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ABSTRACT

Given the side effects of vaccination against infectious laryngotracheitis (ILT), novel strategies for ILT control and therapy are
urgently needed. The modulation of host-virus interactions is a promising strategy to combat the virus; however, the interac-
tions between the host and avian ILT herpesvirus (ILTV) are unclear. Using genome-wide transcriptome studies in combination
with a bioinformatic analysis, we identified proto-oncogene tyrosine-protein kinase Src (Src) to be an important modulator of
ILTV infection. Src controls the virulence of ILTV and is phosphorylated upon ILTV infection. Functional studies revealed that
Src prolongs the survival of host cells by increasing the threshold of virus-induced cell death. Therefore, Src is essential for viral
replication in vitro and in ovo but is not required for ILTV-induced cell death. Furthermore, our results identify a positive-feed-
back loop between Src and the tyrosine kinase focal adhesion kinase (FAK), which is necessary for the phosphorylation of either
Src or FAK and is required for Src to modulate ILTV infection. To the best of our knowledge, we are the first to identify a key
host regulator controlling host-ILTV interactions. We believe that our findings have revealed a new potential therapeutic target
for ILT control and therapy.

IMPORTANCE

Despite the extensive administration of live attenuated vaccines starting from the mid-20th century and the administration of
recombinant vaccines in recent years, infectious laryngotracheitis (ILT) outbreaks due to avian ILT herpesvirus (ILTV) occur
worldwide annually. Presently, there are no drugs or control strategies that effectively treat ILT. Targeting of host-virus interac-
tions is considered to be a promising strategy for controlling ILTV infections. However, little is known about the mechanisms
governing host-ILTV interactions. The results from our study advance our understanding of host-ILTV interactions on a molec-
ular level and provide experimental evidence that it is possible to control ILT via the manipulation of host-virus interactions.

Infectious laryngotracheitis (ILT) is a major respiratory disease
of chickens that is induced by avian ILT herpesvirus (ILTV; also
known as gallid herpesvirus 1). ILTV belongs to the Ilfovirus genus
within the Herpesviridae family. Infection with ILTV can induce a
mild to severe upper respiratory tract disease in chickens, depend-
ing on the virulence of the virus, and it causes large economic
losses to the poultry industry worldwide annually. Vaccination
using live attenuated virus has been the most commonly used
method to control ILT outbreaks since the mid-20th century. Vac-
cination infects naive chickens with live attenuated virus, thereby
establishing latent viral carriers; however, it is not recommended
that this vaccine be used in regions where ILT outbreaks are absent
(1-4). The majority of currently used live attenuated virus vac-
cines can induce successful protection in chickens (5). New out-
breaks of ILT are continually being identified in many countries,
especially in regions where live attenuated vaccines have been ex-
tensively administered (6). A growing body of evidence from mo-
lecular typing data collected worldwide has revealed that the cur-
rently used live attenuated vaccine strains could generate, via
recombination, a virulent virus that could be the cause of current
outbreaks (7-12). Increasing concerns regarding the biosafety of
live attenuated ILTV vaccines have triggered the development of
recombinant vaccines using viral vectors, and these have been
released in some countries (6). However, none of the currently
available recombinant vaccines are able to clear latent virus from
an infected host. As a consequence, a residual latent infection can
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induce new outbreaks under certain conditions when host immu-
nity is compromised, such as under stress and at the onset of egg
laying (13, 14). Therefore, novel strategies that are independent of
the host immune system, such as tighter farm biosecurity and
anti-ILTV breeding, are required to control ILT outbreaks. It is
hoped that these new strategies that are being developed will im-
prove the control of ILT and reduce the extensive use of live at-
tenuated virus as vaccines.
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In addition to controlling ILTV infections by establishing cell-
extrinsic barriers that are mediated by anti-ILTV innate and cell-
mediated immune responses (15-17), the manipulation of the
cell-intrinsic barrier that is mediated by host factors that regulate
the interaction between ILTV and host cells could be another
promising option. Many studies have investigated herpesvirus-
host interactions in humans and mice; however, little is known
about these interactions in chickens. Lee et al. explored the mo-
lecular events induced by ILTV infection in host cells using pub-
licly available high-throughput data on host transcription profiles
in chicken embryo lung cells infected with a virulent ILTV strain
(18). A bioinformatic analysis revealed that several genes and
pathways are significantly altered by ILTV infection; these find-
ings were validated using quantitative PCR (qPCR) assays. Their
study cast the first light on the molecular nature of the host re-
sponse to ILTV infection. However, the underlying molecular ba-
sis of the host response remains largely unclear, and additional
studies are urgently needed to address this issue.

The proto-oncogene tyrosine-protein kinase Src (Src) was
originally isolated from a chicken sarcoma, and it was the first
oncogene to be identified (19). It is well-known that Src is an
important factor for a wide range of biological processes, such as
cell proliferation, adhesion, angiogenesis, organization of the cell
skeleton, cell division, and cell death (20-24). The tyrosine kinase
focal adhesion kinase (FAK) has been shown to be required for
integrin-stimulated cell migration and focal adhesion formation
(25-27), the disruption of which triggers apoptosis (28, 29). The
interaction between Src and FAK has been shown to promote the
entry of human herpes simplex virus 1 (HSV-1) into target cells
(30, 31). However, to the best of our knowledge, the effects of host
Src on host cell death during human or animal herpesvirus
infections have never been reported, despite the fact that Src is
considered to be both a survival factor (32, 33) and a death
factor (33-35).

In the present study, we used Leghorn male hepatoma (LMH)
cells infected with ILTV as an in vitro experimental model. We
investigated the molecular mechanisms of host cell responses to
ILTV infection using genome-wide transcriptome studies in
combination with bioinformatic analyses. We also conducted
functional studies to examine the interaction between host Src
and FAK.

