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Inhibition of TANK Binding Kinase 1 by Herpes Simplex Virus 1

Facilitates Productive Infection
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The vy,34.5 protein of herpes simplex viruses (HSV) is essential for viral pathogenesis, where it precludes translational arrest
mediated by double-stranded-RNA-dependent protein kinase (PKR). Paradoxically, inhibition of PKR alone is not sufficient for
HSYV to exhibit viral virulence. Here we report that y,34.5 inhibits TANK binding kinase 1 (TBK1) through its amino-terminal
sequences, which facilitates viral replication and neuroinvasion. Compared to wild-type virus, the y,34.5 mutant lacking the
amino terminus induces stronger antiviral immunity. This parallels a defect of y,34.5 for interacting with TBK1 and reducing
phosphorylation of interferon (IFN) regulatory factor 3. This activity is independent of PKR. Although resistant to IFN treat-
ment, the y,34.5 amino-terminal deletion mutant replicates at an intermediate level between replication of wild-type virus and
that of the /,34.5 null mutant in TBK1%/* cells. However, such impaired viral growth is not observed in TBK1~/~ cells, indicat-
ing that the interaction of vy,34.5 with TBK1 dictates HSV infection. Upon corneal infection, this mutant replicates transiently
but barely invades the trigeminal ganglia or brain, which is a difference from wild-type virus and the y,34.5 null mutant. There-
fore, in addition to PKR, y,34.5 negatively regulates TBK1, which contributes viral replication and spread in vivo.

H erpes simplex virus 1 (HSV-1) infects epithelial cells of mu-
cosal tissues and establishes latency in the trigeminal ganglia
(TG). Upon primary infection or reactivation, viral gene expres-
sion, DNA replication, and maturation ensue, which can lead to
pathological conditions, including ocular lesions and encephalitis
(48). Although multiple factors are involved, the y,34.5 protein
encoded by HSV-1 plays a key role in this complex process (9, 28).
HSV-1 v,34.5 facilitates viral replication in the central nervous
system and causes encephalitis in experimental animal models (2,
9,28). It also dictates viral replication in the peripheral tissues and
subsequent spread to the central nervous system (29, 34,47). Sim-
ilarly, the y,34.5 protein from HSV-2 serves as an essential factor
in viral pathogenesis (27). It is thought that these phenotypes are
related to the capacity of y,34.5 to cope with type I interferon
(IFN) responses (5, 17, 18, 25).

Type I IFN is a family of cytokines which are produced in
response to viral infection. In HSV-infected cells, several mecha-
nisms operate to induce antiviral immunity in a cell-type- and
time-dependent manner (37). For example, Toll-like receptor 3
(TLR3) senses HSV-1 and stimulates IFN expression (50) (Fig. 1).
In the cytoplasm, RNA helicases, retinoid acid-inducible gene I
(RIG-I), and melanoma differentiation-associated gene 5
(MDAD5) recognize viral 5’ -triphosphate RNA or double-stranded
RNA (dsRNA) (30, 36). Additionally, intracellular DNA sensors,
such as the DNA-dependent activator of interferon regulatory fac-
tor (DAI), RNA polymerase III, and interferon-inducible protein
16 (IFI16), detect HSV-1 in infected cells (7, 42, 44). Small inter-
fering RNA (siRNA) knockdown of DAI as well as IFI16 or treat-
ment with an RNA polymerase III inhibitor reduces cytokine in-
duction by HSV-1 but not RNA viruses. Consistently, HSV
oligonucleotide-induced IFN expression is diminished when in-
troduced into cells devoid of IF116. Although recognizing differ-
ent pathogen-associated molecular patterns, TLRs and cytosolic
receptors relay signals to TANK-binding kinase 1 (TBK1), which
phosphorylates interferon regulatory factor 3/7 (IRF3/7) and in-
duces interferon-stimulated genes (ISGs), chemokines, and al-
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pha/beta IFN (IFN-a/B) (43). Of note, IFN-a/3 upregulates a
spectrum of antiviral molecules through the JAK/STAT pathway
(39, 41). Among them is the dsSRNA-dependent protein kinase
(PKR), which is normally present at basal levels in normal cells.
Upon activation by viral dsSRNA, PKR phosphorylates the « sub-
unit of translation initiation factor elF-2 (elF-2a) and thereby
inhibits viral replication (Fig. 1).

