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An ITAM in a Nonenveloped Virus Regulates Activation of NF-«B,
Induction of Beta Interferon, and Viral Spread
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Immunoreceptor tyrosine-based activation motifs (ITAMs) are signaling domains located within the cytoplasmic tails of many
transmembrane receptors and associated adaptor proteins that mediate immune cell activation. ITAMs also have been identified
in the cytoplasmic tails of some enveloped virus glycoproteins. Here, we identified ITAM sequences in three mammalian reovi-
rus proteins: p2, 2, and A2. We demonstrate for the first time that p.2 is phosphorylated, contains a functional ITAM, and acti-
vates NF-kB. Specifically, p.2 and NS recruit the ITAM-signaling intermediate Syk to cytoplasmic viral factories and this re-
cruitment requires the p2 ITAM. Moreover, both the p2 ITAM and Syk are required for maximal p2 activation of NF-kB. A
mutant virus lacking the p2 ITAM activates NF-kB less efficiently and induces lower levels of the downstream antiviral cytokine
beta interferon (IFN-f3) than does wild-type virus despite similar replication. Notably, the consequences of these p2 ITAM ef-
fects are cell type specific. In fibroblasts where NF-kB is required for reovirus-induced apoptosis, the u2 ITAM is advantageous
for viral spread and enhances viral fitness. Conversely, in cardiac myocytes where the IFN response is critical for antiviral protec-
tion and NF-kB is not required for apoptosis, the p2 ITAM stimulates cellular defense mechanisms and diminishes viral fitness.
Together, these results suggest that the cell type-specific effect of the n2 ITAM on viral spread reflects the cell type-specific effects
of NF-kB and IFN-B. This first demonstration of a functional ITAM in a nonenveloped virus presents a new mechanism for viral
ITAM-mediated signaling with likely organ-specific consequences in the host.

mmunoreceptor tyrosine-based activation motifs (ITAMs) con-  lence in newborn mice (15). Reoviruses cause a spectrum of

sist of YxxI/Lxs_;,)YxxI/L sequences and are present in the cy-  disease in these animals, including myocarditis, encephalitis, hep-
toplasmic tails of certain transmembrane proteins, particularly atitis, and hydrocephalus (15). Reovirus strain-specific differences
those associated with immune cell activation. Examples include  in the capacity to induce myocarditis (cardiac tissue damage and
B-cell and T-cell receptors, as well as receptor-associated adaptor  inflammation) in mice correlate with virus strain-specific differ-
proteins such as DAP12 (1). Upon ligand-receptor binding, the  ences in induction of and sensitivity to the antiviral cytokine, beta
ITAM-containing protein recruits Src family kinases for phos-  interferon (IFN-B), in cardiac myocytes (16). Concordantly, non-

phorylation of the two conserved ITAM tyrosine residues (1, 2). myocarditic reovirus strains induce cardiac lesions when the IFN
Phosphorylated ITAMs then recruit Syk family kinases through

interactions with Syk SH2 domains, inducing Syk autophosphor-
ylation and subsequent downstream signaling (3, 4). Cellular
ITAMs signal through intermediates, including mitogen-acti-
vated protein kinases (MAPKs), NFAT, and NF-kB, to stimulate
an array of responses, such as cellular differentiation, cytokine
release, and cell death (1, 3, 5-7).

ITAMs also have been identified in enveloped viruses, where
they utilize the same signaling intermediates as cellular ITAMs
and function in pathogenesis and oncogenesis (8). For example,
hantavirus strains that cause hantavirus pulmonary syndrome
contain an ITAM in the cytoplasmic tail of the G1 envelope pro-
tein, while nonpathogenic hantavirus strains lack this motif (9). Received 4 September 2013 Accepted 9 December 2013
Similarly, an ITAM in the Nef protein of simian immunodefi- Published ahead of print 18 December 2013
ciency virus (SIV) is an important virulence determinant (10). All Editor:D.5, Lyles
other known viral ITAMs are associated with oncogenic viruses in
the Herpesviridae (11, 12) and Retroviridae (11, 13) families. To
date, an ITAM-like sequence has been identified in only one non-

response is disrupted (16-18). The reovirus M1 gene is the pri-
mary determinant of reovirus myocarditic potential (19, 20). The
M1 gene encodes the p.2 protein, which is a minor constituent of
the virion core but is abundant in the viral factories (VFs) that
represent cytoplasmic sites of viral replication (15). Differences in
the induction of and sensitivity to IFN-{ segregate primarily with
the reovirus M1 gene, as well as with the S2 and L2 genes, which
encode the 02 and A2 proteins, respectively (16). While the M1
genes of reovirus strains that display resistance to IFN-3 encode a
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ruses that exhibit strain-specific differences in tropism and viru-
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repressor of IFN signaling (21), other reovirus effectors that mod-
ulate the IFN response are unclear.

Reoviruses induce IFN by activating pathogen recognition re-
ceptors RIG-I or MDAS5 (17, 22, 23). Viral RNA synthesis occurs
within the infecting particle and newly formed cores from which
nascent single-stranded RNA is extruded (15). However, the reo-
virus RNA species that triggers RIG-I or MDAS is undefined. IFN
transcription factors IRF3 and NF-kB are activated upon reovirus
infection, and activation of IRF3 is dependent on RIG-I and the
adaptor protein MAVS (IPS-1). However, activation of NF-kB
requires neither of these signaling intermediaries (17). The acti-
vation of NF-«kB during reovirus infection also plays a role in
apoptosis, which is cell type specific (18). Importantly, apoptosis
induced by reovirus requires NF-«kB in many cell types (24, 25) but
not in cardiac myocytes (18, 26).

In this study, we identified ITAM sequences in the reovirus 02,
w2, and N2 proteins. We found that the n2 ITAM in reovirus
strain type 3 Dearing (T3D) is functional, recruiting the ITAM
signaling intermediate Syk to VFs for activation of NF-kB and
induction of IFN-B. In 1929 cells, where NF-«B is required for
reovirus-induced apoptosis, the n2 ITAM enhances viral fitness.
In contrast, in primary cardiac myocyte cultures where the IFN
response is critical for antiviral protection and NF-kB is not re-
quired for apoptosis (18, 26), the u2 ITAM limits viral fitness.
These results suggest that the u2 ITAM has a cell type-specific
function in viral spread, likely reflecting the cell type-specific
functions of NF-kB and IFN-f3, and provide evidence of a new
mechanism for ITAM-mediated signaling by a nonenveloped
virus.

