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The V Protein of Mumps Virus Plays a Critical Role in Pathogenesis
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Mumps virus (MuV) causes an acute infection in humans characterized by a wide array of symptoms ranging from relatively
mild manifestations, such as parotitis, to more-severe complications, such as meningitis and encephalitis. Widespread mumps
vaccination has reduced mumps incidence dramatically; however, outbreaks still occur in vaccinated populations. The V protein
of MuV, when expressed in cell culture, blocks interferon (IFN) expression and signaling and interleukin-6 (IL-6) signal-
ing. In this work, we generated a recombinant MuV incapable of expressing the V protein (rMuVAYV). The rescued MuV
was derived from a clinical wild-type isolate from a recent outbreak in the United States (MuV!ova/US/06 G genotype). Anal-
ysis of the virus confirmed the roles of V protein in blocking IFN expression and signaling and IL-6 signaling. We also
found that the rMuV'ow#/US/06AV virus induced high levels of IL-6 expression in vitro, suggesting that V plays a role in re-
ducing IL-6 expression. In vivo, the rMuVov#/US/06AV virus was highly attenuated, indicating that the V protein plays an

essential role in viral virulence.

umps virus (MuV) is a paramyxovirus that causes acute in-

flammatory reactions in humans (2). MuV is highly neu-
rotropic. Approximately half of all clinical cases have evidence of
virus invasion of the central nervous system; aseptic meningitis
occurs in approximately 10% of cases and encephalitis in less than
1% (2). Two-dose mumps vaccination programs have dramati-
cally reduced disease incidence; however, large outbreaks still oc-
cur, even in vaccinated populations. While definitive causes for
the outbreaks are unknown, waning immunity and antigenic
differences between vaccine strains and circulating strains have
been cited as likely factors (3, 15, 24, 34, 40, 42). The vaccine
strain used in the United States and most of the Western Hemi-
sphere is a genotype A virus, whereas recent outbreaks in these
regions have invariably been identified as genotype G members
(19, 20, 30, 41).

The RNA genome of MuV is 15,384 nucleotides long (2). It
encodes nine known viral proteins. The V protein of MuV has 224
amino acid residues and contains a cysteine (Cys)-rich C terminus
that is conserved among all paramyxoviruses. The V protein in-
terrupts the interferon (IFN) signaling pathway through degrada-
tion of STATI, a critical transcription factor for IFN-activated
gene expression (10). A tryptophan-rich motif within the Cys-rich
C terminus of the MuV V protein is essential in the ubiquitination
and degradation of STAT1 (10, 11, 23) through the N-terminal
region of STATI (44). The V protein has also been demonstrated
to associate with receptor-activated C kinase (RACK1), which
contains Trp-Asp (WD) repeats and mediates interactions be-
tween the IFN receptor and STAT1. The V-RACKI1 interaction
results in the disassociation of STAT1 and RACK1, contributing
to the blockade of IFN signaling by V protein (10). This interac-
tion may be important to block IFN signaling before the complete
degradation of STAT1 occurs (12). The V protein of MuV also
interacts with MDAS5, a RNA helicase that plays a critical role in
the activation of IFN expression in infected cells (1) and blocks the
activation of IFN expression. The Cys-rich C terminus of V pro-
tein is essential for its interaction with MDAS through its helicase
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C domain (25, 28). The V protein can serve as a substrate for
inhibitor of kB kinase & (IKKe)/tumor necrosis factor receptor-
associated factor (TRAF) family member-associated NF-«B acti-
vator (TANK)-binding kinase 1 (TBK1), resulting in inhibition of
the activation of interferon regulatory factor 3 (IRF3). The inter-
action between V protein and TBK1/IKKe inhibits the activation
of IRF3, a critical transcription factor for IFN expression, resulting
in the blockade of IFN expression (17). The V protein causes deg-
radation of STAT3, a critical transcription factor for interleukin-6
(IL-6)-mediated signaling and oncogenesis (39). A point muta-
tion within the V protein (E to D at position 95) results in a V
protein that is capable of STAT1 degradation without affecting its
ability to target STAT3 for degradation. The ability of V protein
to block IFN signaling is thought to be important for viral
pathogenesis (29). In this work, we have generated a recombi-
nant MuV that it was no longer capable of expressing the V
protein (rMuV!ewa/US/06AV), The rescued MuV was derived
from a clinical wild-type (WT) isolate from a recent outbreak
in the United States (MuVowa/US/06 G genotype). This is the
first study of the functions of the V protein of MuV in the
context of viral infection.

MATERIALS AND METHODS

Plasmids, viruses, and cells. The MuV strain, MuV!owa/US/06  was ob-
tained from a patient during the 2006 Midwest mumps outbreak in the
United States. A full-length cDNA clone of the virus (pMuV!owa/Us/06)
was constructed as previously described (43). This plasmid was modified
to not express the V protein by changing the editing site of the P/V gene

Received 15 August 2011 Accepted 9 November 2011

Published ahead of print 16 November 2011

Address correspondence to Biao He, bhe@uga.edu.

