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ABSTRACT Marek’s disease virus (MDV) is a member of the genus Mardivirus in the
subfamily Alphaherpesvirinae. There are three different serotypes of MDV designated as
MDV-1 (Gallid herpesvirus type 2), MDV-2 (Gallid herpesvirus type 3), and MDV-3 (Meleagrid
herpesvirus 1, herpesvirus of turkeys, HVT). MDV-1 is the only serotype that induces
Marek’s disease (MD), a lymphoproliferative disorder resulting in aggressive T-cell lympho-
mas and paralytic symptoms. In the lymphomas and lymphoblastoid cell lines (LCL) derived
from them, MDV establishes latent infection with limited viral gene expression. The latent
viral genome in LCL can be activated by co-cultivation with chicken embryo fibroblast (CEF)
monolayers. MSB-1, one of the first MDV-transformed LCL established from the splenic lym-
phoma, is distinct in harboring both the oncogenic MDV-1 and non-oncogenic MDV-2
viruses. Following the successful application of CRISPR/Cas9 editing approach for precise
knockdown of the MDV-1 genes in LCL, we describe here the targeted deletion of MDV-2
glycoprotein B (gB) in MSB-1 cells. Due to the essential nature of gB for infectivity, the pro-
duction of MDV-2 plaques on CEF was completely abolished in the MDV-2-gB-deleted MSB-
1 cells. Our study has demonstrated that the CRISPR/Cas9 system can be used for targeted
inactivation of the co-infecting MDV-2 without affecting the MDV-1 in the MSB-1 cell line.
Successful inactivation of MDV-2 demonstrated here also points toward the possibility of
using targeted gene editing as an antiviral strategy against pathogenic MDV-1 and other
viruses infecting chickens.

IMPORTANCE Marek’s disease (MD) is a lymphoproliferative disease of chickens character-
ized by rapid-onset lymphomas in multiple organs and by infiltration into peripheral nerves,
causing paralysis. Lymphoblastoid cell lines (LCL) derived from MD lymphomas have served
as valuable resources to improve understanding of distinct aspects of virus-host interactions
in transformed cells including transformation, latency, and reactivation. MDV-transformed
LCL MSB-1, derived from spleen lymphoma induced by the BC-1 strain of MDV, has a
unique feature of harboring an additional non-pathogenic MDV-2 strain HPRS-24. By tar-
geted deletion of essential gene glycoprotein B from the MDV-2 genome within the MSB-1
cells, we demonstrated the total inhibition of MDV-2 virus replication on co-cultivated CEF,
with no effect on MDV-1 replication. The identified viral genes critical for reactivation/inhibi-
tion of viruses will be useful as targets for development of de novo disease resistance in
chickens to avian pathogens.

KEYWORDS CRISPR/Cas9 editing, MDV-transformed cell line, Marek’s disease virus, gB

arek’s disease virus (MDV-1, Gallid herpesvirus 2, GaHV-2), the causative agent of Marek’s
disease (MD), is an oncogenic herpesvirus (1) inducing complex clinical syndromes
in chickens including immune suppression, paralysis associated with neuronal lymphocytic
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infiltration, and the rapid-onset CD4* T-cell lymphomas (2-4). Genus Mardivirus, where
MDV-1 belongs, also include antigenically related non-pathogenic MDV-2 (GaHV-3) and her-
pesvirus of turkey (HVT, MeHV-1), isolated from chickens and turkeys, respectively. MD has
been controlled for 5 decades by the widespread use of live attenuated vaccines (5, 6) that
include the naturally attenuated MDV-1 strain Rispens (CVI988), MDV-2 strain SB-1, and HVT
strain FC126. One of the major challenges facing the vaccination strategy is the evolution of
viruses toward greater virulence, forcing the need to introduce newer vaccines or alternative
intervention strategies to keep up with rapidly evolving viruses.