MATERIALS AND METHODS

Cell lines. Mouse L929 cells were maintained in minimal essential me-
dium (MEM; SAFC Biosciences) supplemented to contain 5% fetal calf
serum (FCS) (Atlanta Biologicals) and 2 mM L-glutamine (Mediatech).
1.929 cells were plated at 1.25 X 10* or 5 X 10° cells per well in 96-well or
24-well clusters, respectively, and incubated 3 h (h) prior to infection or
transfection. HEK-293 cells (American Type Culture Collection [ATCC],
CRL-1573) and AD-293 cells (Agilent Technologies), a derivative of HEK-
293 cells with improved adherence, were maintained in Dulbecco MEM
(DMEM,; Gibco) supplemented to contain 10% FCS and 110 mg of so-
dium pyruvate (Mediatech)/liter. HEK-293 cells were plated at 3.5 X 10*
cells or 4 X 10 cells per well in 96-well or six-well clusters, respectively.
AD-293 cells were plated at 1.875 X 10* or 4 X 10° cells per well in 96-well
or six-well clusters, respectively. HEK-293 and AD-293 cells were incu-
bated at least 3 h prior to transfection or overnight before infection. Vero
cells (ATCC, CCL-81) were maintained in DMEM supplemented to con-
tain 10% FCS and were plated at 5 X 10* cells per well in 8-well collagen-
coated chamber slides (BD BioSciences) 1 day prior to transfection.
Primary cardiac myocyte cultures. Timed-pregnant Cr:NTH(S) mice
from the National Cancer Institute were maintained as a colony in a fa-
cility accredited by the Association for Assessment and Accreditation of
Laboratory Animal Care. All animal procedures were approved by the
North Carolina State University Institutional Animal Care and Use Com-
mittee. Primary cardiac myocyte cultures were generated from 1-day-old
neonatal or term fetal Cr:NIH(S) mice resulting from timed pregnancies.
Neonatal or term fetal mice were euthanized, and hearts were removed
and treated with trypsin (27). To separate cardiac myocytes from rapidly
adherent cardiac fibroblasts, cells were plated at 1.25 X 10° cells per well in
six-well clusters and incubated for 2 h at 37°C. Cardiac myocytes were
resuspended in DMEM supplemented to contain 7% FCS (Atlanta Bio-
logicals), 0.06% thymidine (Sigma-Aldrich), and 10 pg of gentamicin
(Sigma-Aldrich)/ml. Myocyte cultures contained =5% contamination
with fibroblasts and were never passaged prior to use (21). Myocyte cul-
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tures were plated at 1.5 X 10° or 5 X 10° cells per well in 96-well or 48-well
clusters, respectively, and incubated for 2 days prior to infection.

Viruses. Wild-type (WT) reovirus strain T3D and mutant recombi-
nant viruses were generated using plasmid-based reverse genetics (28).
Tyrosine-to-phenylalanine mutations in the ITAMs were introduced into
plasmids containing the T3D S2, M1, or L2 genes (28, 29) using a
QuikChange site-directed mutagenesis kit (Agilent Technologies) accord-
ing to the manufacturer’s instructions with the following primers: o2
Y130F, forward (5'-GTACGACTGCGATGATTTTCCATTTCTAGCGC
GTG-3") and reverse (5'-CACGCGCTAGAAATGGAAAATCATCGCAG
TCGTAC-3'); 02 Y144F, forward (5'-GATTCAAACATCGGGTGTTTC
AGCAATTGAGTGCTGTAAC-3") and reverse (5'-GTTACAGCACTCA
ATTGCTGAAACACCCGATGTTTGAATC-3'); n2 Y118F, forward (5'-
CTCAGGAAAGATGATGAATTCAATCAGCTAGCGCGTGC-3') and
reverse (5-GCACGCGCTAGCTGATTGAATTCATCATCTTTCCTGA
G-3'); p2 Y131F, forward (5'-CAAGATATCGGATGTCTTCGCACCT
CTCATCTCATCC-3') and reverse (5'-GGATGAGATGAGAGGTGC
GAAGACATCCGATATCTTG-3"); N2 Y671F, forward (5'-CTTGGAC
ATCTGGAGTGTTCTTCTTCTTGGTGGACC-3") and reverse (5'-G
GTCCACCAAGAAGAAGAACACTCCAGATGTCCAAG-3"); and A2
Y681F, forward (5'-GGTGGACCATTTTTATCGTTTTGAGACTTTA
TCTACGATCTCACG-3") and reverse (5'-CGTGAGATCGTAGATA
AAGTCTCAAAACGATAAAAATGGTC CACC-3"). Monolayers of
BHK-T7 cells at 90% confluence (3 X 10° cells) seeded in 60-mm
dishes were cotransfected with plasmids representing the cloned reo-
virus genome using 3 pl of TransIT-LT1 transfection reagent (Mirus)
per ng of plasmid DNA (30). After 1 to 5 days of incubation, recom-
binant virus was isolated from transfected cells by plaque purification
using monolayers of L929 cells. To confirm sequences of the mutant
viruses, viral RNA was extracted from purified virions, subjected to
One-Step reverse transcription-PCR (RT-PCR; Qiagen) using gene-
specific primers, and sequenced. Recombinant viruses were plaque
purified, amplified using L929 cells, purified using CsCl-gradient cen-
trifugation, and stored as diluted aliquots at —80°C (31).

Plasmids. The luciferase reporter plasmid pNF-kB-luc and internal
control reporter plasmid pRenilla-luc were previously described (32). The
reporter plasmid pISRE-luc (Stratagene) encodes five tandem copies of
the ISG54 interferon-stimulated response element (ISRE) 5 to a gene
encoding firefly luciferase. The reporter plasmid pIFN-B-luc was pro-
vided by John Hiscott (McGill University, Montreal, Canada). An effector
plasmid expressing T3D w2 in a pCAGGs backbone (pCAGGS-p.2) was
generated previously (29). To generate the pFLAG plasmid, a FLAG tag
was inserted between the NotI and Xbal restriction sites of pcDNA3 (In-
vitrogen) using the forward and reverse primers 5'-GGCCGCGATTACA
AGGATGACGACGATAAGTAAT-3' and 5'-CTAGATTACTTATCGTC
GTCATCCTTGTAATCGC-3', respectively. To generate pFLAG-p.2, the
T3D MI gene was subcloned into the EcoRI and NotI restriction sites of
pFLAG using a primer that removed the .2 stop codon and inserted one
extra nucleotide to maintain the FLAG tag in-frame at the C terminus of
p2. To generate pFLAG-p2-YYFF, both tyrosine residues in the ITAM
were substituted with phenylalanine using a QuikChange site-directed
mutagenesis kit. To maximize w2 and w2-YYFF expression (see Fig. 2, 4,
and 5), the upstream Kozak sequence was optimized by changing ACC
ATGG to GCCACCATGG. The plasmid pFLAG-NS3/4A expresses
FLAG-tagged NS3/4A from hepatitis C virus in a pcDNA backbone. A
plasmid expressing human Syk in a pcDNA3 backbone was provided by
Sheng Wei (H. Lee Moffitt Cancer Center and Research Institute, Tampa,
FL). A plasmid expressing green fluorescent protein (GFP)-tagged T1L
NS in a pEGFP-N1 backbone was provided by John Parker (Cornell
University, Ithaca, NY). A plasmid expressing hemagglutinin (HA)-
tagged T1L p2 was generated from pCAGGS-M1-T1L (29) using the
primer 5-CCCGGGTCAGCTAGCGTAATCTGGAACATCGTATGGG
TACGCCAAGTCAGATCGGAAAGCTAGTC-3".

