > rVSV-G4A. These results illustrate a reduced ability of
MTase-defective VSVs to replicate and spread in tissues of mice.
rVSV-G4A induced body weight changes and clinical symp-
toms that were comparable in severity to those seen in rVSV-
G1670A- and rVSV-G1672A-infected mice, despite the fact that
no infectious rVSV-G4A virus was detected in lungs or brains at
days 3 and 5 postinoculation (Table 2). Thus, we performed an
additional animal experiment in which mice were euthanized at

TABLE 3 Viral titers in lungs and brain at days 1 and 2 postinfection

days 1 and 2 postinoculation. As shown in Table 3, all of the mice
in the rVSV group had 10° to 10° PFU/g of virus in lungs and
brain, whereas only 1 of 4 mice in the rVSV-G4A group had a low
titer at days 1 and 2 postinoculation. The plaque size of r'VSV-G4A
isolated from lung or brain (designated rVSV-G4A-M) was indis-
tinguishable from that of the input rVSV-G4A (Fig. 5A). To fur-
ther characterize rVSV-G4A-M, virus-positive brain and lung ho-
mogenates were inoculated into BHK-21 cells. The rVSV-G4A-M
was purified by sucrose ultracentrifugation as previously de-
scribed (22, 25). To examine the methylation status of rVSV-
G4A-M, in vitro transcription reactions were performed in the
presence of 20 uM S-adenosyl-L-[*H]methionine (SAM) as pre-
viously described (22, 25), and the amount of [*’H]SAM incorpo-
rated into the mRNA was measured by scintillation counting (Fig.
5B). The level of incorporation of [’H]SAM into RNA by rVSV-
G4A-M was not significantly different from that by rVSV-G4A
and the background control (rVSV + SAH) (P> 0.05), suggesting
that mRNAs synthesized by rVSV-G4A-M and rVSV-G4A were
completely defective in both G-N-7 and 2'-O methylation.

To confirm that MTase-defective VSVs retained the designed
mutations after infection, we extracted total RNAs from the lung
and brain tissues of each mouse, amplified them by RT-PCR, and
sequenced the L gene. In case of r'VSV-G4A-M, the entire genome
was sequenced. The results showed that all MTase-defective VSVs
recovered from infected mice contained the expected mutations
in MTase region, indicating that these viral mutants are genetically
stable in mice. No other changes were detected in any of the
MTase-defective VSVs.

One possible reason for the low level of rVSV-G4A replication
in vivo is that rVSV-G4A induces a strong type 1 interferon re-
sponse. To address this possibility, we determined the levels of

Viral titer (no. of positive mice)® in:

No. of sick mice/total (score)” Lung Brain
Group” Day 1 Day 2 Day 1 Day 2 Day 1 Day 2
DMEM 0/8 (0) 0/4 (0) 0(0) 0(0) 0(0) 0(0)
VSV 8/8(2.0A) 4/4 (3.0 A) 1.2 X 10° (4) 5.5 X 10° (4) 9.6 X 10° (4) 6.6 X 10° (4)
rVSV-G4A 8/8 (0.5 B) 4/4 (1.0 B) 2.7 X 10* (1) 5(1) 2.3 X 10" (1) 0(0)

@ Each group was infected with the indicated virus or administered DMEM as a control. Each group contained 8 mice.

b The severity of VSV symptoms at days 1 and 2 was scored as grade 3 (severe), grade 2 (moderate), grade 1 (mild), or grade 0 (no symptoms). The average score for each group is
shown. Values within a column followed by different letters are significantly different (P < 0.05).

¢ Viral titer (PFU/g) was determined by plaque assay. The average titers from four mice are shown. A value of 0 indicates that the viral titer was undetectable by plaque assay.
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FIG 5 Phenotype of rVSV-G4A isolated from mice. (A) Plaque morphology
of r'VSV-G4A on Vero cells. r'VSV-G4A-M, virus isolated from lungs of rVSV-
G4A-infected mice; r'VSV-M, virus isolated from lungs of rVSV-infected mice.
Plaques of rVSV and rVSV-M were developed after 24 h; those of rVSV-G4A,
and rVSV-G4A-M were developed after 96 h. (B) [PH]SAM incorporation
monitored by scintillation counting. Viral RNA was synthesized in vitro by
using 10 pg of purified virus. The amount of [’H]SAM incorporated into the
RNA was determined by scintillation counting, and the number of dpm was
normalized to the amount of RNA synthesized. Three independent experi-
ments were used to generate the graph.