The CRISPR (clustered regularly interspaced short palindromic repeat)/Cas9 sys-
tem has become a powerful gene editing tool with many applications in biology,
including manipulation of genomes of several large DNA viruses (7, 8) such as herpes
simplex (9), pseudorabies (10-13), vaccinia (14), Epstein-Barr virus (EBV) (15), guinea pig cyto-
megalovirus (16), duck enteritis virus (17), HVT (18, 19), and MDV-1 (20-22). CRISPR/Cas9 edit-
ing has also been used in the targeted editing of the latent genomes of herpesviruses. For
example, it has been shown that EBV can be efficiently cleared from EBV-transformed human
cell lines by targeting of essential genetic elements of EBV (23). Reduction of Kaposi's
Sarcoma-associated herpesvirus (KSHV) latency has also been demonstrated by editing the
latency-associated nuclear antigen gene (24). In addition, CRISPR/Cas9 editing has also been
used to target the integrated HIV-1 proviral genomes to reduce HIV-1 infection and clear the
provirus, as well as to induce transcriptional activation of latent virus in latent viral reservoirs
for elimination (25-28).

As clonal populations of transformed tumor cells with latent MDV genome and lim-
ited viral gene expression (29-31), lymphoblastoid cell lines (LCLs) derived from MD
lymphomas have served as valuable resources to study virus-host molecular interac-
tions in transformed cells. However, detailed investigations into the functional role of
different viral and host determinants in these cells have been difficult due to the lack
of tools for in situ manipulation of viral/host genomes in MDV-transformed cell lines.
Our recent success in efficient CRISPR/Cas9 editing of the MDV genome in LCLs such as
MDCC-HP8 and MSB-1 has demonstrated the potential for targeted editing of the host
and viral genes to dissect the regulatory pathways associated with latency, transforma-
tion, reactivation and lytic switch (20, 21).

The MDV-transformed LCL MSB-1 (32, 33) has been previously reported to be infected
with both MDV-1 strain BC-1 and MDV-2 strain HPRS-24 (34, 35). MDV-encoded glycoprotein B
(gB), a highly conserved structural protein among alphaherpesviruses, is essential for virus
entry (36), and we have previously shown that CRISPR/Cas9-based editing of gB prevented
HVT infectivity (32). In this report, we have applied the double-sgRNA mediated targeted gene
editing to delete MDV-2 gB gene from MSB-1 cells. Our studies show that deletion of MDV-2
gB in MSB-1 cells resulted in complete abolition of MDV-2 replication in co-cultivated chicken
embryo fibroblast (CEF), while MDV-1 replication remained unaffected. Continued proliferation
of the MDV-2-gB knockout cell lines confirmed that the MDV-2 gB gene is not essential for
maintenance of the transformed state of MSB-1 cell line.

RESULTS

MDV-2 gB deletion in MSB-1. Previously, we have reported on the efficient deletion
of pp38 gene from MSB-1 using a dual gRNA construct expressing Cas9 nuclease and two
gRNAs targeting both ends of pp38 gene in pX330-1 x 2 vector (20). Based on this success,
we used the same approach for deleting MDV-2-gB from MSB-1. For this, we designed three
gRNAs from each end of gB using the online gRNA designing tool and tested each pair of
all possible combinations to maximize the chance of successful gB deletion (Fig. 1a). Nine
pairs of different combinations using the three gRNAs from 5’ end (591, 595, and 5g8) and
three gRNAs from 3’ end (3g1, 392, and 3g6) were cloned into pX330A-1 x 2 (Fig. 1b). For
the targeted deletion of MDV-2 gB from MSB-1 cells, we transfected the dual gRNA construct
into MSB-1, and the editing efficiency was assessed by PCR using specific primers located at
the flanking region of Cas9-targeting sites. DNA from unedited cells generated a 2,582 bp PCR
product (Fig. 1b). In contrast, DNA from Cas9/gRNA-transfected cells should generate the
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FIG 1 Deletion of MDV-2-gB by CRISPR/Cas9 editing in MSB-1 cells. (a) Three gRNAs from each end of MDV-2-gB were designed. The direction of each
gRNA is indicated by arrows. Target sequence is underlined/overlined, and the cleavage site is indicated by pointers. Nucleic acid numbers for the gB gene
are also indicated. (b) PCR amplification of the edited region with primers gB-N-F and gB-C-R on the cell lysates of transfected MSB-1 cells using different
pairs of gRNAs (C1 to C9) at 24 h posttransfection (left) and on isolated single-cell clones 6B20 and 6B25 (right). Red asterisk indicates the transfected cells
(left) or single cell clones (right) containing the edited band. The unedited MSB-1 was also included as control. (c) The nucleic acid sequences of the
truncated/edited PCR product showing the successful deletion of MDV-2 gB. Target sequence is underlined, PAM sequence is in green and the cleavage
site is indicated by a pointer. The inserted sequence in clone 6B20 induced by NHEJ repair pathway is in red.