Transfections. For all comparisons within an experiment, the total
DNA and FuGene concentrations were held constant by including addi-
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tional vector DNA. For Fig. 2, each well of a six-well cluster of AD-293 cells
was transfected with a 100-pl reaction mixture containing 3 .l of Fu-
GENE 6 (Promega) and 1 pg of effector plasmid. For Fig. 3, each well of a
96-well or 6-well cluster of HEK-293 cells was transfected with 5 .l or 100
pl of 100-pl reaction mixtures containing 6 pl of FuGENE 6, 0.1 pg of
pRenilla-luc, 1 pg of reporter plasmid, and 1, 0.1, or 0.05 pg of effector
plasmid. For Fig. 4, Syk was inhibited by incubating AD-293 cells in 96-
well or 6-well clusters with 25 mM piceatannol (EMD Calbiochem) dis-
solved in dimethyl sulfoxide (DMSO; Sigma-Aldrich) or DMSO alone as
a control (final 1% DMSO). After 1 h, AD-293 cells were transfected using
10 pl (96-well) or 100 pl (6-well) of a 200-p.l reaction. For 96-well clus-
ters, each 200- .l reaction mixture contained 3 .l of Lipofectamine 2000
(Life Technologies), 0.1 pg of pRenilla-luc, 1 pg of reporter plasmid, and
0.1 ug of effector plasmid. For 6-well clusters, each 200- .l reaction mix-
ture contained 3 pl of Lipofectamine 2000, 1 g of pRenilla-luc, and 1 pg
of effector plasmid. For Fig. 5, Vero cells were plated on 8-well chamber
slides and transfected with 60 l of a 100-pl reaction mixture containing
3 wl of FuGENE 6, 0.025 g of Syk plasmid, 1 pg of wNS plasmid, and 1 pg
of effector plasmid. For Fig. 6A, each well of a 96-well cluster of AD-293
cells was transfected with 5 .l of a 100-p.l reaction mixture contained 3 .l
of FuGENE 6, 0.1 pg of pRenilla-luc, and 1 g of pNF-kB-luc. At 24 h
posttransfection, AD-293 cells were washed twice with media, infected,
incubated at 37°C for 1 h, supplemented with media, and incubated as
indicated.

Luciferase assay. Transfected cells in 96-well clusters were lysed, and
the luciferase activity was quantified by using a dual luciferase reporter
assay system (Promega) according to the manufacturer’s instructions.
The luciferase activity for each sample was normalized to the internal
Renilla luciferase control.

Antibodies for immunoblot analysis. Antibodies were used at the
indicated final dilutions: mouse monoclonal anti-FLAG M2 (1:1,000; Agi-
lent Technologies, catalog no. 200472-21) (Fig. 2), mouse monoclonal
anti-FLAG M2 (1:2,500; Sigma-Aldrich, catalog no. F3165) (Fig. 3), rabbit
polyclonal anti-p2 (1:500; generated against two p2 peptides by Open
Biosystems), mouse monoclonal anti-phosphotyrosine 4G10 (1:1000;
Millipore, catalog no. 05-321), goat polyclonal horseradish peroxidase
(HRP)-conjugated anti-GAPDH (1:160; Santa Cruz Biotechnology, no.
sc-20357-HRP), goat polyclonal HRP-conjugated anti-actin (1:500; Santa
Cruz Biotechnology, catalog no. sc-1615), polyclonal HRP-conjugated
goat anti-mouse immunoglobulin (Ig; 1:2,000; Millipore, no. 12-349),
and polyclonal HRP-conjugated goat anti-rabbit Ig (1:2,000; Millipore,
no. AP132P).

SDS-PAGE and immunoblotting. Transfected cells in six-well clus-
ters were lysed to generate total cellular protein extracts using radioim-
munoprecipitation assay lysis buffer (50 mM Tris-HCI [pH 7.4], 1% NP-
40, 0.25% sodium deoxycholate, 150 mM NaCl, 1 mM EDTA)
supplemented to contain 1% sodium dodecyl sulfate (SDS) and a cocktail
of protease and phosphatase inhibitors (Sigma-Aldrich). Cells were
rocked on ice for 15 min and centrifuged at 10,000 X g at 4°C for 10 min
to remove cellular debris. Protein concentrations were determined by
using a bicinchoninic acid (BCA) protein assay (Thermo Fisher Scien-
tific). An aliquot of 10 to 30 g of protein from each lysate was boiled for
5 min in 1X Laemmli sample buffer and resolved using 10% SDS-poly-
acrylamide gel electrophoresis (SDS-PAGE). The resolved proteins were
transferred to nitrocellulose (Whatman; Protran, 0.45-pum pore size) in
transfer buffer (48 mM Tris, 39 mM glycine, 0.04% SDS, 20% methanol)
for 45 min at 15 V in a semidry transfer apparatus (Bio-Rad; Trans-Blot
SD). Membranes were then blocked for 1 h with 3 to 5% milk or 5%
bovine serum albumin (BSA; Sigma-Aldrich) in Tris-buffered saline (20
mM Tris-HCl [pH 7.6], 137 mM NaCl) containing 0.05 to 0.1% Tween 20
(TBS-T) and probed with the indicated primary antibodies at 4°C over-
night. Membranes were washed three times with TBS-T buffer, followed
by 90 min of incubation with the appropriate HRP-conjugated, species-
specific secondary antibodies at room temperature. Membranes were
washed, and proteins were visualized by using Amersham enhanced
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chemiluminescence (ECL) or ECL Plus kits (GE Healthcare) according to
the manufacturer’s instructions. Membranes were exposed to film and
converted to digital format using an HP Scanjet G4050. Quantification of
the digitized bands was determined using UN-SCAN-IT software (Silk
Scientific).

Immunoprecipitation. Transfected cells in 6-well clusters were lysed
using cell lysis buffer (Cell Signaling Technology) supplemented to con-
tain a cocktail of protease and phosphatase inhibitors (Sigma-Aldrich).
Cells were rocked on ice for 10 min, sonicated, and centrifuged at
14,000 X g at 4°C for 10 min to remove cellular debris. Protein concen-
trations were determined using a BCA protein assay. A portion (600 pg)
of cell lysate was added to EZview Red anti-FLAG M2 affinity gel (Sigma-
Aldrich) according to the manufacturer’s instructions, followed by incu-
bation at 4°C overnight while rotating. After centrifugation at 8,200 X g
for 1 min, the supernatant was removed, and the beads were washed three
times with ice-cold TBSX (20 mM Tris-HCI [pH 7.6], 137 mM NaCl, 2
mM ETDA, 1% Triton X-100). After the final wash, beads were resus-
pended in 50 pl of 2X Laemmli sample buffer lacking B-mercaptoetha-
nol, boiled for 5 min, and centrifuged at 8,200 X g for 1 min. The super-
natant was removed and subjected to SDS-PAGE (7.5% polyacrylamide
gel).

Indirect immunofluorescence and confocal microscopy. Trans-
fected Vero cells in 8-well collagen-coated chamber slides were fixed in 2%
paraformaldehyde (Electron Microscopy Sciences) and permeabilized
with 0.01% Triton X-100 in phosphate-buffered saline (PBS) at room
temperature for 5 min. The slides were rinsed in PBS and blocked with 5%
normal goat serum (Sigma-Aldrich) diluted in PBS at room temperature
for 30 min. For DAPI (4',6'-diamidino-2-phenylindole) staining, cells
were incubated in 300 nM DAPI (Sigma, catalog no. D8417) diluted in
PBS at room temperature for 15 min. The cells were incubated sequen-
tially with rabbit polyclonal anti-p.2 antibody (1:600) and mouse mono-
clonal anti-Syk antibody (1:500; Millipore, catalog no. 05-434) or mouse
anti-alpha tubulin (1:2,000; Sigma, catalog no. T6199) diluted in 0.01%
IgG- and protease-free BSA (Jackson ImmunoResearch Laboratories,
Inc.) for 30 min each. Samples were washed three times in PBS and incu-
bated sequentially with Alexa 488- or Alexa 594-conjugated goat second-
ary antibodies (1:1,000; Invitrogen) for 30 min each to detect .2, tubulin,
and Syk. Samples were washed three times in PBS, and coverslips were
mounted on slides using ProLong Gold reagent (Invitrogen). Images were
captured using a Zeiss laser scanning confocal microscope model 710
equipped with a 40X C-apochromat/1.1 NA water immersion objective
lens. The pinhole was maintained at 1 AU (40 wm), and images were taken
using sequential scanning. Alexa Fluor 488 was excited at 488 nm using a
multiline argon laser, and emission was detected in the 492- to 560-nm
range. Alexa Fluor 594 was excited at 561 nm with a 561 diode pumped
solid-state laser, and emission was detected in the 593- to 696-nm range.
Images were processed and prepared for presentation using Adobe Pho-
toshop CS4.