Copyright © 2012, American Society for Microbiology. All Rights Reserved.
doi:10.1128/JV1.06019-11

0022-538X/12/$12.00 Journal of Virology p. 1768-1776


http://dx.doi.org/10.1128/JVI.06019-11
http://jvi.asm.org

A 1106bp

PXSE

rmuv[ NP ][Ge/6s PV ] ceeee6ecaee

Role of Mumps V Protein in Pathogenesis

=
PX6R

Maw  [E=

Nhe |
rMuvAV[Ne_|[Ge/Gs J[P/V] GAGGAGGGCCGGG AGCTAGCTAGCA [GE/es_|[™ ]
PXSF PX6R
1108bp <
R
o® A\
B C D N 1\05
Y & & &
P A st I A L
1 A " |,
W E T i ——
E wod LU LYY T |
i
1 2 3 4 —_—

FIG 1 Generation of a MuV!owa/Us/0¢ Jacking V protein (rMuV!ewa/Us/06AV), (A) Schematic of rMuV!ow2/US/06AV. The GGGGGG editing site in the P/V gene of
MuV!ewa/Us/06 was changed to GAGGAGGG to eliminate expression of the V protein. To maintain the genome length of rMuV!owa/US/06AV to be a multiple of
six, 4 bp was added to the P/V gene 3" UTR. (B) Confirmation of the rescue of rMuVewa/US/06AV . Viral RNAs extracted from rMuV!owa/US/06AV. and
rMuV!ewa/Us/06_infected cells were reverse transcribed into cDNA, followed by reverse transcription (RT)-PCR using two primers flanking the P/V gene. Lanes:
1, 100-bp DNA ladder; 2, negative control (PCR without polymerase); 3 and 4, PCR products from rMuV!ewa/US/06AV- and rMuViewa/US/06_infected cells,
respectively. (C) Confirmation of rMuV'ow#/Us/06AV, PCR products shown in Fig. 1B were sequenced. (D) Expression of the V protein in rMuV!ow#/US/06AV- and
rMuViewa/Us/oe_jpfected cells. Vero cells were mock infected or infected with rMuVIewa/US/06AV or rMuViewa/Us/o6  Cel] lysates were immunoblotted using

anti-NP, -P, or -V.

(GGGGGG) to GAGGAGGG and the addition of another four base pairs
(CTAG) to the 3" untranslated region (3'UTR) of the gene to comply with
“the rule of six” (9). Primer sequences, detailed cloning strategies, and
entire cDNA sequences of MuVIowa/US/06 gre available upon request.

To rescue an infectious virus, plasmid pMuV!ewa/US/06AV (5 ug),
along with plasmids pCAGGS-L (1 ng), pCAGGS-NP (1.5 pg), and
pCAGGS-P (200 ng), were transfected into BSRT-7 cells. Three days
later, transfected BSRT-7 cells were mixed with Vero cellsat 1:1. Ten to
14 days later, when syncytium formation was observed, supernatants
containing rMuV1ewa/US/06AV were collected and plaque purified in
Vero cells. Plaques (developing 4 to 7 days postinfection [dpi]) were
amplified in Vero cells, and their genomes were sequenced. The rescue
procedure was repeated to produce independent stocks of
rMuVIowa/US/06AV.

Vero, HeLa, MDBK, and L929 cells were maintained in Dulbecco’s
modified Eagle medium (DMEM) with 10% fetal bovine serum (FBS)
and 1% penicillin-streptomycin (P/S) (Mediatech Inc., Holu Hill, FL).
BSRT-7 cells were maintained in DMEM supplemented with 10% FBS,
1% P/S, and 10% tryptose phosphate broth (TPB), plus 400 ng/ml Gene-
ticin G418 antibiotic. Cells were cultured at 37°C with 5% CO, and pas-
saged the day before infection or transfection at appropriate dilution fac-
tors to achieve 80 to 90% confluence the next day. For virus infection, cells
were inoculated with viruses in DMEM plus 1% bovine serum albumin
(BSA) at a multiplicity of infection (MOI) of 0.01, 3, or 5 and incubated
for 1 to 2 h at 37°C with 5% CO,. The inocula were then replaced with
DMEM supplemented with 2% FBS and 1% P/S. Cells were transfected
with plasmids using PLUS and Lipofectamine reagents (Invitrogen, Carls-
bad, CA) following the manufacturer-provided protocols.

All mumps viruses were grown in Vero cells and were harvested at 4 to
7 dpi. Virus titers were measured in Vero cells by plaque assay as described
previously (6, 8). Parainfluenza virus 5 (PIV5) and recombinant PIV5
lacking the expression of the C terminus of the V protein (rPIV5VAC)
were grown as described before (7).

Sequencing of viruses. Viral RNA was extracted from cell culture su-
pernatants by using the QIAamp viral RNA extraction minikit (Qiagen
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Inc., Valencia, CA) following manufacturer’s protocol. Isolated viral RNA
was reverse transcribed into cDNA by using SuperScript IIT reverse
transcriptase with random hexamers (Invitrogen). Synthesized cDNA
then served as templates for PCR using mumps virus genome-specific
primers and Taq polymerase (Invitrogen). Fifteen sets of primers, each
containing a forward and reverse primer, were designed to divide the
genome into 15 overlapping fragments. The primers were then used
for the subsequent sequencing of the PCR products (14). Leader and
trailer sequences were sequenced following the standard protocol of
rapid amplification of cDNA ends (RACE) (13). Primer sequences are
available upon request.