IFN-B mRNA in lungs and brains from mice infected with rVSV,
rVSV-K1651A, rVSV-G4A, and rVSV-G1670A at day 3 postinfec-
tion. As shown in Fig. 6, there is no significant difference in IFN-f3
mRNA levels in lung samples among the groups (P > 0.05). How-
ever, IFN- mRNA levels in brain samples of rVSV-G4A-infected
mice were significantly lower than levels in the other challenge
groups (P < 0.05). Therefore, it is unlikely that cytokine responses
contribute to the low level of G4A replication in vivo.

Next, we determined whether defects in G4A replication are
cell type specific. Briefly, Vero, BHK-21, and HEp-2 cells were
infected with rVSV and rVSV-G4A, and virus titers in superna-
tants were determined by plaque assay. As shown in Fig. 7A, rVSV-
G4A replicated much better in Vero and BHK-21 cells than in
HEp-2 cells. The ratios of viral titer between rVSV and rVSV-G4A
in BHK-21, Vero, and HEp-2 cells are 63:1, 126:1, and 3,162:1,
respectively, suggesting that rVSV-G4A is a host range mutant.

We also determined whether G4A methylation defects are cell
type specific. Briefly, Vero, BHK-21, and HEp-2 cells were in-
fected with rVSV or rVSV-G4A, and viral mRNAs for each recom-
binant were harvested. Equal amounts of viral mRNA from each
VSV mutant were trans-methylated by vaccinia virus mRNA cap
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FIG 6 Quantification of IFN- mRNA by real-time RT-PCR. Mice were infected
with rVSV, rVSV-G4A, rVSV-K16514, and rVSV-G1670A at dose of 5 X 10°
PFU/mouse. At days 3 postinfection, lung and brain tissues were collected. Total
RNA was extracted from lung or brain tissues and was treated with DNase I (Am-
bion). The IFN- mRNA in each tissue was quantified by real-time RT-PCR. The
average amounts of IFN- mRNA from 5 mice for each group are shown.

G-N-7 MTase in the presence of [’H]SAM, and the extent of
methylation was determined by scintillation counting. As shown
in Fig. 7B, rVSV mRNAs isolated in Vero, BHK-21, and HEp-2
cells were not methylated by vaccinia virus G-N-7 MTase, which is
consistent with the fact that rVSV produces fully methylated
mRNA. In contrast, r'VSV-G4A mRNAs were efficiently methyl-
ated by vaccinia virus G-N-7 MTase. There was no significant
difference in the levels of G-N-7 methylation of viral mRNA iso-
lated from Vero, BHK-21, and HEp-2 cells (P > 0.05). Similarly,
mRNAs of r'VSV-G4A but not rVSV were efficiently methylated by
vaccinia virus 2'-O MTase, VP39 (Fig. 7C), suggesting that G4A
was equally defective in 2'-O methylation in all three cell lines
(P > 0.05). Together, these results suggest that rVSV-G4A pro-
duced unmethylated mRNA in each cell line tested and that dif-
ferences in methylation do not account for the different levels of
G4A replication.

The above results showed that MTase-defective VSVs can be
classified into four pathotypes in mice. (i) MTase-defective VSVs
carrying mutations in the MTase catalytic site, i.e., 'VSV-K1651A,
rVSV-D1762A, and rVSV-E1833Q, were highly attenuated in
mice. These recombinant viruses did not cause any detectable
weight loss or clinical signs or any pathological changes in lung
and brain. In addition, no infectious virus particles were detected
in lung and brain tissues after 3 days postinfection. (ii) MTase-
defective VSVs carrying mutations in the SAM binding site, rVSV-
G1670A and rVSV-G1672A, were moderately attenuated in mice.
These two recombinant viruses caused only mild clinical signs and
moderate histopathological changes in lungs, and viruses were
detected at early time points (up to 5 days) after inoculation but
were cleared quickly. (iii) rVSV-G4A retains low virulence, al-
though no infectious virus was detected in lung and brain tissues
except day 1 postinoculation. (iv) Recombinant G1674A was still
pathogenic for mice but appeared to be less virulent than rVSV.
This recombinant virus led to significant weight loss and moder-
ate clinical signs and histopathological changes in lung and brain
and replicated to high titers in lung and brain tissues.