The y,34.5 gene is located in the inverted repeats of the HSV
genome flanking the unique long sequence and is present in two
copies per genome (11). In HSV-infected cells, onset of viral DNA
replication activates PKR, which induces the translational arrest
(8, 10). As a countermeasure, y,;34.5 recruits protein phosphatase
1 (PP1) via its carboxyl terminus to dephosphorylate eIF-2c. This
activity is linked to viral resistance to interferon-a/f and HSV
pathogenesis (17, 18, 45). It has been reported that the y;34.5 null
mutant is virulent in PKR knockout mice but not in wild-type
mice (9, 26). However, a y,34.5 null mutant with a secondary
mutation in the Usl1 promoter inhibits PKR but remains aviru-
lent (31, 32). Similarly, a y,34.5 null mutant with a secondary
mutation elsewhere partially restores virulence (3). Thus, HSV
7v,34.5 may have an additional function(s) required for viral in-
fection or virulence, which cannot be compensated simply by in-
hibition of PKR. In a search for HSV functions, we recently noted
that vy,34.5 targets TBK1 (46). When ectopically expressed, the
amino terminus of y,34.5 associates with and inhibits TBK1. Nev-
ertheless, its physiological role relevant to HSV infection remains
to be established. We hypothesize that the amino terminus of
7v,34.5 promotes viral virulence by interfering with TBK1. Here we

Received 13 June 2011 Accepted 2 December 2011

Published ahead of print 14 December 2011

Address correspondence to Bin He, tshuo@uic.edu.

Copyright © 2012, American Society for Microbiology. All Rights Reserved.
doi:10.1128/JV1.05376-11

0022-538X/12/$12.00 Journal of Virology p. 2188-2196


http://dx.doi.org/10.1128/JVI.05376-11
http://jvi.asm.org

Basal Level

IFN-a/B, 15Gs, >
7 [ RANTES etc.

IRF-
IRF-

HSV and TANK Binding Kinase 1

(J
®9
Cytoplasm Translatlonal
IFN-a/B Arrest

PR

Nucleus

FIG 1 An outline of type I IFN responses. Upon virus infection, TLR3 on the endosomal membrane, RIG-I, MDAS5, and DNA sensors in the cytoplasm are
available to detect viral nucleic acids. These sensors transmit signals to TBK1 via multiple adaptor proteins; TBK1 subsequently phosphorylates transcription
factor IRF-3/7, leading to production of IFN-a/B, RANTES, and ISGs. Secreted IFN-«/f3 acts in an autocrine or paracrine manner, where it induces the
expression of a wide array of ISGs. Collectively, these gene products promote the establishment of an antiviral state. PKR, which is constitutively expressed in
normal cells, is also upregulated by IFN-a/B. Once bound to viral dsRNA, PKR is activated to phosphorylate eIF2a and shuts off protein synthesis.

report that y,34.5 blocks the induction of antiviral genes indepen-
dently of PKR in HSV-infected cells. Notably, vy,34.5 overcomes
TBK1-mediated restriction of HSV replication via its amino-
terminal domain. Furthermore, we demonstrate that this domain
is crucial to facilitate viral replication and spread to the central
nervous system in vivo. Thus, regulation of TBK1 by vy,34.5 rep-
resents a key step that determines the outcome of HSV infection.

MATERIALS AND METHODS

Mice, cells, and viruses. BALB/c mice were purchased from Harlan
Sprague Dawley Inc. and housed under specific-pathogen-free conditions
in biosafety level 2 containment. Groups of 6-week-old mice were selected
for this study. Experiments were performed in accordance with the guide-
line of the University of Illinois at Chicago. Vero and 293T cells were
obtained from the American Type Culture Collection and propagated in
Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10%
fetal bovine serum (FBS). TBK1*/* and TBK1~/~ mouse embryonic fi-
broblasts (MEFs) were gifts from Wen-Chen Yeh. PKR™/~ MEFs were
gifts from Bryan Williams. All cells were propagated in Dulbecco’s mod-
ified Eagle’s medium supplemented with 10% fetal bovine serum. HSV-
1(F) is a prototype HSV-1 strain used in this study (13). In recombinant
virus R3616, a 1-kb fragment from the coding region of the y,34.5 gene
was deleted (9). In recombinant virus H1001, the region encoding amino
acids 1 to 146 was deleted. This was constructed by homologous recom-
bination as described previously (17, 23). In recombinant virus H1002,
the deleted coding region was repaired with wild-type vy,34.5. Preparation
of viral stock and titration of infectivity were carried out with Vero cells.

Plasmids and reporter assays. The FLAG-7y,34.5 and FLAG-AN146
plasmids were constructed by inserting PCR-amplified fragments into the
BamHI and Xhol sites of pcDNA3. To construct glutathione S-transferase
(GST)-IRF3, a DNA fragment encoding amino acids 380 to 427 from IRF3
was ligated into the BamHI and EcoRI sites of pGEX4-T1. To construct
HA-TBK1, the TBK1 insert was PCR amplified and cloned into the
BamHI and Xhol sites of pcDNA3. Plasmids HA-vy,34.5, pTK-Luc, IFNB,
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and pISG56-Luc were described elsewhere (46). Reporter assays were car-
ried out as described previously (46).