Quantification of viral replication. 1929 cells, primary cardiac myo-
cyte cultures, or AD-293 cells were plated in 96-well clusters and infected
at the indicated multiplicity of infection (MOI). After incubation at 37°C
for 1 h, additional media with or without anti-IFN-@ antibody (640 neu-
tralizing units/ml; PBL, catalog no. 32400-1) was added to each well, and
the cells were incubated for various intervals with or without additional
anti-IFN-B antibody (640 neutralizing units/ml at 2 days postinfection)
before freezing at —80°C. Cells were subjected to two additional freeze-
thaw cycles and subsequently lysed in 0.5% NP-40. Virus titers were de-
termined by plaque assay using 1929 cells (33).

Assessment of cytopathic effect. 1929 cells or primary cardiac myo-
cyte cultures were plated in 96-well clusters and infected with reovirus
strains at various MOIs. After incubation at 37°C for 1 h, additional me-
dium was added to each well. At 24 h, 5 days, or 7 days postinfection, cell
viability was quantified by using an MTT assay (16). Absorbance was
determined by subtracting the optical density (OD) at 650 nm from the
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OD at 570 nm by using an automated microplate reader (Tecan Sunrise
microplate reader).

Quantitative (real-time) reverse transcription-PCR (qRT-PCR).
Cells in 24-well (L929 cells) or 48-well (primary cardiac myocyte cultures)
clusters were infected with reovirus, incubated for 1 h, supplemented with
medium, and then incubated for various intervals. Total RNA was har-
vested using an RNeasy kit (Qiagen) and treated with RNase-free DNase I
(Qiagen). One-third of the RNA from each well was used to generate
c¢DNA by reverse transcription in 100 .l containing 5 wM oligo(dT) (In-
vitrogen), 1X Taq buffer (Promega), 7.5 mM MgCl, (Promega), 1 mM
dithiothreitol (Promega), 1 mM concentrations of each deoxynucleoside
triphosphate (Roche), 0.67 U of RNasin (Promega)/pl, and 0.20 U of
avian myeloblastosis virus (AMV) reverse transcriptase (Promega)/l.
Five percent (5 wl) of the resultant cDNA was amplified by using an
iCycler iQ Real-Time PCR detection system (Bio-Rad Laboratories) in
96-well plates. Each duplicate 25-pl reaction mixture contained 1X
Quantitech SYBR green master mix (Qiagen), 10 mM fluorescein, and 0.3
M concentrations each of the forward and reverse primers. Primer se-
quences were previously described (34). The relative abundance of IFN-8
and GAPDH (glyceraldehyde-3-phosphate dehydrogenase) mRNA was
determined by comparison to a standard curve generated from serial di-
lutions of a DNA standard, and IFN-f expression was normalized to
GAPDH expression.

Statistical analysis. A Student two-sample ¢ test (pooled variance) was
applied using Systat software. The results were considered significant if
the P value was <0.05.

RESULTS

ITAM sequences are present in three reovirus proteins. The pro-
tein sequences encoded by each of the 10 reovirus gene segments
were searched for potential ITAM sequences using the consensus
motif YXxI/Lx 1, YxxI/L (1). Remarkably, ITAM sequences were
identified in three reovirus proteins: 02 (amino acids [aa] 130 to
147), n2 (aa 118 to 134), and A2 (aa 671 to 684) encoded by the S2,
M1, and L2 gene segments, respectively (Fig. 1A). ITAM se-
quences were not identified in a search of the related Reoviridae
virus, rotavirus. ITAM sequences in the reovirus 2, n2, and A2
proteins were identical among prototype strains type 1 Lang
(T1L), type 2 Jones (T2]), and T3D. In addition, the sequences
immediately adjacent to the ITAM sequences in all three reovirus
proteins from T1L and T3D were identical and differed by only a
few residues from T2J. A CLUSTAL alignment of the p2 ITAM
sequence with corresponding motifs from DAP12, FcRy, and
CD3( family members demonstrated conservation of the ITAM,
as well as acidic residues in .2 that are common to many cellular
ITAMs (Fig. 1B). Conservation of critical residues in the motif
across reovirus serotypes suggests a role for ITAMs in viral repli-
cation and pathogenesis. Given the previously established func-
tion of w2 in modulating the IFN response and myocarditis in
mice (29, 35), we first focused on the ITAM sequence in 2.

12 is phosphorylated on tyrosine residues. Phosphorylation
of conserved tyrosine residues is required for ITAM-mediated sig-
naling (1). To determine whether the u2 ITAM is equipped for
similar signal transduction, we examined the phosphorylation sta-
tus of w2 tyrosine residues in FLAG-tagged .2 and a derivative in
which the two canonical ITAM tyrosine residues in p2 were ex-
changed with phenylalanine residues (YYFF). Tyrosine-to-pheny-
lalanine substitutions were chosen to prevent the phosphorylation
required for ITAM function and to minimally alter protein struc-
ture given the similarity of the tyrosine and phenylalanine side
chains. These substitutions did not compromise overall p.2 struc-
ture and function, as evidenced by the replication competence of
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A

02 T3D CDDp4P FIRARDPRFKHR-VREQQINS AV T
T, ... 9 N - ... ... -. | B - I
Tm. . .. @- - ®@- - .. ... .. -. A H - .

u2 73D DDERNQINAR--AFK I SDVRRAPIRI SST
T2 .. .. B V.--...L.. .HT @V..S
i . . .4 H. - --.......A A - .

A2 T3D SGVMF FIAVD--HF-YR--RRETIRS T | S
T2 ... @8%. A . --..-..--B. HA. AL
TiIL . . .- A - --..-..--A - A - .