LDs,s of selected MTase-defective VSVs. To further verify the
differences in virulence between the MTase defective viruses, the
LD,ys for selected mutants (rVSV, rVSV-G1674A, rVSV-G4A,
rVSV-G1670A, and rVSV-K1651A) were determined (Table 4).
Briefly, mice were inoculated with four doses of each recombinant
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FIG 7 Replication and methylation of VSV in different cell lines. (A) Repli-
cation of rVSV-G4A is cell type dependent. Confluent BHK-21, Vero, or
HEp-2 cells were infected with rVSV or G4A at an MOI of 0.1. After 24 h,
supernatants were harvested, and virus titers were determined by plaque assay.
(B) rVSV-G4A is defective in G-N-7 methylation in virus-infected cells. Con-
fluent BHK-21, Vero cells, or HEp-2 in 35-mm dishes were infected by rVSV or
G4A at an MOI of 0.1. After 24 h postinfection, poly(A)-containing viral
mRNA was isolated. Equal amounts of viral RNA were incubated with 10 units
of vaccinia virus G-N-7 MTase supplied with the m7G capping system (Script-
Cap) in the presence of 15 wCi [’H]SAM (85 Ci/mmol; PerkinElmer). The
G-N-7 methylation was measured by *H incorporation using a 1414 series
scintillation counter (PerkinElmer). (C) rVSV-G4A is defective in 2"-O meth-
ylation in virus-infected cells. Poly(A)-containing viral mRNA was incubated
with 10 units of vaccinia virus G-N-7 MTase in the presence of 100 uM cold
SAM. RNA was purified and incubated with vaccinia virus 2'-O MTase (VP39)
in the presence of 15 p.Ci [’H]SAM. The 2’-O methylation was measured by
*H incorporation using a 1414 series scintillation counter.

VSV (10°, 10% 107, and 10® PFU per mouse, 5 mice per group).
Under our experimental conditions, the LDs,s for rVSV and
rVSV-G1674A were 2.37 X 10°and 2.37 X 107, respectively. How-
ever, no mortality was observed in rVSV-G4A, rVSV-G1670A,
and rVSV-K1651A groups at the dose of 10° PFU. Therefore, the
LD,s for these mutants are above 10® PFU. However, it should be
emphasized that mice inoculated with rVSV-G4A and rVSV-
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TABLE 4 LD,s of MTase-defective VSV

Group LD, Phenotype”

VSV 2.37 X 10° Highly virulent
rVSV-G1674A 2.37 X 107 Virulent

rVSV-G4A >108 Attenuated, poorly virulent
rVSV-G1670A >108 Attenuated, poorly virulent
rVSV-K1651A >10* Highly attenuated, avirulent

“ No mortality was observed in the rVSV-G4A, rVSV-G1670A, and rVSV-K1651A
groups at the highest dose (10° PFU per mouse).
b The phenotype is based on animal experiments 1 to 4, as described in the text.

G1670A showed mild symptoms (such as ruffled fur) of VSV in-
fection but recovered by day 14 postinfection. Mice inoculated
with rVSV-K1651A did not show any symptoms at a dose of 10°
PFU. Infection at higher doses was not feasible due to limitations
in stock viral titers. These data further support the conclusion that
rVSV-G1674A is virulent, rVSV-G4A and rVSV-G1670A retain
low virulence, and rVSV-K1651A is highly attenuated.