Viral infections. Cells were infected with viruses at appropriate mul-
tiplicities of infection (MOI). At various time points, virus yields were
determined on Vero cells (5). For interferon assays, cells were untreated or
treated with mouse alpha interferon (250 units/ml; Sigma) for 20 h. Cells
were then infected with viruses at a MOI of 0.05. Samples were harvested
at 48 h postinfection, and viruses were released by three cycles of freezing
and thawing and then titrated on Vero cells. For in vivo analysis, groups of
mice were inoculated with 4 X 10> PFU of each virus by corneal scarifi-
cation as described previously (45). At different time points after infec-
tion, tissues were collected from sacrificed mice and subjected to titration
on Vero cells or immunohistochemistry analysis (45).

Quantitative real-time PCR assay. Cells were mock infected or in-
fected with viruses at 5 PFU per cell in serum-free DMEM. At 1 h after
infection, cells were grown in DMEM with 1% fetal bovine serum. At the
indicated time points, total RNA was harvested from cells using an
RNeasy kit (Qiagen) and subjected to DNase I digestion (New England
BioLabs). cDNA was synthesized using a High Capacity cDNA reverse
transcription kit (Applied Biosystems). Quantitative real-time PCR was
performed using an Applied Biosystems ABI Prism 7900HT instrument
with ABI SYBR green master mix (Applied Biosystems), and results were
normalized to endogenous control 18S rRNA as follows: AC(normalized
gene expression) = C(target gene) — C(18S rRNA). Relative expression
was calculated using the formula 274ACT, where AAC; = AC; (normal-
ized gene expression at different time points) — AC; (normalized gene
expression at 0 h), expressed as arbitrary units. Primers for each gene
were chosen according to the recommendation of the qPrimerDepot
database (12). Primer sequences were as follows: mouse IFN-B, AATTT
CTCCAGCACTGGGTG and AGTTGAGGACATCTCCCACG; mouse
ISG54, GCAAGATGCACCAAGATGAG and CACTCTCCAGGCAACC
TCTT; mouse ISG56, CAAGGCAGGTTTCTGAGGAG and zZAAGCAGA
TTCTCCATGACCTG; mouse RANTES, CTGCTGCTTTGCCTAC
CTCT and CACTTCTTCTCTGGGTTGGC; 18s rRNA, CCTGCGGCTT
AATTTGACTC and AACCAGACAAATCGCTCCAC.
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Western blot and immunoprecipitation analyses. To analyze protein
expression, cells were harvested and resuspended in disruption buffer
containing 50 mM Tris-HCI (pH 7.0), 5% 2-mercaptoethanol, 2% SDS,
and 2.75% sucrose. Samples were subjected to electrophoresis and reacted
with antibodies against B-actin (Sigma), FLAG (Sigma), HA (Santa Cruz
Biotechnology), IRF3 (Santa Cruz Biotechnology), phosphorylated IRF3
(Ser396) (Cell Signaling Technology, Inc.), ICP27 (Virusys Inc.), and
v,34.5, respectively. The membranes were rinsed in phosphate-buffered
saline and reacted with the corresponding secondary antibody conjugated
to horseradish peroxidase. Protein bands were detected by enhanced
chemiluminescence (Amersham Biosciences). To examine protein inter-
actions, 293T cells were transfected with the indicated amounts of
pcDNA3, HA-TBK1, FLAG-v,34.5, and FLAG-AN146. At 40 h after
transfection, cells were harvested and lysed in 50 mM Tris-HCI (pH 7.4)
buffer containing 1% Nonidet P-40, 0.25% sodium deoxycholate, 150
mM NaCl, 1 mM EDTA, 1 mM 4-(2-aminoethyl)-benzenesulfonyl fluo-
ride hydrochloride, 1 ug/ml aprotinin-leupeptin-pepstatin, 1 mM
Na;VO,, and 1 mM NaF. Lysates were incubated overnight at 4°C with
anti-HA antibody (Applied Biological Materials Inc.) plus protein A/G-
agarose beads (Santa Cruz Biotechnology). Immunocomplexes were sub-
jected to electrophoresis and immunoblotting analysis.

Kinase assays. 293T cells were transfected with pcDNA3, FLAG-
TBK1, FLAG-AN146, and HA-v,34.5. At 40 h after transfection, cell ly-
sates were prepared in 20 mM Tris-HCl (pH 7.4) containing 137 mM
NaCl, 10% glycerol, 1% Triton X-100, 2 mM EDTA, 50 mM sodium
glycerophosphate, 20 mM sodium pyrophosphate, 5 ug/ml aprotinin, 5
png/ml leupeptin, 1 mM Na;VO,, and 5 mM benzamidine. TBK1 was
immunoprecipitated with anti-HA antibody (Applied Biological Materi-
als Inc.) plus protein A/G agarose beads (Santa Cruz Biotechnology). Im-
munocomplexes captured on the beads were incubated with recombinant
GST-IRF3(380—-427) for 20 min at 30°C in 25 mM HEPES buffer (pH 7.5)
containing 10 mM MgCl,, 25 mM sodium—-glycerophosphate, 5 mM
benzamidine, 1 mM Na;VO,, 0.5 mM dithiothreitol, and 100 uM ATP
(46). Samples were subjected to electrophoresis and immunoblotting
analysis with rabbit anti-phospho-IRF3 (Ser396).