MATERIALS AND METHODS

Ethics statement. Animal experiments were approved by the Animal Eth-
ics Committee [approval no. SYXK (Hei) 2011022] of the Harbin Veter-
inary Research Institute of the Chinese Academy of Agricultural Sciences
(CAAS), and they were performed in accordance with ethics guidelines
using approved protocols.

Experimental animals. The allantoic cavity of 9-day-old specific-
pathogen-free (SPF) chicken embryos was inoculated with 100 pl of virus
specimens at 1 X 10* or 1 X 10° 50% tissue culture infective doses
(TCIDs,) per ml, as indicated below, as well as 25 to 250 ng of SU6656
(Selleckchem, Houston, TX, USA), 250 ng of PF573228 (Sigma-Aldrich,
St. Louis, MO, USA), or an equal volume of dimethyl sulfoxide (DMSO).
All chicken embryos were incubated at 37°C and examined daily over 5
days. The chorioallantoic membranes (CAMs), allantoic fluids, and livers
were then harvested, homogenized, and subjected to three cycles of freeze-
thawing. Hematoxylin and eosin (H&E) staining was performed on sec-
tions of liver samples fixed with 4% paraformaldehyde as previously de-
scribed (36).
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Virus strain and cell line. The LJS09 strain of ILTV (GenBank acces-
sion no. JX458822) (15) is a virulent strain of ILTV that was isolated in
China, and its genome has been sequenced. It was isolated in 2009 from
6-week-old Yellow-Foot layers housed on a farm in Jiangsu Province,
China, which had not been vaccinated against ILTV, and it was stored at
the Harbin Veterinary Research Institute of the CAAS. This strain can be
propagated in a chemically immortalized LMH cell line, in which clear
cytopathic effects (CPEs) have been observed (37, 38). LMH cells were
maintained in Dulbecco’s modified Eagle’s medium (DMEM) supple-
mented with 10% fetal bovine serum (FBS), 100 U/ml penicillin, 100
pg/ml streptomycin, and 2 mM L-glutamine. Cell cultures were incubated
at 37°C in 5% CO,. The Src inhibitor SU6656 and the FAK inhibitor
PF573228 were used at 1 and 10 WM, respectively, for in vitro experiments.
Control groups were treated with DMSO at the same concentrations.

RNA interference and transfection. Two short interfering RNAs
(siRNAs) that specifically recognize different sequences of the SRC mRNA
(GenBank accession no. NM_205457.2; siSRC #1, 5'-CCA AAC ACG
CUG AUG GCU U-3'; siSRC #2, 5'-GCC UCC UGG AUU UCC UGA
A-3") and a control siRNA (siControl; 5'-GCA CUU GAU ACA CGU
GUA A-3'), which does not have a specific target site in chickens, were
used. Transfection of siRNAs was conducted using an N-TER nanopar-
ticle siRNA transfection system (Sigma-Aldrich) according to the manu-
facturer’s instructions.

Plaque assay. Liquid medium-based plaque assays were performed as
previously described (39), with minor modifications. Briefly, LMH cells
were exposed to virus that was diluted in serum-free DMEM for 3 h at
37°Cin 5% CO, and then washed with phosphate-buffered saline (PBS).
The cells were subsequently covered with DMEM containing 10% FBS,
fixed with 70% ethanol at each time point postinfection indicated below,
and stained with 0.1% crystal violet.

Quantitation of virus. LMH cells were infected with LJS09 at a mul-
tiplicity of infection (MOI) of 0.1. The indicated MOI was obtained ac-
cording to the number of cells to be infected and the number of infectious
particles, which were estimated on the basis of the numbers of PFU, which
were calculated using the following formula: TCID;, X 0.59 ~ PFU [1
TCIDs, is equal to —In(0.5) PFU and is approximately 0.59 PFU] (40).
Levels of virus replication were determined using TCID,, assays (40) on
LMH cells and ILTV-specific qPCR assays (38) as previously described.

Flow cytometry and immunofluorescence. We conducted fluores-
cence-activated cell sorting (FACS) analyses using a BD FACScan flow
cytometer and CellQuest software (version 4.0.2; BD, Mountain View,
CA, USA). Cell death was assayed by examining cells in the sub-G, phase
of the cell cycle via propidium iodide (PI) staining of permeabilized cells
as previously described (41). Apoptosis and necrosis were assayed with
annexin V-PI using an annexin V-PI staining kit (Biyuntian, China) ac-
cording to the manufacturer’s instructions. Immunofluorescent detec-
tion of ILTV-positive cells was conducted on cells that had been fixed with
4% paraformaldehyde overnight. Fixed cells were incubated with a rabbit
polyclonal antibody against ILTV glycoprotein I (gl), followed by a sec-
ondary goat anti-rabbit antibody conjugated to fluorescein isothiocyanate
(FITC) (The Jackson Laboratory, Bar Harbor, ME, USA). A polyclonal
antibody against the gl of ILTV was produced in a rabbit. Briefly, the
rabbit was first immunized with the pPCAGGS-gl vector via intramuscular
injection, followed by boosting with inactivated ILTV and recombinant gl
protein via intramuscular injection. The background level of reactivity
was determined using control serum from nonimmunized SPF rabbits.

Protein extraction and Western blotting. Western blotting was per-
formed under reduced denaturing conditions according to previously de-
scribed procedures (42). Antibodies against Src (EMD Millipore, Bil-
lerica, MA, USA), phosphorylated Src Tyr416 (EMD Millipore), FAK
(Santa Cruz, Shanghai, China), phosphorylated FAK Tyr397 (Cell Signal-
ing Technology, Inc. [CST], Shanghai, China), phosphorylated FAK
Tyr576/577 (CST), B-actin (Sigma-Aldrich), and B-tubulin (Sigma-Al-
drich) were used. The intensity of the bands was measured using Image]J
software (43).