unedited 2,582 bp PCR product and/or a smaller edited band that corresponded to the
deleted region between the two Cas9 cleavage sites amplified from edited cell population.
The sizes of the edited smaller bands could vary between the different pairs of gRNAs. As
shown in Fig. 1b, smaller bands were generated from four out of nine gRNA pair combi-
nations, with 199 bp from C2 (5g1 + 3g2), 117 bp from C4 (595 + 3g1), 232 bp from C6
(595 + 3g6), and 212 bp from C8 (598 + 3g2), respectively. No smaller bands were observed
from the remaining five pairs gRNA transfection, indicating that only four of these gRNA pairs
were effective in MDV-2-gB gene deletion.

Single cell clones of transfected/edited MSB-1 cells were then sorted and analyzed by
PCR to assess the editing pattern at single cell level. Sixty-three single cell clones from C2
transfection, 110 from C4 transfection, 63 from C6 transfection, and 69 from C8 transfection
were analyzed. As expected, most of the clones showed only the unedited band (data not
shown). Out of 305 single cell clones from four transfections, only two clones, 6B20 and
6B25, from C6 transfection showed complete editing with only smaller band (Fig. 1b).
Sequence analysis of the edited band confirmed that it represented the potential end join-
ing product of the DNA ends from cleavage at the predicated Cas9 target sites (Fig. 1c).

Deletion of MDV-2-gB in MSB-1 inhibits MDV-2 replication in co-cultivated CEF.
MSB-1 cells are latently infected with pathogenic BC-1 strain and non-pathogenic HPRS-24.
Lytic replication and infectivity of these two viruses can be demonstrated from the low num-
ber of the virus plaques on primary CEF when co-cultivated with MSB-1 cells. We speculated
that targeted deletion of the essential gB gene from the latent HPRS-24 genome in the MSB-1
should result in specific inhibition of MDV-2 plaques on co-cultivated CEF, with no effect on
the MDV-1 plaques. To test this, we assessed the infectivity of the latent MDV-2 by co-cultivat-
ing the MDV-2-gB deleted MSB-1 clones 6B20 and 6B25 cells onto CEF. To increase the effi-
ciency of latency to lytic switch, cells were treated with histone deacetylase (HDAC) inhibitor
sodium butyrate (NaB) at 2.5 mM concentration for 48 h before co-cultivation of 10° cells with
CEF monolayer. Identity of the virus plaques formed on CEFs were confirmed by immunofluo-
rescence assay (IFA) using MDV-1-gB-specific monoclonal antibody (MAb) HB3 and MDV-2-
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FIG 2 Inhibition of MDV-2 virus by successful deletion of MDV-2-gB in MSB-1 cells. (a) Detection of reactivating MDV-1 and MDV-2 by IFA using MDV-1 and
MDV-2 gB-specific monoclonal antibodies HB3 and Y5, respectively, on plaques formed by co-cultivation of wild-type MSB-1, MDV-2-gB-deleted clones 6B20
or 6B25, and CEF. (b) MDV-1 and MDV-2 genome copies in MSB-1 and MSB-1-AMDV-2-gB cells at different passages measured by qPCR. (c) Detection of
HB3-positive (red) MDV-1-gB-specific plaques in CEF co-cultivated with MSB-1 and MDV-2-gB-deleted cells, but Y5-positive (green) MDV-2-gB-specific
plaques only in co-cultivated MSB-1 cells, confirmed the inhibition of MDV-2 in gB-deleted cells. The secondary antibodies are Alexa Fluor 488 goat anti-
mouse IgG1 for MDV-2-gB expression and Alexa Fluor 568 goat anti-mouse IgG2b for MDV-1-gB expression. Pictures were taken with 100x magnification. The

scale bar, 100 um.