Immunohistochemistry analysis. Tissue sections were deparaffinized
with xylene and rehydrated through a series of graded ethanol. Endoge-
nous peroxidase activity was quenched using a 0.3% H,O,-methanol bath
followed by several washes with phosphate-buffered saline. HSV-1 anti-
gens were detected with antibody against HSV-1 (Dako) as described
previously (45). Tissue sections were incubated with primary antibody
prior to the addition of biotinylated anti-rabbit immunoglobulin second-
ary antibody, avidin-horseradish peroxidase, and 3,3’-diaminobenzidine
tetrahydrochloride (0.04%) in 0.05 M Tris-HCI (pH 7.4) and 0.025%
H,0, as a chromogen (Ventana Medical Systems, Tucson, AZ).

RESULTS

Removal of the ,34.5 amino-terminal sequences stimulates the
expression of antiviral genes. To study y,34.5 in the context of
HSV infection, we constructed a virus, H1001, in which the amino
terminus of y,34.5, spanning amino acids 1 to 146, was removed.
As a control, we constructed a repair virus, H1002, where wild-
type ,34.5 was restored (Fig. 2A). The virus constructs were ver-
ified by restriction digestion and PCR analysis (data not shown).
Expression of y,34.5 was detected by Western blot analysis with
anti-y,34.5 antibody. As shown in Fig. 2B, wild-type HSV-1(F), as
well as the repair virus, H1002, expressed full-length v,34.5,
whereas the y,34.5 null mutant, R3616, did not. The N-terminal
deletion mutant, H1001, expressed a truncated form of vy,34.5,
with a molecular mass of 21 kDa.

We next assessed the induction of antiviral immunity in HSV-
infected cells by quantitative real-time PCR. As indicated in Fig.
3A, HSV-1(F) or H1002 triggered a low level of IFN-8 mRNA
expression in mouse embryonic fibroblasts (MEFs). In contrast,
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FIG 2 (A) Schematic representation of the genome structure and sequence
arrangements of HSV-1(F) and related mutants. Boxes on the top line denote
the inverted repeats flanking the unique long and unique short sequences,
represented by thin lines. The expanded sections below show the y,34.5 loci,
where thin lines represent DNA sequences retained in each virus. HSV-1(F) is
wild-type virus, whereas R3616 lacks the entire y,34.5 coding region. H1001
has a deletion of the amino terminus of y;34.5, and H1002 is a repair virus that
harbors the wild-type vy,34.5 gene. (B) Expression of different y,34.5 variants.
Vero cells were infected with the indicated viruses at 0.05 PFU per cell. At 24 h
after infection, lysates of cells were subjected to immunoblotting with poly-
clonal antibody against y,34.5. Size markers are listed on the left.

R3616 stimulated robust IFN-B expression, with a 180-fold in-
crease of IFN-B mRNA at 3 h postinfection. This effect persisted as
infection progressed to the 6-h time point. Likewise, H1001 trig-
gered drastic IFN-f expression, with a 400-fold increase in the
IFN-B mRNA level at 3 h postinfection. This stimulation de-
creased at 6 h postinfection but remained significant compared to
that with HSV-1(F) or H1002. A similar phenotype was observed
for ISG56, although the magnitude of gene induction varied (Fig.
3B). However, the viral effects on ISG54 were indistinguishable
until 6 h postinfection (Fig. 3C). Similarly, virus infection did not
trigger RANTES induction until 6 h postinfection (Fig. 3D). These
results suggest that the amino terminus of y,34.5 is crucial for
impeding the induction of antiviral immunity early in HSV infec-
tion.