January 2016 Volume 90 Number 1


http://www.ncbi.nlm.nih.gov/nuccore?term=JX458822
http://www.ncbi.nlm.nih.gov/nuccore?term=NM_205457.2
http://jvi.asm.org

TABLE 1 Reverse transcription-qPCR primers used for microarray data
validation

Primer Orientation” Sequence (5'-3")
ADA F CCAAGGTAGAACTTCACATCC
R TTAAGCGATAGCGGTGTTTG
CD3E F AGACTACGAGCCCATCAG
R TAGCCAGAAGCATTCAGC
PCSK5 F AAGGATGCCACGGAAGAG
R ATAAGTCTACAGGAGCAGGAG
TNFRSF8 F ATCAGAGGCACTTCAGAGAC
R GTTCAACTTGGCACAGTCC
IL21R F GCACTGTGGACATGACTGAG
R GAGGCTGTGGTCTGATGTTATC
CDHI11 F TGCTTGTCATTGTAGTGTTGTTTG
R CTTCCTCTCCTCCTCCTTCATC
NEGR1 F GACACATCTCTCCATCTG
R GGGCAAAGTTTACTGTTAC
VCAN F AAATCACAGGCAATGATACAGATC
R GCATCAGTATGGGTCTCATCTAC
ASNS F CGGGTGAAGAAGTTCCCTTATCTG
R ACTGCTCCTGCAACTGTTTGAAG
DDX4 F CACCATTACTGGCTTTTGAAGAAG
R TCCCGCCCTGCTTGTATAAC
ENTPD1 F ATGCGGCTCCTCAGGTTGG
R TCCATCCATAGGCTCCTTCTTCC
EST F CTTATCCGAGCGAGTGTG
R GGTCTTCGTTAATGGAGTTG
NOV F TCTGCATGGTGCTGGAAGG
R GCTGGGCTGGAACGTCTC
OTC F CAATTATGGCTGTCATGGTTTCC
R GATCCAAGCATCAAAATGTAGGC
SFRP2 F CCAGGGAAGCACCCAAAGTC
R GCAGAGGTTTTCCATGATGTCG
WNT7B F TGGGAGTTACCTAGCTTTGTCATC
R GGCGGCTCTGGCAGATTG
CYGB F AACACTGTGGTGGAGAAC
R CGGTGAGCTTCTTAAAGTAG
SMAD9 F GGTTCTGCCTGGGACTGC
R AGATGGACACCTTTTCCTATGTG
ST6GALNAC2 F TAACACCTCCTCCAACAC
R CAGCCTGAAGACCAAATC
RASSF9 F AAACAGACCTCCCAGCAAAG
R GCCACATACAATCTTCTCTTCTTG

“F, forward; R, reverse.

Microarray analysis and qPCR assays. To profile mRNA expression
in LMH cells, we used a 4 X 44K chicken gene expression microarray
(catalog number 026441; Agilent Technologies, Santa Clara, CA, USA) as
previously described (44). We conducted qPCR assays as described pre-
viously, using specific oligonucleotide primers (Table 1) (44). Data were
analyzed with the 2~ *2 threshold cycle (C;) method, and the results are
presented as the log, fold change.

High-throughput data analysis. Microarray data were analyzed with
R (http://www.r-project.org/). Gene ontology (GO) analysis and pathway
analysis were performed with DAVID bioinformatics resources (gene en-
richment analysis using the EASE score with a modified Fisher’s exact test
Pvalue of <0.05 as the threshold) (45). Functional protein network anal-
ysis was performed with STRING software (46).

Histopathological examination. Samples of embryo livers were col-
lected and fixed in 4% paraformaldehyde. The fixed samples were sent to
the Plague Diagnosis and Technical Service Center of the Harbin Veteri-
nary Research Institute (an animal biosafety level 3 facility accredited by
the China National Accreditation Service for Conformity Assessment
[CNAS]) for histopathological examination. Briefly, samples were em-
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bedded in paraffin and then sectioned. The sample slides were stained
with H&E and observed by light microscopy. A histopathological exami-
nation report was provided by the Plague Diagnosis and Technical Service
Center.

Statistical analysis. We used the SPSS software package (SPSS for
Windows, version 13.0; SPSS Inc., Chicago, IL, USA) for statistical anal-
ysis. Data obtained from several experiments are reported as the mean =
standard deviation (SD). The difference between two groups was deter-
mined by Student’s ¢ test. One-way analysis of variance (ANOVA) with a
Bonferroni correction was employed for multigroup comparisons. For all
analyses, a P value of <0.05 was considered significant.

Microarray data accession number. Microarray raw data were up-
loaded to the National Center for Biotechnology Information Gene Ex-
pression Omnibus database under accession number GSE70855.