gB-specific MAb Y5. As demonstrated in Fig. 2a, the numbers of MDV-1-gB positive plaques
formed on CEF were similar from both parental MSB-1 (n = 75 £ 5) and MDV-2-gB deleted
MSB-1 clones 6B20 (n = 73 = 8) and 6B25 (n = 71 = 6). However, MDV-2 gB positive pla-
ques were detected only in the parental MSB-1 (n = 16 = 1), with no MDV-2 plaques de-
tectable in the co-cultivated 6B20 and 6B25 cells, confirming the functional effects of
MDV-2-gB deletion. Formation of fewer numbers of MDV-2 plaques in the co-cultivated
MSB-1 cells compared with the numbers of MDV-1 plaques reflected the lower copy num-
ber of MDV-2 genome in relation to the MDV-1 genome copies in the MSB-1 cells, where
approximately five MDV-1 copies and one MDV-2 copy are detected in MSB-1 cells (Fig.
2b). Importantly, the plaque numbers of the two viruses formed in cocultured CEF are pro-
portional to the genome copy numbers in MSB-1. Moreover, detection of both MDV-1 and
MDV-2 gB antigens in the virus plaques produced only with the co-cultivated parental
MSB-1 cells (Fig. 2c), further confirmed the inhibition of MDV-2 growth as a result of the
successful deletion of MDV-2-gB in 6B20 and 6B25 cells.

Having demonstrated that in situ deletion of the essential gB gene from the latent
HPRS-24 genome results in targeted inhibition of MDV-2 replication in co-cultivated CEF
(Fig. 2), we wanted to obtain further evidence of virus replication by measuring both viral
genome replication and viral gene expression in CEF. For viral genome replication, we meas-
ured the dynamic changes of the viral genome copy numbers of both MDV-1 and MDV-2 in
CEFs co-cultivated with MSB1 or MDV-2-gB deleted clones 6B20 and 6B25 at day 1, 3, 5, and
7 post-co-culturing by qPCR as described previously (37). As shown in Fig. 3a, the genome
copy numbers were initially dropped for both MDV-1 and MDV-2 viruses in all cocultured
cells, reflecting the gradual removal of the added cells attached to the CEF monolayer after
continuous washing when CEFs were being harvested. The genome copy numbers of MDV-
1 started increasing after 3 days in all three cocultured CEF samples, indicating the steady
replication of the MDV-1 viruses after reactivation. In contrast, the viral genome copy num-
ber of MDV-2 only increased in MSB-1 but continued decreasing to undetectable level after
5 days in 6B20 and 6B25 where the MDV-2-gB has been deleted. These results clearly show
that the reactivation of MDV-2 was inhibited when gB was deleted. For further confirmation
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FIG 3 Deactivation of MDV-2 virus detected by qPCR and qRT-PCR. (a) MDV-1 and MDV-2 genome copies in CEF cocultured with MSB-1 and MSB-1-AMDV-
2-gB clones measured by qPCR. Expression of MDV-1 genes Meq and pp38 (b) and MDV-2 genes gB, gK, and DNA-polymerase (c) measured by qRT-PCR
(normalized to GAPDH) in RNA extracted from CEFs co-cultivated with MSB-1 and MSB-1-AMDV-2-gB clones 6B20 and 6B25. MDV-1 vaccine strain CVI988
and MDV-2 prototype vaccine strain SB-1 infected CEF were used as controls. Results represent the mean of triplicate assays with error bars showing the

standard errors of the mean.