Flow cytometry and TUNEL assay. Flow cytometry was performed
as previously described (36). HeLa or Vero cells in 6-well plates were
mock infected or infected with rMuV1ewa/US/06 A y My V1owa/US/06 o1
MuV!ewa/Us/06 gt an MOI of 0.1 or 0.5. At 24 h postinfection (hpi), 48
hpi, 72 hpi, or 96 hpi, attached cells were trypsinized and combined with
floating cells in the culture media. Cells were centrifuged and resus-
pended in 0.5% paraformaldehyde in phosphate-buffered saline (PBS)
for 1 h at 4°C. The fixed cells were then washed with PBS and perme-
abilized in 50% fetal calf serum (FCS)-50% DMEM plus three volumes
of 70% ethanol overnight. Permeabilized cells were subjected to either
terminal deoxynucleotidyltransferase-mediated dUTP-biotin nick end
labeling (TUNEL) staining or MuVew&/US/06-NpP, MuyV!iewa/US/06_p,
or MuV!ew/Us/06_HN staining for protein expression level. For NP stain-
ing, monoclonal MuV!ow#/US/06_NP antibody was diluted 1:200; for P
staining, monoclonal MuV!ew/US/06_p antibody (43) was diluted 1:50 fol-
lowed by fluorescein isothiocyanate (FITC) anti-mouse secondary anti-
body (Jackson ImmunoResearch) staining at a dilution of 1:10,000. For
HN staining, polyclonal MuV!ewa/US/06_HN was diluted 1:50 followed by
FITC anti-rabbit secondary antibody staining at a dilution factor of
1:10,000. TUNEL staining was performed as described before following
the manufacturer’s protocol (Roche) (35, 37).

Immunoblotting. Vero cells in 6-well plates at approximately 90%
confluence were mock infected or infected with rMuV!ewa/Us/06 o
rMuV!Iewa/US/06AV at an MOI of 0.01 or 0.5. Cells were lysed and collected
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A Amino acid
Number of | Negative Positive | Nucleotide | residue
virus strain| rescue control control chang change Regio
PX2-SP-2 1 + 13704 C>A A1750D L gene
PX2-SP-48 4 - + 1899 A >T No NP gene end
PX2-SP-51 5 + 1913 C>T No P/V gene start
PX2-SP-61 6 - + 1899 A>G No NP gene end
PX2-SP-81 8 - + 1899 A>G No NP gene end
PX2-SP-91 9 + 1896T>G No NP gene end
PX2-SP-101 10 - + 1899A>G No NP gene end
PX2-SP-106 11 - + 1897T>G No NP gene end
B Gene End Intergenic Gene Start
+) (GE) (I6) (Gs)
[ NPORF | 3'UTR | AGTCTTTAAGAAAAAA TT  AGGCCCGGAAAGAA | 5'UTR | PORF |
1891t in plasmid PX2 1922t in plasmid PX2
Virus strain Sequence Mutation site
NP GE PV GS
PX2-SP-48 AGTCTTTATGAAAAAA TT AGGCCCGGAAAGAA 1899 A-T
PX2-SP-51 AGTCTTTAAGAAAAAA TT AGGCTCGGAAAGAA 1913 C-T
PX2-SP-61 AGTCTTTAGGAAAAAA TT AGGCTCGGAAAGAA 1899 A-G
PX2-SP-81 AGTCTTTAGGAAAAAA TT AGGCCCGGAAAGAA 1899 A-G
PX2-SP-91 AGTCTGTAAGAAAAAA TT AGGCCCGGAAAGAA 1896 T-G
PX2-SP-101  AGTCTTTAGGAAAAAA TT AGGCCCGGAAAGAA 1899 A-G
PX2-SP-106 =~ AGTCTTGAAGAAAAAA TT AGGCCCGGAAAGAA 1897 T-G

FIG 2 Whole-genome sequencing of rescued rMuV'ewa/US/06AV (A) Summary of changes found in rescued rMuV!ew/US/06AV The leftmost panel shows the

names of individual rMuVewa/US/06 AV strains from 8 successful virus rescues.

(B) A schematic of the changes that occurred in the NP GE and P/V GS regions.

Changes that occurred during virus rescue of rMuV!ow3/US/06AV are indicated as bold, italic letters. The “TT” in the middle of the sequence alignment is the gene

junction sequence between the NP and P/V genes in MuV!owa/Us/06,

at different time points postinfection in 0.5 ml WCEB buffer (50 mM
Tris-HCI [pH 8.0], 120 mM NacCl, 0.5% NP-40, 0.00076% EGTA, 0.2 mM
EDTA, 10% glycerol) with a mixture of protease inhibitors as described
previously (31, 32). Cell lysates were briefly centrifuged to remove cell
debris and loaded onto a 10% or 17.5% polyacrylamide gel and subjected
to SDS-PAGE. Proteins were transferred to an Immobilon-FL transfer
membrane (Millipore, Billerica, MA), incubated with primary antibody
(anti-MuVlewa/Us/06 /' 1:500; anti-MuVIewa/Us/06 NP 1:5,000; anti-
MuV!iewa/Us/06 p_1:2.000 [43], anti-STAT1, 1:200 [#B2410; Santa Cruz
Biotechnology, Inc., Santa Cruz, CA[; anti-STAT2, 1:200 [#07-224];
Millipore, Billerica, MA]; anti-STAT3, 1:200 [#F300; Santa Cruz Bio-
technology, Inc., Santa Cruz, CA]) and corresponding secondary an-
tibodies conjugated to horseradish peroxidase, and detected using an
Amersham ECL Western blotting detection kit (GE Healthcare Biosci-
ence, Piscataway, NJ).