RESULTS

Biological characterization of ILTV-LSJ09 infection in LMH
cells. The biological characteristics of ILTV-LSJ09 infection in
LMH cells, including cell growth, cell death, virus replication, vi-
rus release, and virulence, were examined. ILTV infection signif-
icantly reduced the number of adherent cells that were negative
for trypan blue staining by the third day postinfection (3 dpi),
while cells in the control cultures continued to grow (Fig. 1A).
Consistent with the reduction in the proportion of living cells
following ILTV infection in our system (Fig. 1A), the proportion
of apoptotic cells significantly increased from 2 dpi compared
with that of control cells (Fig. 1B). The CPE of ILTV on LMH cells
occurred by 2 dpiand became more severe as time progressed (Fig.
1C). In parallel with the induction of apoptosis and the occurrence
of the CPE, the results of the qPCR assay showed that ILTV repli-
cated exponentially in LMH cells from 2 dpi, whereas viral repli-
cation was not significant at 1 dpi compared with that at 0 dpi (Fig.
1G; the Pvalues for replication at 1 and 2 dpi were 0.127 and 0.022,
respectively). In addition, a concomitant, continuous increase in
the copy number of the viral genome was observed in the medium
from 2 dpi (Fig. 1C), which possibly explains the occurrence of the
ILTV CPE at 2 dpi (Fig. 1C). The results of the qPCR assays were
confirmed by TCIDs, assays (Fig. 1D). No significant CPE was
observed until 2 dpi, after which the virus titer increased contin-
ually in the cells and medium (Fig. 1D). The proportion of ILTV-
infected cells was determined by FACS, and it was approximately
10% at 2 dpi but only about 1.5% at 1 dpi (Fig. 1E).

Src, a central modulator of host molecular events, is induced
by ILTV infection. To understand the molecular events induced
by ILTV infection in LMH cells when the CPE was evident, RNA
was isolated from LMH cells at 2 dpi instead of at 1 dpi. We chose
this time because the proportion of virus-infected cells at 1 dpi was
too low to differentiate the transcription signature of virus-in-
fected cells from that of all cells (Fig. 1C and D). We identified 608
genes that were differentially expressed between control and
ILTV-infected cells based on the following criteria: (i) a P value of
<<0.001 and (ii) a fold change in expression of >1.5 (data not
shown). Hierarchical clustering analysis using these 608 genes
demonstrated efficient clustering of biological replicates for con-
trol and ILTV-infected cells. We identified 297 downregulated
genes and 311 upregulated genes following infection (Fig. 2A). For
validation, the transcription levels of 20 genes which were ran-
domly selected from the 608 genes were examined using gPCR
assays. The qPCR results corresponded with those from the mi-
croarray assays (Fig. 2B).

GO analysis was performed using the DAVID functional an-
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FIG 1 Biological characterization of ILTV infection in LMH cells. (A) Growth curve of LMH cells after ILTV infection. The number of adherent cells that were
negative for trypan blue staining was counted. Data are presented as the mean = SD (n = 3). (B) Necrosis and apoptosis of ILTV-infected LMH cells at 1 dpi and
2 dpi were assayed by flow cytometry using annexin V-propidium iodide staining. The percentage of necrotic/apoptotic cells is presented as the mean * SD (n =
3); %, P < 0.05. (C and D) The replication of ILTV in LMH cells and the release of virus into the medium were determined by both an ILTV-specific real-time
qPCR (C, top) and a TCIDs, assay (D). The cytopathic effect of ILTV infection on LMH cells was assayed by a plaque assay and visualized by crystal violet staining
(C, bottom). Lg, log, . (E) The percentages of ILTV-infected LMH cells at 1 dpi and 2 dpi were measured by flow cytometry using a polyclonal antibody against
glycoprotein I of ILTV, which was produced in SPF rabbits, followed by a fluorescein isothiocyanate-conjugated anti-rabbit second antibody. The level of
background staining was determined using normal SPF rabbit serum as a control. Data are presented as the mean = SD (n = 3). *, P < 0.05; N.S., no significant
difference.

notation (subset GOTERM_CC_FAT, GOTERM_BP_FAT, and  genes using STRING software with the default settings. The pro-
GOTERM_MF_FAT) (45) with a P value of <0.05. The five func-  tein-protein interaction network was visualized by use of the Cy-
tions from each subset showing the greatest differential gene ex-  toscape program (47), with the layout of group attributes being
pression are listed in Fig. 2C. Cellular component analysis re- done according to the degree of connectivity of the nodes (Fig.
vealed that these differentially expressed genes were significantly ~ 2D). Each green rectangle represents a protein whose mRNA ex-
enriched in those involved in the extracellular region and the pression was altered by ILTV infection, and these are arranged in
plasma membrane (Fig. 2C). Meanwhile, after ILTV infection the  order of their functional connectivity to the other proteins in Fig.
major biological processes controlled by genes that were differen- 2D, with the most highly connected proteins being on the top line
tially expressed were the regulation of cell proliferation, the en-  and the least connected ones being at the bottom of Fig. 2D. Most
zyme-linked receptor protein signaling pathway, skeletal system  of these nodes were directly or indirectly connected to Src, plas-
development, and embryonic organ development (Fig. 2C). The minogen (PLG), and serpin peptidase inhibitor, clade C (anti-
molecular functions of these differentially expressed genes ap- thrombin), member 1 (SERPINCI1), indicating that these three
peared to be focused toward serine peptidase activity (Fig. 2C).  factors were the central regulators. PLG and SERPINC1 were
Our GO analysis indicates that serine peptidase-based regulation ~ downregulated by ILTV infection, while Src was upregulated (Fig.
of cell proliferation, the cytoskeleton system, and development 2E; see also Fig. S1 in the supplemental material).

through extra- and intracellular signal transduction may be the Srcis akey determinant of ILTV virulence and replication in

primary molecular events that occur in LMH cells upon ILTV ~ LMH cells. In ILTV-infected LMH cells, Src phosphorylation was

infection. greatly increased, although there was only a minor change in the
To determine the central modulator of the molecular network — Src protein level (Fig. 3A).