The 7v,34.5 protein suppresses IRF3 phosphorylation by
TBK1 through the amino-terminal domain. Based on the above
analysis, we evaluated the impact of y,34.5 on IRF3 phosphoryla-
tion. As illustrated in Fig. 4A, IRF3 was constitutively expressed in
MEEF cells, where it remained unphosphorylated in mock-infected
cells (lanes 1 and 6). At 3 h postinfection, R3616 as well as H1001
stimulated IRF3 phosphorylation at serine 396 (lanes 3 and 4),
which is a hallmark of IRF3 activation. As infection progressed,
IRF3 phosphorylation remained evident for R3616 but was atten-
uated for H1001 (lanes 8 and 9). As expected, HSV-1(F) and
H1002 did not induce IRF3 phosphorylation throughout infec-
tion (lanes 2, 5, 7, and 10). Although reduced at 6 h postinfection
(lanes 8 and 9), H1001-induced IRF3 phosphorylation was nota-
ble compared to that seen for HSV-1(F) and H1002 (Fig. 4B). All
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FIG 3 The v,34.5 protein inhibits the induction of antiviral genes via the
amino terminus. Mouse embryonic fibroblasts (MEFs) were either mock in-
fected or infected with HSV-1(F), R3616, H1001, or H1002 (5 PFU/cell). At
indicated time points, total RNA extracted from cells was subjected to quan-
titative real-time PCR amplification for expression of IEN-f3 (A), ISG56 (B),
1SG54 (C), or RANTES (D). The data were normalized to that for 18S rRNA,
and fold induction was calculated as described in Materials and Methods.
Results are expressed as fold activation with standard deviations among trip-
licate samples.

viruses were able to infect efficiently, as indicated by a similar level
of ICP27 at 3 h postinfection (Fig. 4A). However, at 6 h postinfec-
tion, higher levels of ICP27 were observed for HSV-1(F) and
H1002 than for R3616 and H1001, suggesting that a defect in
v:34.5 already impeded infection by R3616 or H1001 as early as 6
h postinfection. These results suggest that the amino terminus of
v,34.5 is required to suppress IRF3 activation during HSV infec-
tion.

Since TBK1 phosphorylates IRF3 (40), we examined how
v,34.5 exerted its effect in this process by immunoprecipitation
coupled with kinase assays. As shown in Fig. 5A, proteins were
expressed in 293T cells transfected with HA-TBK1, FLAG-AN146

HSV and TANK Binding Kinase 1

(the N-terminal-deletion -y, 34.5 mutant), and FLAG-vy,34.5 (full-
length) (upper panel). Expression of TBK1 resulted in IRF3 phos-
phorylation (lane 1, bottom panel). Addition of wild-type y,34.5
reduced IRF3 phosphorylation (lane 3). Nevertheless, expression
of AN146 failed to inhibit IRF3 phosphorylation by TBK1 (lane
5). Among all samples tested, TBK1 was present at a comparable
level in the immunoprecipitates (middle panel). Quantification
from multiple experiments confirmed that the AN146 mutant was
unable to suppress TBK1 kinase activity compared with full-
length y,34.5 (Fig. 5B). In correlation, wild-type y,34.5 associated
with TBK1, whereas the AN146 mutant did not (Fig. 5C, lanes 3
and 4). Reporter assays revealed that unlike wild-type y,34.5, the
AN146 mutant was unable to inhibit the activation of IFN-f and
ISG56 promoters by TBK1 (Fig. 5D and E). Collectively, these data
suggest that the amino terminus of y,34.5 works as a module to
inhibit IRF3 activation by TBK1.

The v,34.5 protein prevents the induction of IFN- 3 indepen-
dently of PKR in HSV-infected cells. In addition to translational
arrest, PKR is involved in the induction of type [ IFN (15, 49). We
asked whether y,34.5 suppressed type I IFN induction through
PKR. Accordingly, PKR~/~ MEFs were infected with viruses, and
IFN- expression was then determined by real-time PCR. As seen
in Fig. 6A, infection by HSV-1(F) or H1002 initially triggered a
low level of IFN-B mRNA, which diminished at 6 h postinfection.
However, R3616 induced dramatic IFN-B mRNA expression,
which increased about 100-fold by 6 h postinfection. Interestingly,
H1001 exhibited different induction kinetics. At 3 h postinfection,
this mutant stimulated 160-fold IFN- expression, which then
attenuated to 40-fold at 6 h postinfection. Thus, HSV +y,34.5 vari-
ants induced or inhibited IFN- expression independently of PKR
in HSV-infected cells.

Because inhibition of PKR-mediated translational arrest is
coupled to HSV resistance to IFN (5, 17), we determined the
role of the y;34.5 amino terminus in this process. As indicated
in Fig. 6B, all viruses replicated efficiently in untreated Vero
cells, which are devoid of IFN-a/f3 genes. Upon treatment with
IFN-a, replication of HSV-1(F) and H1002 was virtually un-
changed. Replication of R3616 was inhibited by approximately
1,000-fold. Intriguingly, replication of H1001 was marginally
reduced (6-fold) by IFN-a, a result which was close to those
seen for HSV-1(F) and H1002. Herein, deletion of the amino
terminus of 7y;34.5 does not affect HSV resistance to type I IFN
treatment.