of inhibition of MDV-2 virus replication, we analyzed the transcript levels of selected genes
Meq and pp38 of MDV-1 and gB, gK and DNA polymerase of MDV-2 by quantitative RT-PCR
in CEF co-cultivated with either parental MSB-1 or MDV-2-gB-deleted MSB-1 clones 6B20 and
6B25. As expected, expression of MDV-1 genes Meq and pp38 were readily detectable in
MSB-1, 6B20 and 6B25 cocultured CEF (Fig. 3b), whereas the expression of MDV-2 genes was
only detected in CEF co-cultivated with MSB-1, but not 6B20 and 6B25 (Fig. 3c). Absence of
MDV-2-gB positive plaques, reduction in the copy numbers of the MDV-2 genomic DNA and
lack of detectable MDV-2 gene expression by qRT-PCR in 6B20 and 6B25 cocultured CEF, fur-
ther confirmed the functional consequences of the successful deletion of MDV-2-gB from
MSB-1 cell line resulting in inhibition of the MDV-2 reactivation.

MDV-2 gB is not essential in maintaining the transformed phenotype of MSB-1.
As an essential gene in all herpesviruses, gB is required for infectivity and functions in
penetration of cells by promoting fusion of the virion and plasma membranes. In majority of
MSB-1 cells, where both MDV-1 and MDV-2 are thought to be latent state, gB is not expressed.
Based on this, we predicted that targeted deletion of MDV-2 gB will have no effect on the
growth of MSB-1 cells. To test this, we carried out kinetic monitoring of proliferation of the
wild type MSB-1 and the MDV-2-gB deleted clones 6B20 and 6B25 using IncuCyte S3 Live-Cell
Imaging system. As shown in Fig. 4, the cell proliferation data in real time from the images col-
lected at 4-h intervals showed that there was no significant difference between the MDV-2-gB
deleted clones and parental MSB-1 cells. This result has confirmed the hypothesis that MDV-2-
gB was not essential for the continued proliferation of the transformed cells.

Effect of MDV-2-gB deletion on expression of selected viral genes and miRNAs.
Having demonstrated that in situ deletion of MDV-2-gB in the MDV-transformed LCL
MSB-1 resulted in the targeted inhibition of MDV-2 reactivation on co-cultivated CEF,
we wanted to examine whether gB deletion had any effect on the expression of other
MDV-encoded genes. For this, we compared the relative transcript levels of selected MDV-2
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FIG 4 Proliferation of the MSB-1 and MSB-1-AMDV-2-gB clones monitored in real-time using IncuCyte S3 live imaging
system. Cell phase object confluence of each cell population was determined every 4 h for 168 h from four separate
regions per well and four wells per sample by IncuCyte S3 and compared with MSB-1 control. Growth curves are shown

as mean =* standard error (SE) representative of three independent experiments.

genes gB, gK and DNA polymerase in the parental MSB-1 and MDV-2-gB deleted clones
6B20 and 6B25. Additionally, we also examined the expression of MDV-1 gene Meq, one of
the few expressed genes in MDV transformed cell line, and pp38 that are only expressed in
minor population of spontaneously reactivated cells. CEF infected with MDV-2 vaccine strain
SB-1 and MDV-1 vaccine strain CVI988 were used as the controls. Host gene GAPDH was
included for normalization. As demonstrated in Fig. 5a, Meq and pp38 are still expressed
although the level of pp38 expression decreased after deletion of MDV-2 gB. The absence of
MDV-2 gB, gK and DNA polymerase genes before and after MDV-2-gB deletion demon-
strated the latent nature of these genes that was unaffected by the deletion (Fig. 5b). We
also examined the expression of host miRNA let-7a; MDV-1-encoded miRNAs MDV1-miR-M4
and miR-M11; MDV-2-encoded miRNAs MDV2-miR-M16; miR-M21; miR-M22; and miR-M30
on RNA extracted from parental and MDV-2-gB deleted MSB-1 cells. The expression of these
miRNAs was normalized to the host U6 expression. As shown in Fig. 5¢, the selected host
and viral miRNAs are expressed before and after deletion of MDV-2-gB in MSB-1 although
the expression level of MDV-2 miRNAs has increased. In addition, both MDV-1 and MDV-2
genome in the edited cells are stable as demonstrated by the same genome copy numbers
of both MDV-1 and MDV-2 following continuous passages (Fig. 2b).