Immunogenicity of MTase-defective VSVs in mice. We next
examined whether the limited replication of the MTase defective
viruses in mice was sufficient to induce a protective immune re-
sponse. To do this, 4 mice were immunized with 5 X 10° PFU of
each MTase-defective VSV and challenged 4 weeks later with 5 X
10° PFU of rVSV. Protection was evaluated based on changes in
the body weight, clinical symptoms, viral burdens in lungs and
brains, and pathological changes in lungs and brains. Prior to
challenge, mice vaccinated with rVSV-K1651A, rVSV-D1762A,
and rVSV-E1833Q did not lose body weight or show clinical signs
of infection (Fig. 8; Table 5). Mice vaccinated with rVSV-G1670A
and rVSV-G1672A had only mild clinical signs (such as ruffled
fur) at days 3 postvaccination but recovered at day 5. Mice vacci-
nated with these two mutant viruses lost 2 to 3 g of body weight at
days 3 to 7 postvaccination, indicating that these two MTase-de-
fective VSVs retained low virulence for mice (Fig. 8).

To evaluate whether MTase-defective VSVs can induce hu-
moral immunity, serum samples were isolated from each mouse,
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FIG 8 Dynamics of mouse body weight change after primary immunization
followed by virulent challenge. Four-week-old SPF female BALB/c mice were
immunized with MTase-defective VSVs intranasally at a dose of 5 X 10° PFU
per mouse. At week 4 postimmunization, mice were challenged with rVSV ata
dose of 5 X 10° PFU per mouse. The body weight for each mouse was moni-
tored every 3 days. The average body weight of four mice is shown. DMEMC,
inoculated with DMEM and challenged with rVSV.
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TABLE 5 Immunogenicity of MTase-defective VSV in mice (primary
immunization)

No. of mice

Logio Histology with viral

antibody ~ No.of  score RNA in:

GMTat  sick Protection
Group” week 3° mice Lung® Brain Lung Brain rate”
DMEM 0 0 0 0 0 0 NA
DMEMC 0 4 3.0A 3.0 4 4 0/4
rVSV-K1651A  5.31 0 1.0B 0 0 0 4/4
rVSV-E1833Q  5.01 0 1.0B 0 0 0 4/4
rVSV-D1762A  4.48 0 1.0B 0 0 1 4/4
rVSV-G1670A  5.04 0 1.0B 0 0 0 4/4
rVSV-G1672A  4.88 0 1.0B 0 0 0 4/4

@ Each group was infected with the indicated virus or administered DMEM as a control.
Each group contained 4 mice. DMEMC, inoculated with DMEM and challenged with
rVSV.

b Antibody titer was determined by ELISA. The geometric mean titers (GMT) for four
mice are shown.

¢ Values followed by different letters are significantly different (P < 0.05).

@ Protection is based on the presence of VSV symptoms, mouse body weight change,
and lung and brain histology after virulent challenge. There were 4 mice per group. NA,
not applicable.

serum IgG antibody response was determined by ELISA, and geo-
metric mean titers (GMT) of VSV antibodies were calculated for
each group of mice. Prior to inoculation, all mice were negative
(GMT < 10) for VSV antibody (data not shown). Mice inoculated
with MTase-defective VSVs triggered strong antibody responses
(Fig. 9A; Table 5). At 1 week postvaccination, all mice inoculated
with MTase-defective viruses had a high level of serum IgG, with
an average GMT ranging from 1,023 to 25,704. The antibody level
gradually increased during weeks 2 to 3 postinoculation. By 3
weeks postvaccination, the antibody GMT in mice infected with
MTase-defective virus reached an average of 15,241 to 215,278.
rVSV-G1670A triggered the highest antibody titer, whereas rVSV-
D1762A induced the lowest antibody titer. There was no signifi-
cant difference in the antibody titers among mice infected
with r'VSV-G1670A, rVSV-G1672A, rVSV-K1651A, and rVSV-
E1833Q. Control mice inoculated with DMEM did not have any
detectable anti-VSV antibody response during the experiment pe-
riod.