Growth curve of rMuV!ow#/US/06AV and rMuV!ewa/Us/06, Cells in
6-cm plates or 6-well plates were infected with rMuVAV or rMuV at an
MOI of 0.01. One milliliter (6-cm plates) or 100 ul (6-well plates) of
supernatant were collectedat O h, 24 h,48 h,and 72 h (24 h, 48 h, 72 h, 120
h, 168 h, 216 h, and 264 h in HeLa) postinfection, supplemented with 1%
BSA, and stored at —80°C. Virus titers were determined by plaque assay
using Vero cells in 6-well plates in triplicate. After 1- to 2-h incubations
with the viruses, the growth medium was changed to DMEM with 2%
FBS, 1% P/S, and 1% low-melting-point agarose. Four to 7 dpi, 6-well
plates of Vero cells were stained with Giemsa stain, and plaques were
counted.

ELISA for IFN- and IL-6. HeLa cells or 293T cells were mock in-
fected or infected with PIV5-WT (MOI 5), rPIV5-VAC (MOI- 5),
rMuViewa/Us/06 (MOI 0.5), or rMuV!ewa/US/06 AV (MOI 0.5) virus in 12-
well plates. The supernatants were collected at 24 h and 48 h postinfection.
The amount of secreted IL-6 in the medium was measured using the
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OptEIA human IL-6 enzyme-linked immunosorbent assay (ELISA) kit
(BD Biosciences, San Jose, CA), and IFN-B was measured using the
VeriKine human IFN-B ELISA kit as described before (16, 18) (PBL
InterferonSource, Piscataway, NJ) according to the manufacturer’s
instructions.

Neurotoxicity test. The neurovirulence phenotype of the rescued
viruses was assessed by measuring the extent of MuV-induced hydro-
cephalus, the major neuropathologic outcome of MuV infection in
rats, as previously described (32). Briefly, 3 litters of 8 to 10 newborn
Lewis rats were inoculated intracerebrally with 10 ul of DMEM con-
taining 100 PFU of each of the two virus stocks rescued from plasmid
pMuV!owa/Us/06 apnd each of the two virus stocks rescued from plasmid
pMuV!ioewa/US/06AV, On day 30 postinoculation, the rats were hu-
manely sacrificed by CO, asphyxiation following the NIH Guidelines
for the Care and Use of Laboratory Animals (22). Brains were removed
and immersion fixed in 10% neutral-buffered formalin at 4°C for 4 to
5 days, followed by paraffin embedding. Sagittal sections obtained at a
standard distance from either side of the rostral-caudal midline were
stained with hematoxylin and eosin. The neurovirulence score was
determined by calculating the ratio between the cross-sectional area of
the brain (excluding the cerebellum) and the cross-sectional area of
the lateral ventricle (which is enlarged following infection with neu-
rovirulent MuV strains), measured using Image Pro Plus image anal-
ysis software (Media Cybernetics, Silver Spring, MD). The mean ratio
(given in percent) of these two measurements on each of the two tissue
sections per rat brain is the neurovirulence score for that particular
brain. The neurovirulence score for each virus is the mean neuroviru-
lence score for all brains within the treatment group. All comparisons
were made using a t test or, with nonnormal data (failed Shapiro-Wilk
test), the Mann-Whitney rank sum test (o = 0.05).
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FIG 3 Growth rates and viral protein expression of rMuVIewa/US/06AV | rMuViewa/Us/o6 and MuViewa/Us/oe  (A) Growth rates of rMuVIowa/US/06AV and
rMuV!owa/Us/06 in Vero cells. Vero cells were mock infected or infected with rMuVIow®/US/06AV or rMuV!owa/Us/06 at an MOI of 0.01. Supernatants were collected
for plaque assay. (B) Plaques of rMuV!ewa/US/06AV and rMuV!ew#/US/06 in Vero cells. rMuV!ewa/US/06 AV or rMuV1ewa/US/06 was plated onto Vero cells. The plaques
were stained with Giemsa at 6 dpi. (C) Viral protein expression of rMuV!ow#/US/06AV and rMuV!owa/Us/%¢ in Vero cells. Vero cells were infected as in panel A. Viral
protein levels were examined by immunoblotting with anti-NP and P. B-Actin was used as a loading control. (D) Growth rates of rMuV!ewa/US/06AV and
rMuV!ewa/Us/06 in HeLa cells. HeLa cells were infected as in panel A. (E) Growth rates of rMuV!ewa/US/06AV and rMuV'ewa/Us/06 in 293T cells. 293T cells were
mock infected or infected with rMuV!ew?/US/06AV or rMuV!owa/Us/06 gt an MOI of 0.5. Supernatants were collected for plaque assay.