Species | Protein Sequence

T3D 2 DDE ARAFK I SD P IS ST

T2) p2 DDE VRAFK L SD P VS SS

TiL p2 DDE ARAFK I SD P IS ST

Hs DAP12 |E S P Q-G-QRSD D N T QR

Mm Dapl2 ESP Q-G Q R P E D N T QR

Dr Dap12 ESP Y-G-VvasDb D QQ YR

Dr. CD31L2 JE T H R-A-HASD QNG T KG

Hs FcRy D GV S-T-RNQE T K H EK

Mm FcRy D AV N-T-R S QE T K H EK

XI FcRy EGE E-S-VDKG T K G ES

Dr FcRy E G|V K-P-HETD T KM KS

Hs CD373 |D G|L S-T-ATKD A HMQA

Mm CD373 |D G|L S-T-ATKD A HM QT

Dr. CD373 |D QL S-S-VTKD S amMaa

Xl CD373 |D PV H-S-GSRD A HMaQP

Gg CD373 |D AV S-A-ATRD A HMaQP

Dr FcRyL G DL G - R -RDAD T H G MK

Dr CD3t2 |D E T MT -R - KGDD E ETKG

Hs CD371 IN QL @N - L -GRRE \ D KRR

Mm CD371 N QL AN - L G R R E \2 E K KR

Gg CD371_|D DV LB R G H R D \ G TRR

XI CD371 |D N N @N -P -SGQS A N V RR

Hs CD372 |E G|L #Q - KD KMAE E GMKG

Mm CD372 |E G|V MQ - KD KMAE E GTKG

Gg cD372 _|D TV M - KDKMGE EMlG K KG

Xl CD3t2 |D S T #Q - RD KM SD D R P KQ

Dr CD371 E S HRQ A QD K-1LGKS T NR TQ

Dr CD37L1 |E P VRQT D 4D LPQVGS Q DR PI

FIG 1 ITAM sequences are present in three reovirus proteins. (A) ITAMs in
the reovirus 02 (residues 127 to 151), .2 (residues 115 to 138), and A2 proteins
(residues 668 to 688). ITAMs of prototype reovirus strains T3D, T2J, and T1L
are shown. Sequences are from references 36, 63, and 64. Dots indicate iden-
tical residues and dashes indicate gaps in the alignment. (B) Reovirus p2
ITAMs aligned with cellular ITAMs. Black indicates conserved ITAM residues.
Gray indicates additional residues common to many ITAMs. Hs, Homo sapiens
(human); Mm, Mus musculus (mouse); Dr, Danio rerio (zebrafish); X1, Xeno-
pus laevis; Gg, Gallus gallus (chicken). The extensions 1, 2, and 3 following
protein names distinguish between the three ITAMs in each of the indicated
proteins.

similarly substituted whole recombinant viruses (see below). AD-
293 cells were transfected with pFLAG-w.2, pFLAG-pn2-YYFF, or
PFLAG-NS3/4A, which expresses the hepatitis C virus NS3/4A
protein and was used as a negative control for tyrosine phosphor-
ylation. Whole-cell lysates were immunoprecipitated using anti-
FLAG antibody-conjugated beads, and fractions were resolved by
SDS-PAGE and immunoblotted with anti-FLAG or anti-phos-
photyrosine antibodies (Fig. 2). As expected, the anti-phosphoty-
rosine antibody did not detect FLAG-NS3/4A, although the pro-
tein was well expressed and immunoprecipitated. Notably, both
FLAG-p2 and FLAG-p2-YYFF were tyrosine phosphorylated,
providing the first evidence that p.2 is a phosphorylated protein.
However, .2 contains 30 tyrosines (36), and the significant phos-
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FIG 2 p2 is phosphorylated on tyrosine residues. AD-293 cells were transfected with the indicated FLAG-tagged plasmid. At 40 h posttransfection, whole-cell
lysates were immunoprecipitated using anti-FLAG beads, and fractions from duplicate samples were resolved by SDS-PAGE and immunoblotted with anti-FLAG
or anti-phosphotyrosine antibodies. The results are representative of at least two independent experiments.

phorylation of FLAG-pu.2-YYFF suggests that residues outside the
ITAM sequence are phosphorylated. This abundant n2 phos-
phorylation precluded detection of possible decreased phosphor-
ylation in FLAG-pu.2-YYFF relative to FLAG- .2, leaving the status
of tyrosine phosphorylation in the w2 ITAM sequence unclear.

NF-kB is activated by p2 and maximal activation requires
the p2 ITAM. NF-kB is a well-documented downstream target of
ITAM-mediated signaling (7, 37), and reovirus activates NF-«kB
during infection (24, 25). To determine whether .2 is capable of
activating NF-kB, HEK-293 cells were transfected with pFLAG,
pFLAG-p2, or pFLAG-p2-YYFF and, after 24 h, NF-kB-stimu-
lated luciferase reporter gene expression was quantified (Fig. 3A).
Transfected pFLAG-u.2 activated NF-kB, providing the first evi-
dence that reovirus protein 2 can activate this transcription fac-
tor. In sharp contrast, pFLAG-.2-YYFF activation of NF-kB was
minimal or undetectable, providing a direct biochemical link be-
tween the w2 ITAM and NF-kB activation. As a control, p2 ex-
pression levels in cell lysates generated from replicate cultures
were quantified (Fig. 3B). Even when levels of FLAG-p.2-YYFF
protein were >5-fold higher than the levels of FLAG-p.2 protein,
PFLAG-p2-YYFF activation of NF-kB was undetectable or signif-
icantly less than that by pFLAG-p.2 (compare 1 pg of pFLAG-p.2-
YYFF to 0.1 g of pPFLAG-p.2, with average band intensities of 200
and 40, respectively, in Fig. 3B, to the relative activations of NF-kB
at those concentrations in Fig. 3A). Finally, neither pFLAG-p.2
nor pFLAG-pu2-YYFF induced IFN-{ or the IFN-stimulated path-
way as assessed by an ISRE reporter (Fig. 3A). These results are
consistent with a requirement for viral activation of IRF3 for in-
duction of IFN-, suggest that .2 alone cannot activate IRF3, and
highlight the specific effect of the w2 ITAM on activation of
NF-kB.

P2 requires Syk for maximal activation of NF-kB. ITAM-
mediated activation of NF-kB requires Syk (or Zap-70 in T cells)
(3, 38). To determine whether Syk is required for n2-mediated
activation of NF-«kB, AD-293 cells were pretreated with DMSO
alone or with the Syk-specific inhibitor piceatannol before trans-
fection with plasmids encoding either FLAG-tagged or untagged
w2 (Fig. 4A). After 24 h, NF-kB-stimulated luciferase reporter
gene expression was quantified. Piceatannol decreased p2 activa-
tion of NF-kB 2.5- to 2.9-fold, demonstrating a requirement for
Syk in maximal p2-mediated signal transduction. p2 was ex-
pressed at equivalent levels in DMSO- and piceatannol-treated
lysates (Fig. 4B), demonstrating that reduced w2 activation of
NE-kB is due to inhibition of Syk activity rather than decreased p.2
expression. Thus, u2 contains a functional ITAM that signals
through an established ITAM-associated signaling intermediate
to activate NF-kB.
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2 and NS recruit Syk to viral factories and recruitment
requires the p2 ITAM. Reovirus protein n2 does not span mem-
branes, suggesting it functions in a manner that differs from other
viral and cellular ITAM-containing proteins (1, 8). Although p.2 is
found in low copy numbers within the viral core, .2 is abundant
and highly concentrated in reovirus-infected cells within cytoplas-
mic viral replication-associated VFs, also known as viral inclusion
bodies (VIBs) (15, 39). Although VFs are thought to lack a delim-
iting membrane, we hypothesized that these structures may serve
as intracellular sites for p2 ITAM interaction with Syk. Transfec-
tion of plasmids expressing reovirus proteins wNS and p.2 is suf-
ficient to induce formation of VE-like structures, but the VF mor-
phology is determined by the .2 allele. T3D-derived w2 generates
globular VFs, whereas T1L-derived p.2 generates filamentous VFs
(39, 40). To determine the effect of the w2 ITAM on Syk subcel-
lular localization, we used confocal microscopy to examine trans-
fected Vero cells, which have larger cytoplasms and more defined
VFs than do AD-293 cells. Cells cotransfected with pFLAG-p2 and
GFP-uNS generated globular VFs as expected, whereas cells trans-
fected with pFLAG-p.2-YYFF and GFP-pNS generated VFs with
an intermediate morphology (Fig. 5A). As expected, pFLAG-.2-
YYFF was similar to the parental T3D-derived pFLAG-p.2 in its
failure to colocalize with microtubules, in contrast to a T1L-de-
rived HA-tagged .2 (Fig. 5B). In cells cotransfected with plasmids
expressing Syk, wNS and pFLAG or pFLAG-p.2-YYFF (Fig. 5C),
Syk remained diffuse throughout the cell, despite adequate forma-
tion of VFs in the latter. Conversely, in cells transfected with Syk,
NS and pFLAG-p.2, Syk was localized to VFs. Thus, u2 and NS
recruit Syk to VFs and recruitment requires the w2 ITAM, repre-
senting a new mechanism for viral ITAM-mediated signaling.