in LMH cells after ILTV infection, we analyzed the functional Virus-induced cell death results in extensive tissue damage

connections between the proteins encoded by the 608 significant  during the late stages of a virulent virus infection. We sought to
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FIG 2 Genome-wide transcriptome analysis to identify modulators of the host molecular events induced by ILTV infection. (A) Heat map of genes differentially
expressed in LMH cells with or without ILTV infection for which P was <0.001 and the fold change in expression was >1.5. Columns indicate arrays, and rows
indicate genes. Hierarchical clustering analysis identified 297 downregulated genes and 311 upregulated genes following ILTV infection. Values are normalized
by row. Green, a low level of expression; red, a high level of expression. (B) The transcription of genes selected for validation of the microarray data was assayed
by real-time qPCR. Both the microarray and real-time qPCR data are presented as means + SDs (n = 3). (C) Gene ontology analysis of significantly differentially
expressed genes (P < 0.05). The five functions from each subset showing the greatest differential gene expression are listed. (D) Analysis of functional interactions
between the significantly differentially expressed genes reveals that Src, PLG, and SERPINCI are the central modulators of the molecular events induced in LMH
cells upon ILTV infection. (E) Average fluorescence intensities of probes targeting Src, PLG, and SERPINCI on the microarray chip.

determine whether Src had any effect on ILTV-induced cell death  cific chemical inhibitor, SU6656 (48) (Fig. 3B), which interrupts
using two strategies. First, the depletion of Src halted ILTV-in-  Src phosphorylation upon ILTV infection (Fig. 3B). FACS analysis
duced Src phosphorylation at Tyr 416 (Fig. 3A), resulting in the  of PI-stained cells found that ILTV infection in combination with
promotion of the CPE (Fig. 3A). This effect was also evident in  the Src inhibitor resulted in levels of cell death at 2 dpi that were
LMH cells that were pretreated with a well-characterized Src-spe-  4-fold higher than those in cells infected with ILTV alone
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FIG 3 Inhibition of Src enhances the virulence of ILTV and limits ILTV replication in LMH cells. (A) (Right) The depletion of Src in LMH cells was performed
using two siRNAs that target different Src sequences, and the protein levels of total Src and phosphorylated Src (p-SRC) were assessed by immunoblotting at day
2 after ILTV infection. B-Tubulin was used as a loading control. (Left) The depletion of Src promotes the cytopathic effect of ILTV at day 4 postinfection in LMH
cells, as visualized by crystal violet staining. (B) (Right) The protein levels of total Src and phosphorylated Src in LMH cells with or without pretreatment with the
Src inhibitor SU6656 at day 2 after ILTV infection were examined by immunoblotting. (Left) SU6656 promotes the cytopathic effect of ILTV at day 4
postinfection in LMH cells, as visualized by crystal violet staining. In panels A and B, the intensity ratio between the corresponding bands (upper band/lower
band) was determined using Image] and normalized to the ratio of siControl (A) or DMSO (B). (C) Cell death was assayed by fluorescence-activated cell sorting
analysis of the sub-G, population using PI staining. (D and E) Necrosis and apoptosis of ILTV-infected LMH cells depleted of Src or pretreated with SU6656 were
assayed by flow cytometry using annexin V-PI staining. The percentage of necrotic/apoptotic cells is presented as the mean = SD (n = 3).*, P < 0.05. (Fand G)
Total virus production was examined by ILTV-specific real-time quantitative PCR in LMH cells depleted of Src (F, right) or pretreated with SU6656 (G, right)
when all the infected cells were dead (F and G, left). Data are presented as means * SDs (n = 3). *, P < 0.05.

(Fig. 3C). A further detailed analysis using annexin V-PI staining  cells in response to ILTV infection. Along with greater ILTV vir-
revealed a significant enhancement of necrosis and apoptosis in  ulence, inhibition of host Src by either siRNA-mediated Src de-
ILTV-infected cells upon either siRNA-mediated Src depletion or  pletion or the administration of SU6656 resulted in >60% reduc-
the administration of SU6656 (Fig. 3D and E), thereby demon-  tions in virus replication (Fig. 3F and G, right), as determined by
strating that inhibition of Src promoted LMH cell death during qPCR when all virus-infected cells were dead (Fig. 3F and G, left).
ILTV infection. The reduced threshold of ILTV-induced cell death Srcis a key determinant of ILTV virulence and replication in
by Src inhibition suggests that Src prolongs the survival of LMH  chicken embryos. The roles of Src during ILTV infection in vitro
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FIG 4 Dual roles of Src in ILTV infection in chicken embryos treated with serially increasing dosages of SU6656. (A) Survival analysis of embryos treated with
serially increasing dosages of SU6656 (1 = 6). (B and C) Virus production in allantoic fluid (B) and the chorioallantoic membrane (C) was detected by real-time
qPCR. (D) Representative images from histopathological examinations of slides with liver tissue stained with H&E. Bars, 100 pum. (E) Virus production in the
liver was detected by real-time qPCR. Data in panels B, C, and E are presented as means = SDs (n = 6). *, P < 0.05.

were validated in ovo using 9-day-old SPF chicken embryos that
were inoculated through the allantoic cavity with 1 X 10* TCIDs,
of ILTV. Under our experimental conditions, inoculated embryo
deaths occurred by 9 dpi, and all inoculated embryos were dead by
12 dpi (see Fig. S2 in the supplemental material). We first inocu-
lated embryos with ILTV in combination with a serial dilution of
the Src inhibitor SU6656. For the entire observation period (5
dpi), dead embryos were not observed at the lowest dose of
SU6656 tested (25 pg). A dose of 50 g of SU6656 resulted in the
deaths of inoculated embryos by 2 dpi, with the mortality rate
approaching 50% at 5 dpi (Fig. 4A). The highest dose of SU6656
(250 pg) resulted in the deaths of inoculated embryos by 1 dpi; all
inoculated embryos were dead by 3 dpi (Fig. 4A). During the ob-
servation period, there were no embryo deaths in eggs treated with
ILTV alone or in uninoculated eggs treated with the highest dose
of SU6656 alone (Fig. 4A). Thus, the in ovo CPE that we observed
was due to the combined effects of ILTV infection and SU6656
administration. Virus replication in allantoic fluids or CAMs was
quantified by qPCR assays. Virus replication was reduced by
SU6656 in a dose-dependent manner in allantoic fluids and CAMs
(Fig. 4B and C).