RESULTS

Recovery of arecombinant MuV lacking expression of V protein
(rMuVAV). To investigate the role of the V protein in viral
pathogenesis in the context of viral infection, we constructed a
c¢DNA of the MuV™owa/US/0¢ genome containing mutations to
ablate the V protein expression (pMuVow2/US/06AV) (the ac-
cession number for MuV!ova/Us/06 genome is JN012242) (43).
Ablation of the V protein expression from the genome was
achieved by changing the editing site (GGGGGG) in the P/V
gene into GAGGAGGG. Therefore, only a transcript encoding the
P protein is generated from P/V gene transcription (Fig. 1A). In-
fectious viruses abolishing the expression of the V protein
(rMuV'owa/US/06AV) were rescued from the cloned DNA through
transfection of pMuVIewa/US/06AV into BSRT-7 cells. Rescued vi-
ruses were further plaque purified and amplified in Vero cells. To
confirm the presence of the genetic changes to shut off the V
protein expression in the rescued virus genome, viral RNAs were
extracted from virus stocks and reverse transcribed into cDNA for
sequencing (Fig. 1B and C). Sequencing of the genome of the rescued
virus revealed the presence of nucleotide substitutions in the NP gene
end (GE) sequence and at the P/V gene start (GS) sequence comparing to
input cDNA sequence as well as the changes that would ablate the ex-
pression of the V protein (Fig. 1C). We performed immunoblot-
ting of infected cells to confirm the absence of the V protein ex-
pression in rMuV!ow¥/US/06AV -infected Vero cells (Fig. 1D). To
further investigate, we rescued the virus from the cDNA plasmid
seven more times (Fig. 2A). Viruses from seven out of the total
eight rescued viruses contained a point mutation at either the NP
GE (six) or P/V GS region (one), while one contained a point
mutation in the L gene (Fig. 2B). All of the rescued
rMuVIewa/US/06AV viruses contained at least one point mutation
in their genome, and the most frequent point mutation was at
position 1899 in the genome; thus, this virus was used as a repre-
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sentative virus and designated as rMuV!ew2/US/06AV for this work,
unless otherwise noted.

Analysis of rMuVAV in tissue culture cell lines. To analyze the
growth rate of IMuV'ova/US/06AV in cell lines, Vero cells or HeLa cells
were infected with rMuVIow/US/06AV or rMuV!ewa/US/06 gt an MOI
of 0.01, medium was collected at multiple time points postin-
fection, and viral titers were determined using plaque assay
(Fig. 3A). rMuV!owa/US/06 AV grew at a rate comparable to that
of rMulowa/US/06V in Vero cells during the first 48 h postinfec-
tion (hpi), and then the growth of rMuV!ewa/US/06AV decreased
and remained approximately 1 log lower in titer than
rMuVIewa/Us/06 throughout the studied time course (Fig. 3A).
Plaque size of rMuVew#/US/06AV in Vero cells showed no sig-
nificant differences from that of rMuV!ewa/Us/0¢ (Fig 3B). Pro-
tein expression levels of rMuVew3/US/06AY or rMuVliewa/Us/06
low-MOlI-infected Vero cells were examined by immunoblot-
ting with anti-NP, P, and V or anti-B-actin (Fig. 3C). Consis-
tent with the time course, the viral protein expression levels of
rMuVIewa/US/06 AV were similar to those of rMuVIowa/Us/06 gt
48, 72, and 96 hpi (adjusting for the levels of B-actin). In HeLa
cells, the growth of rMuVIewa/US/06AV was reduced (Fig. 3D).
The absence of a functional V protein reduced the virus titer of
rMuVIewa/US/06AY by almost 2 log,, from 72 hpi to 168 hpi
compared with rMuVewa/Us/06 Nevertheless, the both viruses
reached similar titers at later time points.

Expression of viral genes in rMuVIewa/US/06AV-jnfected
cells. Mutations at either the NP GE or P/V GS in recovered
rMuVIowa/US/06AV viruses suggested that a modulation of viral
protein expression levels between NP and P might be critical for
the recovery of rMuVow#/US/06AV from cDNA. To investigate the
viral protein expression pattern in rMuVIow¥/US/06AV, Vero cells
infected with a high MOI were stained for NP and P proteins at
different time points postinfection and assessed by flow cytometry
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FIG 5 HN expression level in rMuV!ewa/US/06AV, Vero cells were mock in-
fected or infected with rMuVAV or rMuV at an MOI of 0.5. Cells were col-
lected at 24 hpi and stained for HN using flow cytometry.

(Fig. 4). To quantify the possible changes in the NP and P expression
pattern, P protein expression levels were normalized to that of the
corresponding NP levels (Fig. 4A and B). The P/NP ratio of IMuVAV
was significantly higher than that of rMuV at 12, 16, 24, and 48 hpi,
indicating an elevated P protein expression in the rMuVIew¥/US/06AY
virus. This difference was no longer evident by 72 hpi.