DISCUSSION

CRISPR/Cas9 is revolutionizing genome editing approaches for a wide array of appli-
cations and across multiple disciplines due to its high efficiency, specificity, versatility,
flexibility, simplicity, and low cost. Engineering viral genomes is becoming a key tool
for studies of the structure and function of viral protein-coding genes and non-coding
RNAs, virus-host interactions, development of recombinant vaccines, and gene therapy
applications. MDV-transformed LCLs derived from MD lymphomas are valuable tools
to study many aspects of virus-host interactions including transformation, latency, and
reactivation. Compared with other MD LCLs, MSB-1 is distinct that it is infected not
only by the pathogenic MDV-1 strain BC-1, but also by the non-pathogenic MDV-2
strain HPRS-24 (34). Although source of HPRS-24 infection in this cell line has not been
identified, the bird from which MD lymphoma was induced may have already been
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FIG 5 MDV miRNAs and viral gene expression in MSB-1 and MSB-1-AMDV-2-gB clones. Expression of MDV-1
genes Meq and pp38 (a) and MDV-2 genes gB, gK, and DNA polymerase (b) measured by qRT-PCR (normalized
to GAPDH) in RNA extracted from MSB-1 and MSB-1-AMDV-2-gB clones. Results represent the mean of
triplicate assays with error bars showing the standard errors of the mean. (c) Expression of MDV-1 miRNAs miR-
M4, 11 and MDV-2 miRNAs miR-M16, 21, 22, 30, and host miRNA let-7a measured by qRT-PCR (normalized to
U6 snRNA). Results represent the mean of triplicate assays with error bars showing the standard errors of the
mean. Data was analyzed by two-way ANOVA (analysis of variance) with Tukey’s multiple comparisons using

GraphPad Prism version 7.01. *, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001.

infected with MDV-2 strains, as has been observed in many other clinical samples we
have examined (unpublished data). As a non-pathogenic strain, it is unlikely that the
MDV-2 strain had a direct role in the induction of lymphoma. However, the effects of
the co-infected MDV-2 strain on the MSB-1 milieu, particularly on virus-host interac-
tions in relation to the virus latency and reactivation, remain unclear. Targeted deletion
of essential gene such as gB from the MDV-2 genome within the MSB-1 cells, could
potentially be an approach to explore direct effects of MDV-2 in this cell line. We have
recently described the application of CRISPR/Cas9 editing approach for in situ editing
of the MDV-1 gene pp38 and miRNA MDV1-miR-M4 in LCL (20, 21). Here we use the
same approach for targeted deletion of MDV-2 gB from MSB-1 cells to demonstrate
the total inhibition of MDV-2 virus replication in co-cultivated CEF.

Several online tools and software for designing the gRNAs and providing a predic-
tive value that ranks the gRNAs based on on-target and off-target activities are avail-
able. However, not all of gRNAs work well even with high-ranking scores (38, 39).
Because of this, more gRNAs are often being tested to achieve the desired results.
Gene disruption/knockout could be achieved by single gRNA, dual gRNAs, or multiple
gRNAs. The number of gRNAs required for efficient gene disruption solely depends on
the efficiency of gRNA being used. For example, a single gRNA was sufficient to disrupt
GFP expression (40), and no escape mutant emerged when the GFP labeled HVT virus
was targeted by this gRNA (41). A recent study has shown that the replication of very
virulent MDV strain RB-1B was impaired by up to 50% using single gRNAs targeting the
essential genes and was completely abrogated using multiple gRNAs (42). We have
been using two gRNAs located either end of the gene successfully for knockout of
MDV genes (20, 22) and miRNAs (21, 43). Our current study has shown that four out of
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nine gRNA pairs from different combinations of three high scoring gRNAs at either end
of MDV-2 gB designed by Zhang Lab CRISPR design algorithm (http://crispr.mit.edu)
generated small bands, demonstrating successful cleavage of both targeting sites (Fig. 1).
Despite this relatively high editing efficiency, only two single cell clones were isolated from
one of the four edited populations. The low recovery rate of the edited clones agrees with
our previous observations (21, 43).