Next, to determine whether the effects of the Src oncogene on
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ILTV infection that we observed in the chicken hepatoma cell line
LMH could also be observed in normal liver cells, an in ovo exam-
ination of embryo livers was conducted. Histopathological exam-
inations of slides with liver tissue stained with H&E revealed the
infiltration of lymphocytes in all inoculated embryos (data not
shown). However, different levels of hepatic tissue damage were
observed among the inoculated embryos upon the administration
of serially increasing dosages of SU6656. In embryos inoculated
only with ILTV, necrosis was absent in four of the six samples, and
mild necrosis was observed in the other two (Fig. 4D), while he-
patic tissue necrosis occurred in most of the inoculated embryos
upon coinoculation with SU6656 (with 25 g of SU6656, tissue
necrosis was absent in three embryos, mild in one embryo, mod-
erate in one embryo, and severe in one embryo; with 50 g of
SU6656, tissue necrosis was absent in two embryos, mild in one
embryo, moderate in one embryo, and severe in two embryos;
with 250 g of SU6656, tissue necrosis was moderate two embryos
and severe in four embryos) (Fig. 4D). No necrosis was observed
in the livers of either control embryos or embryos that were inoc-
ulated only with 250 g of SU6656 (Fig. 4D). Consistent with the
findings in LMH cells (Fig. 3F and G), embryo allantoic fluids (Fig.
4B), and CAMs (Fig. 4C), a dose-dependent reduction of virus
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FIG 5 Dual roles of Src in ILTV infection in chicken embryos inoculated with serially increasing dosages of ILTV. (A) Survival analysis of embryos inoculated
with serially increasing dosages of ILTV (1 = 6). (B to D) Virus production in allantoic fluid (B), the chorioallantoic membrane (C), and liver (D) was detected
by real-time qPCR. Low and High, low (1 X 10° TCID5,) and high (1 X 10* TCIDs,) doses of ILTV, respectively. Data are presented as means * SDs (1 = 6).

*, P <0.05.

replication by SU6656 was also observed in inoculated embryos,
as assayed by qPCR (Fig. 4E).

To explore the effect of virus dosage on the virulence and rep-
lication of ILTV in ovo, 9-day-old SPF chicken embryos were in-
oculated with high (1 X 10* TCIDy,) or low (1 X 10° TCIDs,)
doses of ILTV with or without the administration of 100 pg of
SU6656. All embryos inoculated with the high viral dose in the
presence of 100 pg of SU6656 were dead by the end of the obser-
vation period, while no embryo deaths occurred in any other
group (Fig. 5A). SU6656-mediated reductions of viral replication
were observed in the allantoic fluids (Fig. 5B), CAMs (Fig. 5C),
and livers (Fig. 5D) of embryos inoculated with either dose of
ILTV, which rules out the possibility that SU6656 did not affect
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viral replication in embryos inoculated with a low dose of virus,
thereby demonstrating that the difference in survival rates be-
tween the embryos inoculated with high or low doses of ILTV (in
combination with 100 pg of SU6656) resulted from the different
sizes of the viral inoculum.

FAK is required for Src to modulate ILTV infection in LMH
cells. A pathway analysis of the subgroup of differentially ex-
pressed genes most closely connected to Src (see Fig. S3A in the
supplemental material) indicated that the integrin signaling,
focal adhesion, and adherens junction pathways were directly
regulated by Src (see Fig. S3B in the supplemental material).
Despite being involved in a wide range of biological processes
(20-24), it is well-known that Src mediates integrin-focal ad-
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FIG 6 Interaction between Src and FAK during ILTV infection in LMH cells. (A to C) The protein levels of FAK, phosphorylated FAK (p-FAK), Src, and
phosphorylated Src (p-SRC) were assayed in LMH cells with or without ILTV infection upon pretreatment with either PF573228 (A) or SU6656 (B) or upon Src
depletion (C). B-Tubulin or B-actin was used as a loading control. The intensity ratio between the corresponding bands (upper band/lower band) was
determined using Image] and normalized to the ratio of DMSO (A and B) or siControl (C).

hesion signal transduction by interacting with FAK (27, 49).
Thus, we hypothesized that activated FAK is required for Src
activation and the subsequent prolonged survival of LMH cells
following ILTV infection.

Based on the aforementioned hypothesis, we predicted that
ILTV infection would induce FAK activation in LMH cells. Im-
munoblotting results showed that the phosphorylation of Tyr
576/577 of FAK is enhanced by ILTV infection, although the con-
stitutive phosphorylation of FAK at Tyr 397 and the total FAK
levels were unaffected (Fig. 6A to C). In line with the essential role
of the phosphorylation of FAK at Tyr 397 in the Src-mediated
activation of integrin-focal adhesion signaling (26), the adminis-
tration of a widely used FAK-specific chemical inhibitor,
PF573228 (50), not only downregulated the constitutive phos-
phorylation of FAK at Tyr 397 and prevented the phosphorylation
of FAK at Tyr 576/577 but also blocked the phosphorylation of Src
at Tyr 416 in ILTV-infected LMH cells (Fig. 6A). These results
support the involvement of FAK during ILTV infection and sug-
gest that FAK activation is required for Src to regulate ILTV infec-
tion in LMH cells. Further immunoblotting results suggested that
Src activity was indispensable for the phosphorylation of FAK at
Tyr 576/577 during ILTV infection, because the phosphorylation
of FAK at Tyr 576/577 during infection was prevented by pretreat-
ing the cells with either SU6656 (Fig. 6B) or specific siRNAs tar-
geting Src (Fig. 6C). The total FAK level was not significantly
affected by Src inhibition. Taken together, the findings presented
above suggest that there is a positive-feedback loop between Src
and FAK during ILTV infection. Additionally, the constitutive
phosphorylation of FAK at Tyr 397 in LMH cells was also down-
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regulated by SU6656 (Fig. 6B) or specific siRNAs targeting Src
(Fig. 6C), indicating an essential role of basal Src activity in the
maintenance of the constitutive phosphorylation of FAK at Tyr
397 in LMH cells.