To investigate if this altered NP and P expression pattern was
unique for this rMuVoWa/US/0AV strain, an rMuVIewa/US/06AY
containing a P GS mutation (rMuV'ew/US/06AV [P GS]) and an
rMuVIowa/US/06AV containing a L open reading frame (ORF) mu-
tation (rMuVow¥/US/06AV [L gene]) were also examined (Fig. 4C
and D). Similar to rMuV'ow&/US/06AV  both rMuV!ewa/US/06AY (P
GS) and rMuV'ewa/Us/06AV (L gene) had a P protein expression
level greater than that of rMuVow2/US/06 guggesting that this al-
tered NP and P expression pattern was typical for the recovered
rMuVIewa/US/06 AV yiruses.

To examine if downstream viral protein expression was af-
fected by either deletion of the V protein or the point mutation in
NP GE, HN expression levels were examined using flow cytom-
etry. Vero cells were either mock infected or infected with
rMuV3iewa/USI06 AV or rMuV1ewa/Us/06 5t an MOI of 0.5, and then
cells were collected at 24 hpi and subjected to NP and HN staining
(Fig. 5). No significant changes in the HN-to-NP ratio were ob-
served.

rMuV?iewa/US/06 AV induced accelerated CPE in tissue culture
cell lines. We compared rMuV'*w&/US/06AV_induced cytopathic
effects (CPE) in three different cell culture lines from three differ-
ent organisms. HeLa (human), Vero (monkey), and MDBK (bo-
vine) cells were infected with rMuVIow2/US/06 A or rMuViewa/Us/06

Role of Mumps V Protein in Pathogenesis

at an MOI of 0.5, and the cells were photographed at 72 hpi.
rMuVIowa/US/06AV caused the most-severe CPE in HeLa cells. We
observed more and larger syncytia in rMuVow#/US/00AV -infected
HeLa cells, which may be a major contributing factor to cell death
(Fig. 6A). To examine whether the cell death was caused by apop-
tosis, the TUNEL assay was performed (Fig. 6B). HeLa cells in-
fected with rMuVIowa/US/00AV at an MOI of 0.5 showed at least a
2-fold higher level of apoptosis than cells infected with rMuV.
Similarly, rMuV1ow&/US/0AV induced a higher level of apoptosis in
Vero cells (Fig. 6C). That the lack of V led to an increase in apop-
tosis in infected cells suggests that the V protein might play a role
in blocking induction of apoptosis in infected cells.

Status of STAT proteins in MuV!ov#/US/0¢_jnfected cells. Pre-
vious studies have shown that the V protein is involved in blocking
the IFN signaling pathway by targeting STAT proteins for deg-
radation. To determine whether MuV!ewa/US/06 V protein is the
only virus-encoding antagonist of the IFN pathway, we exam-
ined the STAT family protein levels in Vero cells infected with
rMuV1Iewa/US/06AY or rMuVIewa/US/06 (Fig. 7A and B). Consistent
with previous in vitro transfection studies, STAT1 and STAT3, but
not STAT2, were completely degraded in rMuV'ow#/US/%._infected
Vero cells, while rMuV1ow#/US/06AV  which lacks expression of the
V protein, failed to target any STAT proteins for degradation,
indicating that the V protein might be essential and necessary for
STAT protein degradation by MuVewa/Us/06_ There is a time lag
between the occurrence of a detectable V protein and the degra-
dation of STAT protein (Fig. 7A and B), implying that the degra-
dation of STATs might require accumulation of the V protein.

PIV5, a paramyxovirus closely related to MuV, prevents in-
duction of IFN-B in infected cells, while recombinant PIV5
lacking the expression of the conserved C terminus of the V
protein does not (7, 27). To compare IFN-B inductions by
rMuV1ewa/US/06 AV and rMuV!ewa/Us/06  we measured IFN-S
concentration in the medium of infected 293T cells by using
ELISA. At 48 hpi, rMuVew#/US/06AV induced IFN-B produc-
tion higher than that induced by rMuVowa/Us/0¢ (Eig 8A), in-
dicating that the V protein of MuV!ewa/US/0¢ plays a role in
limiting IFN- 3 expression.

rMuV7Towa/US/06AV Jed to a higher level of IL-6 induction. To
investigate whether the absence of a functional V protein in
MuV1ewa/US/06 infection would lead to induction of other cytokines,
IL-6 production levels in the medium of rMuVIow&/US/06AY-
and rMuVowa/Us/0_infected cells were examined. At 48 hpi,
rMuVIewa/US/06AV led to a higher level of IL-6 production than
rMuVTewa/Us/06 jn HeLa cells (Fig. 8B), indicating that IL-6 induc-
tion was reduced by the presence of the V protein. Intriguingly,
rMuVIowa/Us/06 ipfection also induced a significant amount of IL-6
production. This is consistent with MuV being an inflammatory
disease.