]

m

@

o
Relative Band Dens

B 1200 4 ®mMock
OHSV-1(F)
2 1000 BR3616
gv ]
N 800
6004
400
2001

0

3h 6h

FIG 4 The amino terminus of y,34.5 is required to inhibit IRF3 phosphorylation. (A) MEFs were infected with indicated viruses at 5 PFU/cell, and cell lysates
were subjected to immunoblotting analysis with antibodies against IRF3, phosphorylated IRF3 (Ser3°¢), and ICP27, respectively, at 3 h and 6 h postinfection. (B)
Quantification of IRF3 phosphorylation. The protein bands shown in panel A were quantified using NIH Image] software. The data are presented as the relative
amount of phosphorylated IRF3 normalized to the total level of IRF3 in each sample, with mock infection arbitrarily set at 1.0.
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FIG 5 (A) Effect of vy,34.5 variants on IRF3 phosphorylation by TBK1. 293T cells were transfected with HA-TBK1 along with empty vector, FLAG-y,34.5, or
FLAG-AN146. At 40 h after transfection, aliquots of cell lysates were processed for protein expression with antibodies against FLAG and HA. In parallel, lysates
were immunoprecipitated with anti-HA antibody. The immunoprecipitates were incubated with GST-IRF3 (amino acids [aa] 380 to 427) and ATP for kinase
assays. Samples were subjected to electrophoresis and probed with antibodies against phosphorylated IRF3, FLAG, and HA, respectively. (B) Quantitation of in
vitro kinase assays. The relative kinase activity was expressed as a ratio of phosphorylated IRF3 to TBK1 in the immunoprecipitate, with the control TBK1
arbitrarily set to 100 (NIH Image] software). The data represent four independent experiments with standard deviations (, P < 0.05). (C) Interactions of y;34.5
variants with TBK1. 293T cells were cotransfected with FLAG-+y,34.5 or FLAG-AN146 along with an empty vector, FLAG-TBK1. At 36 h after transfection, lysates
of cells were immunoprecipitated with anti-HA antibody. Samples were processed for immunoblotting analysis with antibodies against FLAG and HA, respec-
tively. (D and E) Effects of y,34.5 variants on promoter activation by TBK1. 293T cells were transfected with an empty vector or a plasmid expressing HA-y,34.5,
FLAG-TBK1, FLAG-AN146, or FLAG-v,34.5, along with an IFN- or ISG56 reporter. At 36 h posttransfection, cells were harvested for luciferase assays. Results

are expressed as fold activation with standard deviations among triplicate samples.

HSV replication is functionally linked to the amino terminus
of y,34.5 and TBKI. Since 7y,34.5 inhibits TBK1 via its amino
terminus, we examined its role in viral replication. As shown in
Fig. 7, HSV-1(F) replicated efficiently in both TBK1*/* and
TBK1~/~ cells, reaching titers of 2.5 X 10° and 4.4 X 10° PFU/ml,
respectively. As expected, R3616 barely replicated in TBK1*/*
cells, and its replication was partially restored to a titer of 3.6 X 10?
PFU/ml in TBK1~/~ cells, which was still 1,000-fold lower than
that for wild-type virus. Interestingly, H1001 displayed a different
phenotype. In TBK1*/* cells, this amino terminus deletion mu-
tant replicated to a titer of 6.4 X 102 PFU/ml, an intermediate level
between titers of wild-type virus and R3616. However, H1001 rep-
licated efficiently in TBK1~/~ cells, reaching a titer of 6.7 X 10*
PFU/ml, which is close to that of wild-type virus. H1002 behaved
like wild-type virus. We conclude that the amino terminus of
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v:34.5 acts to overcome TBK1-mediated restriction on HSV rep-
lication.

The 7v,34.5 protein facilitates viral replication as well as
spread via amino-terminal sequences in vivo. To evaluate y,34.5
in vivo, we investigated viral replication in a mouse ocular infec-
tion model. Mice were infected with viruses, and viral yields were
determined on day 3. As shown in Fig. 8A, wild-type HSV-1 rep-
licated efficiently in the eye (3.6 X 10% PFU/eye), whereas R3616
failed to replicate. Under this condition, H1001 barely replicated,
with no infectious virus being detectable. Replication of H1002
resembled that of wild-type virus (4.6 X 10?2 PFU/eye). Similar
phenotypes were seen in the trigeminal ganglia and brain. To ex-
amine histopathology, thin sections of the eye were stained with
anti-HSV-1 antibody. As shown Fig. 8B, viral antigens were de-
tected in the corneal epithelium infected with HSV-1(F) and
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FIG 6 (A) HSV ,34.5 inhibits IFN- 3 expression independently of PKR. PKR ™/~ MEFs were either mock infected or infected with indicated viruses (5 PFU/cell).
At 3 and 6 h after infection, total RNA extracted from cells was subjected to quantitative real-time PCR amplification. The level of IFN-3 mRNA was normalized
to the level of 18S rRNA, and fold induction was calculated as described in Materials and Methods. Results are representative of three independent experiments
with standard deviations among triplicate samples. (B) Deletion of the y,34.5 amino terminus has no effect on HSV resistance to IFN-a. Vero cells were untreated
or pretreated with IFN-« (Sigma) for 20 h. Cells were then infected with indicated viruses at 0.05 PFU per cell, and viral yields were determined at 48 h

postinfection.