The p2 ITAM regulates activation of NF-kB during viral in-
fection. To determine whether reovirus ITAM sequences function
during viral infection, plasmid-based reverse genetics was used to
engineer WT reovirus strain T3D and several mutant viruses. Mu-
tant viruses with altered ITAMs in the N2 protein could not be
recovered despite three independent rescue attempts. However,
viruses with altered 02 (02-YYFF) or p2 (n2-YYFF) ITAMs were
readily isolated and formed plaques similar in size to WT virus
(data not shown). To determine whether the n2 ITAM regulates
activation of NF-kB in the context of reovirus infection, AD-293
cells were cotransfected with the NF-kB-luciferase reporter plas-
mid and Renilla luciferase plasmid prior to infection with WT
T3D, 02-YYFF, or p2-YYFF viruses. At 12 h postinfection, WT
T3D and 02-YYFF viruses activated NF-k B, but u2-YYFF did not
(Fig. 6A). Although p2-YYFF achieved a titer higher than that of
02-YYFF virus at 12 h postinfection (Fig. 6B), it remained possible
that differences in NF-«kB activation might reflect differences in
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FIG 3 NF-kB is activated by pn2 and maximal activation requires the p2
ITAM. (A) HEK-293 cells were cotransfected with the indicated FLAG-tagged
plasmid, a constitutively expressing Renilla luciferase plasmid for normaliza-
tions, and a luciferase reporter plasmid regulated by NF-kB, IFN-f3, or ISRE
promoters. At 24 h posttransfection, luciferase activity was quantified. The
results are expressed as means * the standard errors of the mean of five repli-
cate samples and are representative of two independent experiments. (B)
Whole-cell lysates corresponding to panel A were resolved by SDS-PAGE,
transferred to a nitrocellulose membrane, and immunoblotted with anti-
FLAG or anti-GAPDH antibodies. Gels were scanned, and band intensities
were quantified. The results are presented as the FLAG intensity normalized to
the GAPDH intensity and are representative of at least two independent ex-
periments. ¥, Significantly different from pFLAG and pFLAG-p.2-YYFF (P <
0.05).

replication. However, even at 24 h postinfection when w2-YYFF
achieved titers comparable to those of WT T3D and o2-YYFF
(Fig. 6B), n2-YYFF failed to activate NF-kB as efficiently as either
virus (Fig. 6A). Therefore, decreased activation of NF-kB by reo-
virus mutant p2-YYFF is not attributable to diminished viral rep-
lication, but instead reflects the requirement for the w2 ITAM for
maximal activation of NF-kB during reovirus infection.
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The n2 ITAM regulates induction of IFN-f. Viral activation
of NF-kB is required for maximal induction of IFN-, and the
IFN-( response is a critical determinant of protection against re-
ovirus-induced myocarditis in mice (16, 35, 41). Moreover, the
M1 gene (encoding the n2 protein) is the predominant determi-
nant of reovirus induction of IFN-f in primary cardiac myocyte
cultures (16). To determine whether the w2 ITAM regulates reo-
virus induction of IFN- @, primary cardiac myocyte cultures and a
control fibroblast-derived L929 cell line were infected with WT
T3D and mutant reoviruses, and induction of IFN-B mRNA was
quantified. The 02-YYFF virus induced less IFN-3 in L1929 cells
than did WT T3D (Fig. 7A), perhaps due to its poorer replication
than WT T3D (Fig. 7B). In contrast, in both 1929 cells and pri-
mary cardiac myocyte cultures, n2-YYFF induced significantly
less IFN-3 than did either WT T3D or 02-YYFF viruses (Fig. 7A),
despite replicating to similar or higher titers (Fig. 7B). Thus, the
W2 ITAM regulates induction of IFN-f3.

The p2 ITAM effect on viral spread is cell type specific. Viral
spread is determined by viral replication, virus-induced cytopath-
icity for virus release, and the effect of virus-induced antiviral
cytokines. The role of reovirus-activated NF-kB in these processes
is cell type specific. NF-kB is required for reovirus-induced apop-
tosis in most cell types but not in cardiac myocytes (26). Accord-
ingly, NF-kB is required for reovirus-induced apoptosis and dam-
age in the brain, whereas in the heart, where IFN-f3 is critical in
limiting viral spread, NF-kB is predominantly antiviral (16, 18,
35). To determine the effect of the w2 ITAM on viral spread, L929
cells and primary cardiac myocyte cultures were infected at a low
MOI with WT T3D, 02-YYFF, or p2-YYFF viruses and then in-
cubated for 5 to 7 days to allow multiple cycles of viral replication.
In L929 cells, all three viruses achieved equivalent virus titers (Fig.
8A). However, n.2-YYFF was significantly less cytopathic than ei-
ther WT T3D or 02-YYFF viruses at both 5 and 7 days postinfec-
tion (Fig. 9). These results suggest that in fibroblasts, where NF-kB
is required for reovirus-induced apoptosis (25), the p2 ITAM is
advantageous for viral spread. In contrast to L929 cells, p2-YYFF
achieved significantly higher titers than either WT T3D or o2-
YYFF viruses in primary cardiac myocyte cultures (Fig. 8A). In-
clusion of anti-IFN-f antibody during infection increased repli-
cation of both WT T3D and o2-YYFF viruses to levels similar to
that of w2-YYFF in cardiac myocyte cultures but had no effect on
the virus titer in L929 cells (Fig. 8B). Thus, the effect of the .2
ITAM on viral spread is mediated by the IFN- response and is cell
type specific. Finally, again in contrast to L929 cells, p2-YYFF was
significantly more cytopathic than either WT T3D or 02-YYFF in
primary cardiac myocyte cultures (Fig. 9). Therefore, in cardiac
myocytes, where the IFN response is required to limit viral dam-
age and NF-kB is not required for apoptosis (16-18, 26), the .2
ITAM stimulates cellular defense mechanisms and diminishes vi-
ral replication and spread. Thus, the effect of the p2 ITAM on
reovirus replication and cytopathology is cell type specific.

DISCUSSION

Viral infections evoke a variety of cellular responses that can either
promote or antagonize viral replication. We report here that the
reovirus M1 gene-encoded p2 protein contains a functional
ITAM that regulates activation of NF-«kB and induction of IFN-f3
and that the benefit of the ITAM to the virus is cell type specific.
Furthermore, we provide evidence of a new mechanism for viral
ITAM-mediated signaling by a nonenveloped virus.
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FIG 4 2 requires Syk for maximal activation of NF-kB. (A) AD-293 cells were treated for 1 h with DMSO alone or 25 uM the Syk-specific inhibitor piceatannol
and then cotransfected with the indicated effector plasmid, a constitutively expressing Renilla luciferase plasmid for normalizations, and an NF-kB-luciferase
reporter plasmid. At 24 h posttransfection, the luciferase activity was quantified. The results are expressed as means plus the standard errors of the mean of six
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representative of at least two independent experiments. ¥, Significantly different from pCAGGS-p.2 and pFLAG- .2 in piceatannol and pFLAG in either treatment

(P <0.02).