FIG 4 Ratios of NP and P in rtMuV'owa/US/06AV-infected cells. (A) NP and P expression levels in rMuV!ewa/US/06AV- and rMuV!ew/US/%¢_infected Vero cells
during early time points postinfection. Vero cells were mock infected or infected with rMuV!ewa/US/06AV or rtMuVIewa/Us/06 at an MOI of 0.5. Vero cells were
collected and examined for NP and P expression using flow cytometry. Ratios of mean fluorescence intensity (MFI) of P over NP are shown. P values of
rMuV1ewa/Us/06 yersus rMuVIewa/US/06AV at 12 and 16 hpi were calculated using Student’s ¢ test and are less than 0.05. (B) NP and P expression levels in
rMuV1ewa/US/06 AV - and rMuV!ewa/Us/%._infected Vero cells during late time points postinfection. Ratios of MFI of P over NP at multiple time points
postinfection were examined as in panel A. P values of rMuV!owa/Us/06 yersus rMuVIowa/US/06AV at 24 and 48 hpi are less than 0.05. (C) NP and P
expression ratios of rMuV!ewa/US/06AV (P GS). Ratios of MFI of P over NP in rMuV!ewa/US/06AV (P GS)-infected Vero cells, at an MOI of 0.5, were
examined at 24 hpi. P values of rMuV!owa/US/06 yersus rMuVIowa/US/06 AV (P GS) are less than 0.05. (D) NP and P expression ratio of rMuV!ewa/US/06AV (L,
gene). Ratios of MFI of P over NP in rMuV!ewa/US/06 AV (L gene)-infected Vero cells, at an MOI of 0.5, were examined at 24 hpi. P values of rMuV!ewa/Us/06
versus rMuV!Iowa/Us/06 AV (L, gene) are less than 0.05.
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FIG 6 Induction of cell death by rMuV!ewa/US/06AV (A) rMuV!owa/Us/06AV induced a greater cytopathic effect in cell lines. HeLa cells, MDBK cells, or Vero cells
were mock infected or infected with rMuV!ewa/US/06AV or rMuV!owa/US/06 at an MOI of 0.5 and photographed at 72 hpi. (B) Induction of apoptosis by rMuVAV
in HeLa cells. HeLa cells were infected as in panel A. At 24 hpi, cells were collected for TUNEL assay. Percentages of TUNEL-positive cells out of total cells are
shown. The P value of rMuV'owa/Us/06 yersus rMuV!owa/US/06AV is less than 0.05. (C). Induction of apoptosis in Vero cells. The Vero cells were infected with 0.5
MOI of viruses and processed for TUNEL assay as in panel B. P values between the wild type and rMuV!ewa/US/06AV are less than 0.05.

Neurotoxicity of rMuVow#/US/06AV, To examine the effect of
the V protein on virus neurovirulence, viruses from two independent
rescues using plasmid pMuVIew¥/US00AY (rMuVIew#/US/06AV) (Fig.
2A) were tested in rats, along with rMuVewa/US/06 and the
highly attenuated Jeryl Lynn (JL) vaccine virus as controls. As
shown in Fig. 9, the AV viruses were highly attenuated com-
pared to rMuVIewa/US/06 and JL vaccine virus.

DISCUSSION

The roles of V protein in blocking IFN expression and signaling
have been reported previously. Our results confirm these findings
through the study of a recombinant virus derived from a clinical
isolate (genotype G) ablating the expression the V protein in the
context of in vitro infection. We have found that the lack of V
protein expression also led to the induction of a higher level of
IL-6, a proinflammatory cytokine, suggesting that the V protein
plays a role in suppressing IL-6 expression. We speculate that the
lack of V protein expression in infected cells resulted in the atten-
uation of this strain in an animal model, suggesting that the V
protein plays an essential role in viral virulence. It is possible
that the inability of rMuVowa/US/00AV to counter IFN action
limited the replication of the virus in vivo, and the induction of
a higher level of IL-6 by rMuV1ew#/US/06AV attracted monocytes
to clear the infection quickly, resulting in the attenuation of
rMuVIewa/US/06AV i yivo.

Genetically, the closest virus to MuV is parainfluenza virus 5
(PIV5). The V proteins of MuV and PIV5 share many identical
functions, including blocking IFN expression through MDAS5,
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blocking IFN signaling through degradation of STAT1, and inhib-
iting expression of IL-6 in virus-infected cells. Interestingly, a re-
combinant PIV5 lacking the entire V protein has never been ob-
tained in tissue culture cells, suggesting that the V protein of PIV5
plays a more critical role in virus replication (5, 7) than the V
protein does for MuV. The viability of rIMuVewa/US/06AV suggests
that the role of MuVew#/US/06 'V protein in virus replication is
dispensable, at least in tissue culture cells.

The most widely used mumps vaccine, Jeryl Lynn (JL) vaccine,
was introduced in the United States in 1967 and shortly thereafter
globally. The effectiveness of the vaccine has been estimated at
80% for one dose and 90% for two doses (4). Vaccine effectiveness
has been found to be similar for other strains (4), but unlike the JL
strain, nearly all other strains have been associated with aseptic
meningitis (31) and thus are not widely used. Recent outbreaks of
mumps in vaccinated populations have highlighted the relatively
lower effectiveness of mumps vaccines as compared to other vac-
cines, such as measles, and have stimulated interest in develop-
ment of new mumps vaccines. For instance, In the 2009-2010
mumps outbreak in the state of New York and the state of New
Jersey in the United States, 88% of the patients had one dose of
mumps vaccine and 75% of the patients had two doses of vaccine
(21). All live attenuated MuV vaccines are obtained through serial
passages of virus in embryonic eggs and/or cells. This is a time-
consuming process and a strategy with a poor record of generating
safe vaccines with the exception of JL vaccine.