Following challenge with virulent VSV, mice in the unimmu-
nized group exhibited typical symptoms of infection, and their
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o
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£
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B ><G1670A
-e-G1672A
0 4 g
0 1 2 3

Time post-vaccination (week)

body weight dropped rapidly (Table 5). In contrast, mice immu-
nized with MTase-defective VSVs did not exhibit any clinical sign
or weight loss (Table 5; Fig. 8). After euthanization at day 7 post-
challenge, lungs from the unimmunized but challenged group
were dark red, whereas lungs from mice in MTase-defective VSVs-
vaccinated groups were a normal pink color. Viral RNA load in
lung and brain samples was determined by RT-PCR, which re-
vealed a high level of viral RNA in the challenge control samples
(data not shown). In contrast, levels of viral RNA were at the limit
of detection in samples from mice immunized with MTase-defec-
tive viruses (Table 5). Histologic analyses showed that lung and
brain tissues from mice vaccinated with MTase-defective VSVs
had only mild histopathological changes following rVSV chal-
lenge, compared to moderate changes in unimmunized rVSV-
challenged mice (Table 5). Taken together, these data demon-
strated that a single-dose immunization with MTase-defective
VSVs elicited a strong VSV-specific immunity and completely
protected mice from virulent challenge.

We also evaluated the safety and immunogenicity following a
booster immunization for each MTase-defective VSV. Briefly,
4-week-old mice were first immunized with 5 X 10° PFU of each
MTase-defective VSV and then given a booster of the same
MTase-defective VSV at the same dose at week 4 of primary im-
munization. After 3 weeks after booster immunization, mice were
challenged with 5 X 10° PFU of rVSV. As shown in Fig. 10, booster
immunization did not cause any weight loss or VSV infection
symptoms, suggesting that these MTase-defective VSVs are safe
for mice. In addition, the level of VSV-specific antibody further
increased upon booster immunization (Fig. 9B). The antibody
titer in the rVSV-K1651A group was significantly higher than
those of other MTase-defective VSV groups (P < 0.05). After vir-
ulent challenge, mice in the challenge control group had severe
weightloss and exhibited typical VSV symptoms (Fig. 10; Table 6).
In contrast, none of mice in the vaccination groups had weight
loss or any clinical signs of VSV infection, indicating that mice
were protected from virulent challenge. Lastly, mice vaccinated
with MTase-defective VSV did not have any gross pathological
changes in lungs at day 7 postchallenge, whereas those from the
challenge control group were dark red, indicative of inflamma-
tion. Moreover, neither infectious virus particles nor viral RNA
was detected in lung and brain tissues from MTase-defective-
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FIG 9 MTase-defective VSVs triggered high levels of antibody responses in mice. Blood samples were collected from each mouse weekly, and serum was isolated
for antibody detection by ELISA. Antibody titers were calculated by the geometric mean titers (GMT). (A) Antibody titer after primary immunization. (B)

Antibody titer after booster immunization.
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FIG 10 Dynamics of mouse body weight change after booster immunization
followed by virulent challenge. Four-week-old SPF female BALB/c mice were
immunized with MTase-defective VSVs intranasally at a dose of 5 X 10° PFU
per mouse. At week 2 after primary immunization, mice were boosted intra-
nasally with 5 X 10° PFU of the corresponding virus. At week 3 after booster
immunization, mice were challenged with rVSV at a dose of 5 X 10° PFU per
mouse. The body weight for each mouse was monitored every 3 days. The
average body weight of four mice is shown.

VSV-immunized mice (Table 6). However, high viral RNA loads
in lung and brain were detected in mice from the challenge control
group. Furthermore, histological examination found that lung
and brain tissues from the challenge control were moderately in-
flamed, whereas those from MTase-defective VSV-vaccinated
groups only had mild inflammation (Table 6). Taken together,
these data demonstrated that booster immunization of MTase-
defective not only was safe for mice but also elicited strong VSV-
specific immunity and completely protected mice from virulent
challenge.

DISCUSSION

In this study, we evaluated the impact of mRNA cap methylation
in VSV pathogenesis in vivo. We found that the VSV mutants
rVSV-K1651A, rVSV-D1762A, and rVSV-E1833Q, which have
mutations in the MTase catalytic site and are defective in both
G-N-7 and 2’-O methylation, were highly attenuated in mice.