The two critical tyrosine residues within the canonical ITAM
motif YxxI/Lx 1, YxxI/L must be phosphorylated for the effi-
cient recruitment of Syk tyrosine kinases and the activation of
ITAM-mediated signaling cascades (1). In the present study, we
demonstrate that w2 undergoes tyrosine phosphorylation, pro-
viding the first evidence that .2 is a phosphorylated protein (Fig.
2). Phosphorylation of the critical ITAM tyrosine residues re-
mains unclear.

ITAM tyrosine phosphorylation is dependent on Src family
kinase members, including Src, Lck, Lyn, Fgr, Hek, Fyn, and Yes,
some of which are expressed in only certain cell types (38). Fur-
thermore, viral ITAMs display cell type-specific kinase associa-
tions. The SIV Nef protein ITAM associates with Src in 3T3 cells
(42) and yet requires Lck binding in Jurkat cells (43). The Epstein-
Barr virus (EBV) LMP2A ITAM is phosphorylated by Csk in epi-
thelial cells but preferentially associates with Lyn and Fyn in BJAB
cells, a B cell line (44, 45). Reovirus infects a wide variety of tissues
in vivo, including the brain, heart, liver, intestine, and spleen (15).
Future investigations will determine whether the association of
Src family kinases with the p2 ITAM varies between cell types and
influences the capacity of the u2 ITAM to modulate cell signaling.

We found that NF-kB, a well-documented downstream target
of ITAM-mediated signaling (1, 7), is activated by p2 and that
maximal activation requires the p2 ITAM (Fig. 3). In addition,
ectopically expressed n2 does not activate IFN- or ISRE lucifer-
ase reporters (Fig. 3). Together, our results are consistent with the
requirement for the protein MAVS (IPS-1) for reovirus activation
of transcription factor IRF3 but not NF-«kB (17). Although previ-
ous investigations have demonstrated that reovirus outer-capsid
protein 1 activates NF-kB (46—48), results presented here for n.2
suggest reovirus regulates NF-kB activation through multiple vi-
ral effectors. Reovirus NF-kB activation requires components of
both the classical and alternative NF-kB signaling pathways in an
integrated mechanism involving IKKa and the IKKB regulatory
protein NEMO/IKKry but not IKKB or the IKKa activator NIK
(49). It has been hypothesized that the ¢ domain of reovirus pro-
tein w1 contributes to NF-kB activation through direct or indirect
stimulation of IKKs in a fashion similar to that seen during human
T-lymphotropic virus (HTLV) infection, in which the HTLV Tax
protein stimulates IKK activity through direct interaction with
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NEMO/IKKry (48). Activation of NF-kB by w2 instead requires
ITAM-mediated signaling intermediates.

We demonstrate that n2 requires Syk for maximal activation of
NF-kB (Fig. 4), providing evidence that pu2 contains a functional
ITAM that signals through an established ITAM-associated sig-
naling intermediate. Syk tyrosine kinases mediate signal transduc-
tion for several viral ITAMs, including EBV LMP2A (50), Kaposi’s
sarcoma-associated herpesvirus (KSHV) K1 (51, 52), mouse
mammary tumor virus (MMTV) envelope protein (Env) (53),
hantavirus G1 (9, 54), and SIV Nef (10, 43). LMP2A is a highly
hydrophobic protein containing 12 transmembrane domains and
is localized in clusters within the plasma membrane of latently
infected B cells. The recruitment of kinases to LMP2A ITAM res-
idues for tyrosine phosphorylation is stimulated by cellular adhe-
sion rather than ligand binding as classically demonstrated by
ITAM-associated proteins (44). The KSHV K1 ITAM is located
within the cytoplasmic tail of this transmembrane protein and can
constitutively induce signal transduction through ligand-inde-
pendent activation attributable to the K1 cysteine-rich extracellu-
lar domain (12, 55). However, reovirus is a nonenveloped virus,
and .2 does not span cellular membranes, suggesting that it must
stimulate Syk by a previously undescribed mechanism. The struc-
ture of .2 has not been determined, but the ITAM identified here
is located directly adjacent to a p2 sequence predicted to have the
greatest likelihood of localization to the protein surface, a finding
consistent with a model of direct interaction between the w2
ITAM and the Syk SH2 domain (36).

Replication and assembly of reovirus progeny occurs within
cytoplasmic VFs, also known as VIBs. Reovirus protein wNS ini-
tiates VF formation by establishing a structural matrix and acting
as a scaffolding protein for recruitment of w2, S3-encoded non-
structural protein oNS, and core structural proteins (40, 56, 57).
VFs become tethered to the cellular cytoskeleton via wNS associ-
ations with the microtubule-associated 2. This association al-
lows VFs to travel toward the nucleus and merge with other VFs,
ultimately forming the large perinuclear inclusions characteristic
of reovirus-infected cells (39, 56). We found that w2 and pNS,
major components of VFs, recruit Syk to viral factories and that
the w2 ITAM is required for this translocation (Fig. 5). Syk phos-
phorylates microtubules (58), and reovirus strain T1L protein .2
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FIG 5 p2 and NS recruit Syk to viral factories and recruitment requires the p2 ITAM. Vero cells were cotransfected with the indicated plasmids. At 24 h
posttransfection, the cells were fixed and immunostained, and nuclei were stained with DAPI. (A) Cells were transfected with GFP-uNS (green) and the indicated
p2-expressing plasmid and then immunostained with anti-p.2 antibody (red). (B) Cells were transfected as in panel A and immunostained with anti-p.2 (green)
and anti-tubulin (red) antibodies. (C) Cells were transfected as in panel A with the addition of a Syk-expressing plasmid and immunostained with anti-Syk (red)
and anti-p.2 (green) antibodies. The results are representative of three independent experiments. Scale bar, 20 pm; inset scale bar, 10 pm.

binds microtubules (40). As expected, the T3D-derived n2-YYFF
fails to colocalize with microtubules. Future investigations will
address whether microtubules function in p2 ITAM-Syk interac-
tions. Furthermore, while VFs are thought to lack a delimiting
membrane, further studies of the structural composition of VFs
may identify properties of VFs that support u2 ITAM-Syk inter-
action.

During reovirus infection, NF-kB plays a proapoptotic role in

March 2014 Volume 88 Number 5

the brain stimulating neuronal apoptosis, while in the heart
NF-kB is not required for apoptosis and instead leads to induction
of innate immune mediators, including IFN-$ (18). We found
that the w2 ITAM is required for maximal activation of NF-«kB
and induction of IFN-B in both 1929 cells and primary cardiac
myocyte cultures (Fig. 7) but that the consequences to viral cyto-
pathic effect and spread are cell type specific (Fig. 8 and 9). To-
gether, these data suggest that in fibroblasts where NF-kB is re-
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FIG 6 The 2 ITAM regulates activation of NF-«kB during viral infection. (A)
AD-293 cells were transfected with an NF-kB-luciferase reporter plasmid and
a constitutively expressing Renilla luciferase plasmid for normalizations. At 24
h posttransfection, cells were infected with the indicated virus at an MOI of 10
PFU per cell. At 12 and 24 h postinfection, the luciferase activity was quanti-
fied. The results are expressed as means * the standard deviations of four or
five replicate wells and are representative of at least three independent exper-
iments. (B) AD-293 cells were infected with the indicated virus at an MOI of 3
PFU per cell. At 12 and 24 h postinfection, the virus titers were determined by
plaque assay. The results are expressed as the means of quadruplicate samples
plus the standard deviations for a representative of at least two independent
experiments. *, Significantly different from WT T3D and 02-YYFF (P < 0.05);
+, not significantly different from mock (P > 0.05).

quired for reovirus-induced apoptosis, as it is in most cell types
(25), the w2 ITAM is advantageous for viral spread and enhances
viral fitness. In cardiac myocytes, where IFN-3 is essential for
protection against reovirus replication and cytopathology (16-18)
and NF-kB is not required for apoptosis (26), the w2 ITAM stim-
ulates cellular defense mechanisms and thereby diminishes viral
fitness.