In this work, using a reverse genetics system for MuV based
on a clinical isolate from a recent outbreak, we have generated
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FIG 7 Degradation of STAT1 and STAT3 in MuV'owa/US/%._jinfected cells. (A)
rMuVIowa/Us/06 AV fajled to degrade STAT1 in Vero cells. Vero cells were in-
fected at an MOI of 0.5. Cell lysates were immunoblotted with anti-NP, -P, -V,
and anti-STAT1 recognizing both STAT1 isoforms (STAT1a and STAT1p).
B-Actin was used as a loading control. (B) rMuV!ewa/US/06AV failed to degrade
STATS3 in Vero cells. Cell lysates were immunoblotted with anti-NP, -P, -V,
-STAT3, and -STAT2.

a recombinant virus incapable of producing the V protein
(rMuV!ewa/US/06AV) We have found that this virus grew to
titers similar to those for wild-type virus in Vero cells, a cell line
that is used for vaccine production, as well as in other cell types. Most
importantly, the virus exhibited low neurotoxicity in rats, suggesting
that it may be a possible vaccine candidate. Further examination of
the immunogenicity and safety of the virus in vivo will be needed to
determine the suitability of this virus as a vaccine candidate.

The V/P gene of MuV encodes three proteins, V, I, and P,
through a process of “RNA editing,” in which nontemplate G
residues are inserted into mRNA during transcription at a specific
site to generate mRNAs that can be translated into three different
ORFs (33). The V protein is translated from the “unedited” copy
of mRNA, P from the mRNA with two G residue insertions, and
the I protein from the mRNA with one or four G residue inser-
tions. All of these proteins have identical N termini of 155 amino
acid residues. The P protein has 391 amino acid residues and plays
an essential role in viral RNA synthesis. The I protein has 170
amino acid residues, and its function is unclear. It is possible that
the I mRNA is a by-product of RNA editing and it may not have
any significant functions. The strategy we used to generate
rMuVIewa/USI06AV also eliminated expression of the I protein. Be-
cause the mRNA for I counts only for less than 2% of total V, I, and P
transcripts, and its sequence is very similar to the N termini of V and
P (I has about 170 amino acid residues and 155 of them are identical
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FIG 8 Induction of IFN-B and IL-6 by rMuV'ow#/US/06AV. (A) Induction of
IFN-B production by rMuV!ow#/US/06AV virus. 293T cells were infected with
wild-type PIV5, rPIVSVAC, rMuV!ewa/Us/oe or rMuVIewa/USI06AV or mock
infected. The cellular supernatants were collected at 24 and 48 hpi and ana-
lyzed for IFN- production by ELISA. The graph shows the average of three
independent experiments, and error bars represent the standard deviation
(SD). P values of rMuV!ow2/US/06 yersus rMuV!owa/US/06AV at 24 and 48 hpi are
less than 0.05. (B) Induction of IL-6 production by rMuV!ewa/US/0¢AV virus.
HeLa cells were infected with wild-type PIV5, rPIV5VAC, rMuV!ewa/Us/06 o
rMuV!owa/Us/06 AV or mock infected. The cellular supernatants were collected
at 24 and 48 hpi and analyzed for IL-6 production by ELISA. The test samples were
diluted to 1:10 in a sample diluent provided in the kit. The graph shows the average
of two independent experiments, and error bars represent the SD. P values of
rMuVowa/Us/06 yersus rMuV!ewa/US/00AV at 24 and 48 hpi are less than 0.05.

to the N termini of V and P) (26, 38), we attribute the phenotypes of
rMuVIewa/USI06AV to the lack of V protein. However, we cannot ex-
clude the possibility that the I protein is also responsible.

All changes except the one in the L gene occurred in the gene
junction between NP and P/P genes to generate viable infectious
MuV incapable of expressing the V protein. It is interesting that a
mutation in the L gene was able to allow the rescue of a virus
lacking the V protein. While we cannot exclude the possibility that
the mutation in the L gene occurred fortuitously and is immaterial
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FIG 9 Neurotoxicity of rMuV!ewa/US/06AV in yivo. The severity of hydroceph-
alus in rats inoculated with rMuV1owa/Us/06 o rMViewa/US/06AY (rMuVAV-1
is rMuV1ewa/Us/06 AV rescue #4, PX2-SP-48, and rMuVAV-2 is rMuVIewa/us/o6
AV rescue #5, PX2-SP-51) (Fig. 2) was measured as described in Materials and
Methods. P values of rMuV versus rMuVAV-1 or rMuVAV-2 are less than
0.05. The P value of rJL versus tMuVAV-1 is less than 0.05. n = 36 for MuV,
n = 16 for ’IMuVAV-1, and n = 18 for rMuVAV-2.
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to the function of L, we speculate that the particular mutation may
play a role in modulating interactions between NP-P and L, con-
sidering that all other viruses rescued had mutations to modulate
the levels of NP and P. Further analysis of the virus may lead to a
better understanding of the function of L.
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