Blocking FAK activity through the use of PF573228 exacer-
bated the ILTV CPE (Fig. 7A). The level of apoptosis induced by
ILTV in cells pretreated with PF5732228 was nearly 2-fold higher
than that in DMSO-treated cells at 2 dpi (Fig. 7B). In addition,
ILTV replication was reduced by approximately 79% following
PF573228 treatment (Fig. 7C, bottom), as assayed by qPCR when
all the ILTV-infected cells were dead (Fig. 7C, top). Treatment
with PF573228 in ovo, which did not induce embryo death by itself
but which killed embryos in combination with ILTV infection
during the observation period (data not shown), significantly re-
duced the level of virus production in allantoic fluid (Fig. 7D) and
CAMs (Fig. 7E). Histopathological examinations of slides with
liver tissue stained with H&E showed more severe hepatic tissue
necrosis in inoculated livers upon cotreatment with PF5732228
(with ILTV infection only, tissue necrosis was absent in four inoc-
ulated livers and mild in two; with ILTV infection and PF5732228
treatment, tissue necrosis was found to be mild in one inoculated
liver, moderate in three inoculated livers, and severe in two inoc-
ulated livers) (Fig. 7F). Correspondingly, a significant reduction
of virus replication was observed in embryos inoculated with
PF5732228 (Fig. 7G). Collectively, our in ovo and in vitro data
presented above support the notion that FAK activation is indis-
pensable for Src regulation of ILTV infection.

Taken together and consistent with our hypotheses, our results
demonstrate that Src and FAK interact with each other and play a
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FIG 7 Inhibition of FAK enhances the virulence of ILTV and limits ILTV replication. (A) PF573228 promotes the cytopathic effect of ILTV at day 4 postinfection
in LMH cells, as visualized by crystal violet staining. (B) Necrosis and apoptosis of ILTV-infected LMH cells pretreated with PF573228 were assayed by flow
cytometry using annexin V-propidium iodide staining. The percentage of necrotic/apoptotic cells is presented as the mean = SD (n = 3).*, P < 0.05. (C) (Top)
PF573228 promotes the cytopathic effect of ILTV at day 4 postinfection in LMH cells, as visualized by crystal violet staining. (Bottom) Total virus production in
LMH cells pretreated with PF573228 when all infected cells were dead was examined by ILTV-specific real-time qPCR. (D, E, and G) Virus production in allantoic
fluid (D), the chorioallantoic membrane (E), and liver (G) was detected by real-time qPCR. Real-time qPCR data are presented as means * SDs (n = 6). *, P <

0.05. (F) Representative images of slides with liver tissue examined histopathologically by H&E staining. Bars, 100 pm.

critical role in controlling ILTV virulence and replication in vitro
and in ovo.

DISCUSSION

Targeting the host molecular network that governs the responses
of host cells to ILTV infection is a promising strategy for control-
ling ILT in a way that is independent of host immunity. The un-
derlying mechanisms governing ILTV-host interactions largely
remain unclear, but they are important for developing novel
strategies to control ILT. In the current study, we identified the
Src-FAK interaction to be an essential determinant of ILTV-as-
sociated cell death in LMH cells. Based on our findings, we suggest
amodel where, upon ILTV infection, Src and FAK are phosphor-
ylated and form a positive-feedback loop, thus subsequently re-
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ducing ILTV-induced host cell death but maintaining ILTV rep-
lication at high levels in host cells. However, in cells where either
Src or FAK is inhibited, the phosphorylation of Src and FAK is
disrupted, thereby disrupting the Src-FAK positive-feedback
loop. This has the subsequent effect of enhancing the virulence of
ILTV by making host cells more susceptible to ILTV-induced cell
death, but it also limits ILTV replication. Furthermore, our in ovo
studies revealed that Src inhibition induced death only in heavily
infected embryos and not in embryos with mild infections, al-
though significant reductions in the levels of viral replication were
obtained in both cases (Fig. 5). We speculate that in chickens with
minor ILTV infections, Src or FAK inhibition can help to quickly
clear infected cells and delay disease progression, thereby limiting
pathological damage. In turn, this might provide sufficient time
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for the activation of a host anti-ILTV immune response, thus im-
proving the clearance of residual infected cells. However, in chick-
ens heavily infected with ILTV, the inhibition of host Src or FAK
could exacerbate the pathological effects and even increase the
likelihood of death, although viral replication might still be re-
pressed. Further investigations of the molecular basis of the regu-
lation of ILTV replication and ILTV-induced cell death by the
Src-FAK interaction are required to develop strategies that can
improve ILT control and reduce economic losses during therapy.

Src was the first oncogene identified in the Rous sarcoma virus
(RSV), which infects chickens (19), and it has been implicated in
multiple signaling pathways that regulate processes such as prolif-
eration, survival, death, and angiogenesis (20-24). Src is consid-
ered to be both a survival factor (32, 33) and a death factor (33—
35); however, to the best of our knowledge, the effects of host Src
on host cell death in human or animal herpesvirus infections have
never been reported. The findings from the present study suggest
that Src contributes to the survival of host cells in response to
infection with gallid herpesvirus 1 but that it is not absolutely
required for virus-induced cell death (Fig. 4A to D).