H1002 (panels b and e). This was accompanied by corneal thick-
ening with ulceration, reflecting inflammation in the epithelium
and stroma. No viral antigen or inflammation was detected in the
eyes mock infected or infected with R3616 or H1001 (panels a, c,
and d).

We further examined the kinetics of viral replication and
spread in vivo. As illustrated in Fig. 9A, HSV-1(F) replicated effi-
ciently in the eye on day 1 (1.4 X 10* PFU/eye). Similarly, H1001
replicated to a titer of 1.8 X 10° PFU/eye. Removal of the amino
terminus marginally reduced viral replication in the eye on day 1
(the first 24 h). This is presumably due to the ability of H1001 to
overcome the PKR-mediated antiviral effect. As infection contin-
ued, HSV-1(F) maintained viral yields at 4.5 X 10° PFU/eye and
1.4 X 103 PFU/eye in the eye on days 3 and 5, respectively. How-
ever, replication of H1001 was reduced drastically to an undetect-
able level in the eye on day 3 and 5. This reduction may have
resulted from a defect(s) in blocking TBK1-mediated responses.
In the trigeminal ganglia (Fig. 9B), HSV-1(F) appeared after day 1

BHSV-1(F)
5 OR3616
@H1001
§H1002

Log10 (PFU/mI)
D

TBK1+/+

FIG 7 Viral replication in TBK1*/* or TBK1~/~ cells. Cells were infected with
indicated viruses (0.05 PFU/cell). At 24 h after infection, virus yields were
titrated on Vero cells. Data are averages for three independent experiments
with standard deviations.
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and replicated to a titer of 1.7 X 10° PFU/TG on day 3 and 4.4 X
10® PFU/TG on day 5, respectively. However, neither R3616 nor
H1001 replicated to an appreciable level. In the brain (Fig. 9C),
only HSV-1(F) began to appear on day 3 and replicated to 5.0 X
102 PFU/BS by day 5, whereas H1001 and R3616 were undetect-
able. These results suggest that the amino terminus of y,34.5 pro-
motes viral replication and neuroinvasion.

DISCUSSION

The 7,34.5 protein of HSV-1 consists of 263 amino acids with an
amino-terminal domain, a linker region with triplet repeats
(ATP), and a carboxyl-terminal domain (11). It has been demon-
strated that vy,34.5 prevents the PKR response via its carboxyl
terminus and thereby confers viral virulence (18, 26). Recently, we
identified TBK1 as a novel cellular target of HSV y,34.5 (46). This
led us to reason that regulation of TBK1 by 1y,34.5 may contribute
to viral virulence. In this study, we provide evidence that y,34.5
inhibits TBK1-mediated antiviral immunity independently of
PKR. This activity requires its amino-terminal domain, which fa-
cilitates viral replication in the peripheral tissue and spread to the
central nervous system. Therefore, in addition to PKR, vy,34.5
negatively modulates TBK1 and promotes viral replication.

Our work suggests that y,34.5 inhibits the induction of antivi-
ral immunity via its amino-terminal sequences. Notably, HSV
v,34.5 associated with TBK1, which inhibited IRF3 phosphoryla-
tion and antiviral gene expression. Deletion of the amino-
terminal domain disrupted its activity. Wild-type virus induced a
low level of IFN- 3 or ISG expression, which could be triggered by
viral entry before vy;34.5 was expressed. In contrast, the virus lack-
ing the amino-terminal domain of y,34.5 stimulated robust ex-
pression of antiviral molecules compared to results with wild-type
virus. Additionally, replication of the amino-terminus deletion
mutant was impaired in TBK*/* cells but not in TBK1~/~ cells.
These results establish a functional link between y,34.5 and TBKI1.
In mammalian cells, TBK1 forms a complex with a number of
proteins, such as TRAF family member-associated NF-«B activa-
tor (TANK), NAK-associated protein 1 (NAP1), similar to
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FIG 8 (A) The amino terminus of y,;34.5 is required to facilitate neuroinvasion. Mice were mock infected or infected with HSV-1(F), R3616, H1001, or H1002
at4 X 10° PFU through corneal scarification. At 3 days postinfection, eyes, trigeminal ganglia, and brain tissues were collected and virus yields were determined.
Data are expressed as means * standard deviations for six mice for each group. (B) Immunohistochemistry analysis. The sections from eye tissues described
above were reacted with anti-HSV-1 antibody, and immunohistochemistry was performed. Specific HSV-1 staining is shown in brown. Representative images

from each group were chosen for the panels.