VSV mRNA Cap Methylation and Pathogenesis

rVSV-G1670A and rVSV-G1672A, which have mutations in the
SAM binding site and are defective in G-N-7 but not 2'-O meth-
ylation, retained low virulence in mice. In contrast, r'VSV-G4A, a
mutant producing unmethylated mRNA cap structures in vitro,
induced weight loss and clinical signs that were indistinguishable
from those observed in rVSV-G1670A and rVSV-G1672A infec-
tions despite the extremely low level of rVSV-G4A replication in
vivo. Three major conclusions are apparent from our data: (i)
inactivation of the predicted catalytic residues attenuates the virus
to a greater extent in vivo than does inactivation of the predicted
SAM binding site, (ii) the relationship between mRNA cap meth-
ylation and viral pathogenesis is not clear-cut in VSV infections,
and (iii) some MTase-defective VSVs may serve as useful vaccine
candidates.

Impact of mRNA cap methylation status on VSV pathogene-
sis. VSV infects a wide range of wild and domestic animals, such as
cattle, horses, deer, and pigs, and the infection is characterized by
vesicular lesions in the mouth, tongue, lips, gums, teats, and feet.
Although VSV does not cause vesicular diseases in mice, the
mouse represents an excellent small animal model to understand
pathogenesis because VSV causes systemic infection and fatal en-
cephalitis (40—43). After intranasal inoculation, VSV infects olfac-
tory neurons in the nasal mucosa and subsequently enters the
central nervous system (CNS) through the olfactory nerves (44,
45). The virus is then disseminated to other areas in the brain
through retrograde and possibly anterograde transneuronal
transport, ultimately causing an acute brain infection. The mor-
tality, pathology, and viral burden in lung and brain tissues are
dependent on the age and species of the mouse (40-42, 46).

Based on the pathogenesis in mice, MTase-defective VSVs can
be classified into three pathotypes: highly attenuated, poorly vir-
ulent, and virulent. With the exception of rVSV-G4A, the patho-
type of MTase-defective VSVs in mice is essentially consistent with
the phenotypes observed in cell cultures. The VSV mutants rVSV-
K1651A, rVSV-D1762A, and rVSV-E1833Q, which carry point
mutations in the MTase catalytic site and are defective in both
G-N-7 and 2'-O methylation, were highly attenuated in mice.
This is consistent with our previous finding that these recombi-
nants were highly attenuated in cell culture (9). Specifically, these
mutant viruses had decreased virus titers (2 to 3 logs) and reduced
levels of protein and RNA synthesis (by 30 to 50%) compared to

TABLE 6 Immunogenicity of MTase-defective VSV in mice (booster immunization)

No. of mice with viral

Histology score RNA in:
Log,, antibody No. of Lung Brain Protection
Group*” GMT at week 5” sick mice histology* histology Lung Brain rate?
DMEM 0 0/4 0 0 0 NA
DMEMC 0 4/4 3.0A 3.0 4 4 0/4
rVSV-K1651A 6.03 0/4 0.5B 0 0 0 4/4
rVSV-E1833Q 5.28 0/4 1.0B 0 0 0 4/4
rVSV-D1762A 5.35 0/4 1.0B 0 0 0 4/4
rVSV-G1670A 5.21 0/4 1.0B 0 0 0 4/4
rVSV-G1672A 5.43 0/4 1.0B 0 0 0 4/4

“ Each group was infected with the indicated virus or administered DMEM as a control. Each group contained 4 mice. DMEMC, inoculated with DMEM and challenged with rVSV.
b Antibody titer was determined by ELISA. The geometric mean titers (GMT) for four mice are shown.

¢ Values followed by different letters are significantly different (P < 0.05).

@ Protection is based on the presence of VSV symptoms, mouse body weight change, and lung and brain histology after virulent challenge. There were 4 mice per group. NA, not

applicable.