In this study, we found that ILTV infection significantly pro-
moted Src transcription but had a mild effect on the Src protein
level at 2 dpi. Considering that only 10% of cells were positive for
ILTV-glI staining at this time point, the difference in the expres-
sion pattern between the Src transcript and protein may be due to
delayed translation of the Src transcript. We cannot rule out the
possibility that oscillation of the Src mRNA/protein level or any
posttranscriptional mechanism delays or even compromises the
translation of additional Src transcripts. Actually, the increase in
the amount of Src protein caused by ILTV infection may not be
absolutely required for Src to modulate ILTV infection, because
the phosphorylation of Src at Try 416, which maintains Src in an
active conformation, is highly induced after ILTV infection, re-
gardless of the absolute level of Src protein.

The interaction between Src and FAK has been shown to pro-
mote the entry of human herpes simplex virus 1 (HSV-1) into
target cells (30, 31). It is possible that Src-FAK cooperation has a
similar effect on the cellular entry of ILTV. This assumption is
based on the observation that the Src (51) and FAK (52) protein
sequences are highly conserved (>95%) among humans, mice,
and chickens. It has also been shown that HSV-1 VP11/12 can
directly activate a host Src family kinase (53, 54), while glycopro-
teins B, G, and H can activate it indirectly (55, 56). Immunopre-
cipitation of the Src/FAK complex, followed by proteomic se-
quencing in LMH cells infected with ILTV, is needed to directly
identify viral proteins that interact with Src/FAK. The ability of
these candidate viral proteins to activate Src/FAK can be validated
by infecting LMH cells using an ILTV harboring deletions in these
genes. Further integrated, genome-wide high-throughput studies
combined with a functional analysis of certain host factors may be
helpful in exploring the mechanism by which ILTV hijacks host
Src/FAK signaling in chicken cells.

It has been well documented in humans and mice that FAK and
Src function mutually in integrin-mediated signaling: autophos-
phorylation of FAK at Tyr 397, which is stimulated by integrin,
enables FAK to bind to the SH2 domain of Src, thereby resulting in
the phosphorylation of Src at Tyr 416. The phosphorylation of Src
at Tyr 416 in turn promotes the phosphorylation of FAK at Tyr
576 and Tyr 577 (57-60). To uncover the interaction between Src
and FAK activation in our chicken model, the phosphorylation of
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Src at Tyr 416 and all three related FAK tyrosine residues was
detected in detail. Consistent with the prior knowledge of Src and
FAK in humans and mice, the phosphorylation of FAK at Tyr 576
and Tyr 577 upon ILTV infection in our model was dependent on
Src activation (Fig. 6B and C), and the phosphorylation of Src at
Tyr 416 by ILTV infection also required the phosphorylation of
FAK (Fig. 6A). However, the contribution of the phosphorylation
of FAK at Tyr 397 to Src activation by ILTV in LMH cells is still
unclear, because FAK is constitutively phosphorylated at Tyr 397
and is unaffected by ILTV infection (Fig. 6A). The basal activity of
Src is also essential for the maintenance of the constitutive phos-
phorylation of FAK at Tyr 397 (Fig. 6A). Further investigation of
the basal level of phosphorylation of FAK at Tyr 397, as well as its
contribution to Src activation by ILTV in chicken cells in which
FAK Tyr 397 is mutated, is required to answer this question.

Although Src activity may differ between the tumor cell line
LMH and primary cells, considering the instability of the biolog-
ical characteristics of different isolates and the short life span of
primary cells during in vitro culture, the LMH cell line was chosen
in the present study to establish a stable, experimental model for
microarray assays and subsequent mechanistic studies. Given that
the key host determinant of ILTV infection in the tumor cell line
LMH is a well-known oncogene, it was crucial to determine
whether the host Src/FAK-mediated mechanism that we found in
LMH cells is also present in normal cells, especially in vivo. Hence,
we first examined the effect of an Src¢/FAK inhibitor on ILTV rep-
lication in SPF embryos and observed an effect similar to that
caused by the Src¢/FAK inhibitor in LMH cells (Fig. 4 and 7). Fur-
thermore, during the in ovo study, we examined the histopathol-
ogy of the livers of ILTV-infected chicken embryos and assayed
the amount of virus transmitted to the liver. All the results support
the notion that, instead of a tumor cell line-specific event, the
mechanism that we identified in LMH cells is universal in normal
cells and tissues. In addition, we also analyzed the only publicly
available, genome-wide gene expression data for chicken embryo
lung cells infected with a different virulent ILTV strain at an MOI
of 0.1 (18), which again revealed that host Src is the central regu-
lator of the molecular network induced by ILTV infection in host
cells (see Fig. S4 in the supplemental material).

Vaccination using live virus is the primary method by which
ILT is prevented (6). However, latent infections can still lead to
outbreaks when the host immune system is compromised, such as
under stress and at the onset of egg laying (13, 14, 61, 62). There-
fore, novel strategies that are independent of host immunity are
required to successfully control ILT. For example, the administra-
tion of therapeutic agents that target the key determinants and
signaling pathways that govern the interaction between ILTV and
the host at the onset of infection could reduce the extensive use of
live virus-based vaccines. Here, we have uncovered a key determi-
nant of avian ILTV infection, thereby advancing our understand-
ing of the ILTV-host interaction. Our results also support the
notion that manipulating the host molecular response can alter
the biological outcomes of ILTV infection.
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