NAP1TBKI1 adaptor (SINTBAD), TRAF3, and Sec5 (6, 14, 16, 33,
35, 38). These interactions probably occur in a signal-specific
manner (4, 20-22, 51). Once activated, the TBK1 ubiquitin-like
domain makes contacts with its kinase domain, leading to IRF-3/
IRF-7 phosphorylation and cytokine expression (19). It is con-
ceivable that the amino terminus of y,34.5 may prevent the re-
cruitment of TBK1 by one or more adaptor proteins.
Alternatively, it may block the contact between the ubiquitin-like
domain and the kinase domain to prevent kinase activation. While
additional work is required, these results highlight the importance
of y,34.5 and TBK1 in HSV infection.

PKR mediates the translational arrest as well as cytokine ex-
pression (15,49). In HSV-infected cells, y,34.5 recruits PP1 via its
carboxyl-terminal domain and precludes translation arrest. This
confers viral resistance to IFN-a/f (5, 17, 18). Importantly, site-
specific mutations in the PP1 binding site cripple viral replication
(45). We observed that the y,34.5 mutant lacking the amino-
terminal sequences remained resistant to IFN-o/B. Thus, the
amino-terminal sequences are dispensable in counteracting the
PKR response. On the other hand, the deletion of the amino ter-
minus impaired HSV replication in TBK1*/* cells. Such a defect

A EYE B
e —~—HSV-1(F)  °T——HSV-1(F)
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544 2 [+H1001
e a3t
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5 221
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= 14
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FIG 9 Kinetics of viral replication in vivo. Mice were infected with HSV-1(F),

was fully repaired in TBK1~/~ cells. The amino-terminal se-
quences have likely evolved to control TBK1. We postulate that
7v,34.5 may facilitate viral replication via distinct domains, which
coordinately regulate PKR and TBK1 responses. In this context, it
is notable that PKR is implicated in type I IFN expression (15).
This raises the possibility that PKR may be a key factor in this
process in HSV-infected cells. The data in the present study do not
favor this idea, because PKR deficiency did not disrupt IFN-£
induction or inhibition by HSV v,34.5 variants. Apparently,
TBK1 and PKR act differentially in type I IFN responses upon
HSV infection.

Although essential in viral virulence, exactly how y,34.5 exerts
its activity in vivo has remained incompletely defined. Previous
studies established that vy;34.5 prevents protein synthesis shutoff
mediated by PKR and facilitates viral replication in experimental
models (9, 10, 18, 26). Furthermore, inhibition of autophagy by
v,34.5 is required for HSV virulence (24). This occurs relatively
late in HSV infection (around day 7), where it inhibits CD4 " T cell
responses independently of IRF3 in vivo (1, 24). Since y,34.5 in-
hibits TBK1, we evaluated viral replication in a mouse ocular in-
fection model. Intriguingly, an HSV mutant lacking the amino

TG C BS
“T ——HSV-1(F)
5 ;] ®R3616
L | —+—H1001
g2
b
o
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0
Day 3 Day 5 Day 1 Day 3 Day 5

R3616, H1001, or H1002 at 4 X 105 PFU via corneal scarification. Mice were

sacrificed on days 1, 3, and 5. Tissue samples from the eye (A), trigeminal ganglia (B), or brain stem (C) were analyzed for viral yields on Vero cells. Data are
expressed as means * standard deviations for data from four mice for each group.
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terminus of v,34.5 initially (day 1) replicated in the eye but dis-
appeared shortly thereafter (day 3). This is a difference from wild-
type virus, which persisted throughout infection, or the y,34.5
null mutant, which was unable to replicate. A simple explanation
is that persistent viral replication in vivo relies on the capacity of
v,34.5 to overcome innate immunity mediated by both PKR and
TBKI1. We suspect that initial replication of the amino-terminal
deletion mutant is presumably due to the ability of vy, 34.5 to coun-
teract PKR. On the other hand, its relative early clearance from the
eye may have resulted from a defect of y,34.5 in inhibiting TBK1.

It is notable that unlike the y,34.5 null mutant, the wild type
spread efficiently to the trigeminal ganglia and brain. Although it
had traveled to the trigeminal ganglia by day 3, the amino-
terminal deletion mutant barely replicated. No infectious virus
was detectable in the brain. One possibility is that transient viral
replication in the eye may have accumulated beyond a threshold
where a small fraction escaped to the trigeminal ganglia. Alterna-
tively, the majority of the amino-terminal deletion mutant may
have spread to the trigeminal ganglia, where it went into latency.
Due to restriction by TBK1, the amino-terminal deletion mutant
was crippled in initiating the lytic cycle in the trigeminal ganglia
and failed to travel to the brain. This raises the question of whether
7v,34.5 interacts with TBK1 functionally in a tissue-specific man-
ner. It is likely that control of TBK1 by y,34.5 may contribute to
efficient viral replication in vivo. Our future studies will focus on
the precise mechanism by which y,34.5 promotes HSV virulence.
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