Several enveloped viruses encode ITAM-bearing proteins that
signal through traditional cellular ITAM signaling intermediates
to regulate viral pathogenesis and oncogenesis (8). During EBV
infection, Syk regulates LMP2A ITAM-induced epithelial cell mi-
gration through activation of MAPK extracellular signal-regu-

2580 jvi.asm.org

>

L929 Cells Cardiac Myocytes
100 £ i
. E 1400
= 9F e
E 4350
w 80F E
- 70E 4300
o E E
= 60E 31250
3} E E
S 50F * 3200
© E B
c 40 sl 1
E g 4150
= E [RREELEA ul
30 E S E
k=] E R k|
o) E * s 3100
O 20 B E
e E s E|
E £ B 3150
10 £ g Bl
E % g E
oE oleteteted KRR I
WT G2— pn2— WT o2— u2—
YYFF  YYFF YYFF  YYFF
Virus strain
L929 Cells Cardiac Myocytes
6 =)
— C d
L 5¢r *% 35
o C R B
> [ — R 1
2 r g =
4L R 14
9 F ]
o = E
T 3r ER
= E sssssest 1
Q £ gssssss 1
= oL 3 s =
= r [l 1
= r ) ]
o] £ 3 el 1
= r 1
S el 91
[Losasotesssosess] |
E R84
C R85 i
C 1
0 ito%etatotetotel 0
o2— 2—- o2— p2—
wT H wWT
YYFF  YYFF YYFF  YYFF
Virus strain

FIG 7 The p2 ITAM regulates induction of IFN-f during viral infection. (A)
L1929 cells or primary cardiac myocyte cultures were infected at an MOI of 25
or 10 PFU per cell, respectively. At 8 or 12 h postinfection, RNA was quantified
by reverse transcription and quantitative real-time PCR, and the copy number
was normalized to GAPDH. The fold induction of IEN-( is expressed relative
to mock-infected cultures. The results are expressed as means * the standard
errors of the mean of triplicate wells for a representative of three independent
experiments. (B) L929 cells or primary cardiac myocytes cultures were infected
with the indicated virus at an MOI of 3 PFU per cell. At 8 h postinfection, the
virus titers were determined by plaque assay. The results are expressed as
means plus the standard deviations for two or three independent experiments
each with triplicate wells. %, Significantly different from WT T3D and 62-YYFF
(P < 0.05); **, significantly different from o2-YYFF (P < 0.05).

lated kinase (ERK) (50). This ITAM-bearing protein also is essen-
tial for ERK-mediated reduction of anoikis, a type of apoptosis
associated with cell detachment (59). Finally, LMP2A ITAM-me-
diated Syk autophosphorylation initiates activation of Akt, a ser-
ine/threonine protein kinase that contributes to B cell survival and
is required for LMP2A-induced transformation of epithelial cells
(60). In the KSHV K1 ITAM, each tyrosine residue targets distinct
SH2-containing proteins, including phosphatidylinositol 3-ki-
nase, PLCy2, and Vav. These interactions lead to regulated aug-
mentation of signal transduction activities involved in Kaposi’s
sarcoma hyperplasia, such as intracellular calcium mobilization,
the activation of transcription factors NFAT and AP-1, and the
production of inflammatory cytokines and angiogenic growth
factors (52). In addition, the SIV Nef ITAM is necessary and suf-
ficient for Lck activation of NFAT, a key downstream intermediate
of T cell activation (10, 43). Although the results reported here
demonstrate that the w2 ITAM stimulates Syk activation of NF-
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FIG 8 The effect of the u2 ITAM on virus titer after multiple cycles of repli-
cation is cell type specific and was determined by the IFN-3 response. (A) L929
cells and primary cardiac myocyte cultures were infected with the indicated
virusatan MOI of 0.1 PFU per cell. At 5 days postinfection, the virus titers were
determined by plaque assay. The results are expressed as means * the standard
deviations of triplicate wells for a representative of at least two independent
experiments. (B) L929 cells and primary cardiac myocyte cultures were in-
fected at an MOI of 0.1 or 0.3 PFU per cell, respectively. At 1 h postinfection,
inocula were removed and replaced with either medium alone or medium
containing anti-IFN-B antibody. At 2 days postinfection, additional anti-
IFN-B antibody was added to appropriate wells. The results are expressed as
the means of quadruplicate samples plus the standard deviations for a repre-
sentative of at least two independent experiments. *, Significantly different
from WT T3D and ¢2-YYFF (P < 0.05).

kB, n2-stimulated Syk also may activate other transcription fac-
tors.

Although viral ITAMs are most often associated with oncogen-
esis (11, 52, 53, 60—62), reovirus is not oncogenic. There are two
nononcogenic viruses known to encode ITAM-containing pro-
teins: hantavirus and SIV. The hantavirus G1 ITAM is highly con-
served in hantavirus strains causing hantavirus pulmonary syn-
drome but absent in those causing hemorrhagic fever with renal
syndrome or nonpathogenic strains, suggesting that this viral
ITAM is a determinant of pathogenesis. In SIV, the primary
pathogenic determinant of a highly virulent isolate was identified
to be an arginine to tyrosine mutation within Nef that causes Nef
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FIG 9 The effect of the p2 ITAM on cytopathic effect after multiple cycles of
replication is cell type specific. L929 cells or primary cardiac myocyte cultures
were infected with the indicated virus at an MOI of 0.1 or 1 PFU/cell, respec-
tively (the cytopathic effect was undetectable in cardiac myocytes infected at
0.1 PFU/cell; data not shown). At 5 and 7 days postinfection, the cell viability
was quantified by using an MTT assay. The results from a minimum of four
replicate wells per infection are expressed as the means plus the standard errors
of the mean relative to mock-infected cultures for a representative of at least
two independent experiments. *, Significantly different from WT T3D and
G2-YYFE (P < 0.05).

to express a functional ITAM (10, 43). The cell type-specific effects
of the reovirus w2 ITAM identified here suggest that it is likely to
be a determinant of pathogenesis in vivo, and the capacity of reo-
virus to target a variety of organs in mice offers an excellent op-
portunity for discovery. As a final note, an ITAM-like sequence
has been identified in only one nonenveloped virus to date: cox-
sackievirus. However, substitution of critical tyrosine residues
within the ITAM-like region of capsid protein VP2 severely atten-
uated the virus, leaving interpretation of the results presented on
ITAM function unclear (14).

Our findings define a new role for reovirus protein p.2, enhance
our understanding of reovirus activation of NF-kB and induction
of IFN-B, and provide additional evidence for cell type-specific
downstream effects of NF-kB during viral infection. Furthermore,
we provide here the first evidence for a functional ITAM in a
nonenveloped virus and present a new mechanism for viral
ITAM-mediated signaling.
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