March 2014 Volume 88 Number 5

jviasm.org 2923


http://jvi.asm.org

Ma et al.

rVSV. In contrast, mutations in the SAM binding site impact viral
pathogenesis differently. VSV mutants specifically defective in
G-N-7 but not 2’-O MTase, including rVSV-G1670A and rVSV-
G1672A, retained low virulence. These findings suggest that VSV
mutants with a defect only in G-N-7 methylation are insufficiently
attenuated. In cell culture, these two mutants led to decreases in
virus titer of only 1 to 2 log units, while the levels of viral protein
and RNA synthesis were comparable to those of rVSV (21). Re-
combinant West Nile virus (WNV-Kg; A and -K;4,A) defective in
2'-O but not the G-N-7 MTase activity is also attenuated in vitro as
well as in vivo (47-49). In this case, inhibition of 2’-O methylation
is sufficient to attenuate WNV. As predicted, rVSV-G1674A re-
mained virulent for mice, although the virulence was reduced
compared to that of rVSV. This mutant was fully methylated in
cap structure only at high SAM concentrations (200 wM), whereas
rVSV requires only 20 wuM SAM for full methylation (21). It rep-
licated as efficiently as r'VSV and had no defect in RNA and protein
synthesis in cell culture.

Most striking in our study was the phenotype associated with
infections by rVSV-G4A, a virus which is completely defective in
both G-N-7 and 2’-O methylation. rVSV-G4A induced body
weight losses and clinical signs that were comparable to those
associated with rVSV-G1670A and rVSV-G1672A infections.
However, unlike rVSV-G1670A and rVSV-G1672A, rVSV-G4A
was highly attenuated for replication and/or spread in vivo. Re-
duction in brain and lung viral titers was not attributed to en-
hanced production of antiviral cytokines, such as IFN-@ (Fig. 6).
The phenotype (small plaque and no cap methylation) of rVSV-
G4A-M isolated from mice was identical to that of the r'VSV-G4A
original stock (Fig. 5). Also, no additional mutations were identi-
fied in rVSV-G4A-M. In fact, rVSV-G4A is the most attenuated
mutant in cell culture among M Tase-defective VSVs (21). We also
showed that rVSV-G4A is a host range mutant which had much
poorer replication in HEp-2 cells than in BHK-21 and Vero cells.
rVSV-G4A produced unmethylated mRNA in all three cell lines,
suggesting that the differences in replication among cell lines do
not reflect a compensatory cellular methylase modifying the viral
mRNA. Also, it is unlikely that cytokine responses contribute to
the low level replication of rVSV-G4A in vivo (Fig. 6). The molec-
ular mechanisms underlying the apparent discrepancy between
replication in cell culture and in vivo pathogenesis remain to be
elucidated. One feature of the gene expression strategy of NNS
RNA viruses is that the polymerase complex controls two distinct
RNA synthetic events: genomic RNA replication and mRNA tran-
scription (19, 50, 51). Previously, we showed that regulation of
those activities is perturbed for rVSV-G4A such that genomic rep-
lication is enhanced 4-fold (21). Perhaps, the defects in mRNA cap
methylation and the alternation of the polymerase function col-
lectively contribute to the unique phenotype of G4A.

MTase-defective viruses as potential live vaccine candidates.
In this study, we demonstrated that ablating viral mRNA cap
methylation is a means of attenuating VSV, and by extrapolation
perhaps other NNS RNA viruses, for development of live attenu-
ated vaccines. Our results showed that MTase-defective VSVs
were able to induce high levels of VSV-specific antibody in mice
and provided full protection against a virulent challenge with the
VSV Indiana serotype. rVSV-K1651A, rVSV-D1762A, and rVSV-
E1833Q are attractive vaccine candidates, since they not only are
highly attenuated but also retain high immunogenicity. Although
rVSV-G1670A and rVSV-G1672A retained low virulence for
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mice, their pathogenicity was significantly reduced compared to
that of rVSV. The safety of using these two viruses as live vaccine
candidates remains to be further investigated.

This study extends the approaches that have been employed to
attenuate VSV, including gene rearrangement, M gene mutation,
G protein cytoplasmic tail truncations, G protein deletions, and
combinations thereof (52—55). We now add to this list mutations
in the MTase domain of L, which we show can result in attenuated
and immunogenic viruses. Since our sequence data indicate that
the viruses isolated from lung and brain tissues retained the orig-
inal mutation(s), reversion may be less of a problem than antici-
pated. Moreover, by combining mutations in this region of L, it
may be possible to diminish further the chance of selecting viru-
lent revertants. We do not understand the basis for the virulence
of rVSV-G4A, which lacks the ability to methylate mRNA in vitro.
Consequently, we cannot yet conclude that elimination of the
MTase activities of L is an effective vaccine strategy. Resolving why
some MTase-defective VSVs are highly attenuated whereas others
are not may facilitate a strategy to develop viral vectors for vac-
cines, oncolytic therapy, and gene delivery.

Our studies on MTase-defective VSVs also shed light on devel-
oping live vaccine candidates for other NNS RNA viruses, partic-
ularly paramyxoviruses. Live attenuated vaccines are the most
promising vaccine candidates for paramyxoviruses such ashMPV,
RSV, and PIV3 (54, 56), which account for the majority of respi-
ratory diseases in infants, children, and the elderly. However, it
has been technically challenging to isolate viruses with low viru-
lence but high immunogenicity. Introducing mutations in the
MTase may provide a novel approach to generate live attenuated
viruses for these viruses. Recently, a panel of MTase-defective
hMPVs which showed only 0.5 to 1 log reductions in growth rel-
ative to the parent virus was generated (Y. Zhangand J. Li, unpub-
lished data). These recombinants were highly attenuated and
immunogenic in cotton rats. Thus, it is feasible to utilize MTase-
defective viruses as vaccine candidates for paramyxoviruses.

Recently, the concept of using MTase-defective viruses as live
vaccine candidates has also been demonstrated in flaviviruses such
as Japanese encephalitis virus (JEV) and dengue virus (36, 58). In
both cases, 2'-O methylation-defective flaviviruses were shown to
be promising vaccine candidates. For example, 2'-O methylation-
defective JEV was attenuated in mice, elicited robust humoral and
cellular immune responses, and was genetically stable in vivo (58).
A single immunization induced full protection against lethal chal-
lenge with JEV strains in mice. Similarly, dengue virus mutants
lacking 2'-O MTase activity are attenuated in mice and rhesus
monkeys and elicit a strong adaptive immune response (36).

Biological role of 2'-O methylation: discrimination of self
and nonself mRNA? While it is firmly established that G-N-7
methylation is essential for mRNA stability as well as efficient
translation, the role(s) of ribose 2'-O methylation has proved
more elusive. Recent studies on West Nile virus (WNV) suggest
that the 2'-O methylation of the 5 cap of viral RNA functions to
evade innate host antiviral responses through escape of the sup-
pression of interferon-stimulated genes, which encode tetratrico-
peptide repeats (IFIT) (38). A WNV MTase mutant (E218A),
which is defective in 2’-O MTase activity, was attenuated in wild-
type C57BL/6 mice but remained pathogenic in mice that lack a
type Linterferon (IFN) signaling pathway. The vaccinia virus mu-
tant J3-K175R and the mouse hepatitis virus mutant MHV-
D130A, both of which lack 2'-O MTase activity, also exhibited
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enhanced sensitivities to the antiviral actions of IFN mediated by
IFIT proteins (38). Similarly, 2"-O methylation of mouse and hu-
man coronavirus RNA seems to facilitate evasion from detection
by the cytoplasmic RNA sensor Mda5 (57). Those studies suggest
that 2’'-O methylation of viral RNA provides a molecular signa-
ture for the discrimination of self and nonself mRNA. The finding
here that VSV-G4A produces unmethylated mRNA yet remains as
virulent as VSV-G1670A and VSV-G1672A underscores the idea
that the recognition of non-2'-O methylated mRNA is only one
aspect of the immune response to virus infection.

In summary, the present study highlights a major gap in our
understanding of the impact of mRNA cap methylation in VSV
pathogenesis. Our work suggests that abrogation of viral mRNA
cap methylation can serve as a novel approach to attenuate VSV,
and perhaps other NNS RNA viruses, for use as vaccines and viral
vectors. It will be of interest to determine the role of mRNA cap
methylation in innate immunity to NNS RNA viruses.
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