Demonstration of MDV-1 (HB3*)- and MDV-2 (Y5 *)-specific plaques respectively on CEF
co-cultivated with MSB-1 (Fig. 2) has confirmed the previous reports on the dual infection in
this cell line (34, 35). Absence of MDV-2 replication indicated by the lack of MDV-2 gB posi-
tive plaques detected by IFA (Fig. 2), the MDV-2 genomic DNA detected by qPCR, as well as
the MDV-2 gB, gK and DNA polymerase-specific transcript detected by qRT-PCR (Fig. 3)
when MDV-2 gB deleted MSB-1 clones cocultured with CEF have further confirmed that the
reactivation of MDV-2 has been abolished completely by the MDV-2 gB deletion in MSB-1.
As gB is a latent gene in MDV transformed cells, it is not surprising that the proliferation of
MSB-1 with MDV-2 gB deletion was not affected (Fig. 4). Our study also evaluated the effect
of MDV-2 gB deletion on the expression of selected viral genes and miRNAs. MDV-1-
encoded pp38 is a lytic gene expressed only in cells with reactivating virus, and the
decreased level of pp38 expression reflects that lower percentage of such cells. MDV-2 in
the MSB-1 cells is also considered to be in a latent state as evidenced by the absence of
expression of gB, gK and DNA polymerase genes (Fig. 5b). On the other hand, we did see
the expression of MDV-1 and MDV-2 miRNAs, as demonstrated previously (35).

In this study, we have demonstrated the successful use of CRISPR/Cas9 editing for
selective inhibition of a fully infectious herpesvirus from a virus-transformed cancer
cell line. Application of gene editing has been explored as an antiviral tool to cure
infected cells of different viruses (44). Studies on inhibition of MDV replication in vitro
and in vivo using CRISPR/Cas9 editing have become attractive in developing new inter-
vention strategies in MD control. Hagag et al. has shown that combining gRNAs target-
ing two or more essential genes of MDV-1 completely abrogated virus replication and
no escape mutants were observed upon serial passaging (42). A more recent study has
demonstrated significant in vivo inhibition of MDV by expressing Cas9 and gRNA
against ICP4 in transgenic chickens (45). In the current study, it is demonstrated that
two gRNAs are sufficient to abolish the reactivation of MDV-2 virus. The approach
described here can be used not only for identification of MDV genes involved in reacti-
vation, but also for identification of essential genes for virus replication. The identified
viral genes critical for inhibition of viruses can be used as targets for development of
de novo disease resistance in chickens to avian viral pathogens, including other tumori-
genic viruses. The strategy should also facilitate future analysis of the role of individual
MDV genes and host genes in latency, transformation, reactivation, and host-virus
interactions.

MATERIALS AND METHODS

Cell culture and viruses. CEF used in this study were prepared from 10-day old Valo SPF embryos
(ValoBioMedia GmbH, Osterholz-Scharmbeck, Germany). Cells were cultured in M199 medium (Life
Technologies, Paisley, UK), supplemented with 5% fetal bovine serum (FBS, Sigma, Dorset, UK), 100 units/mL of
penicillin and streptomycin (Life Technology), 0.25 wg/mL Fungizone (Sigma), and 10% TPB (tryptose phosphate
broth, Sigma). A commercial SB-1 vaccine strain (SB-Vac) of MDV-2 used in this study is from Intervet UK Ltd.
(Milton Keynes, UK). The MDV-transformed MSB-1 LCL from a spleen lymphoma induced by the BC-1strain of
MDYV (33) was grown at 38.5°C in 5% CO, in RPMI 1640 medium (Thermo Fisher Scientific) containing 10% fetal
bovine serum, 10% TPB, 1% sodium pyruvate solution (Sigma), and 100 units/mL of penicillin and streptomycin.

Construction of gRNA constructs. The Zhang Lab CRISPR design algorithm (http://crispr.mit.edu/)
was used to design guide RNAs targeting both ends of MDV-2-gB gene of HPRS-24 strain. Three highest
scoring gRNAs with a low probability of off target cleavage events from each end of gB sequence were
chosen. Nine pairs of different combinations were cloned into CRISPR/Cas9 dual gRNA vector pX330A-
1 x 2 as described previously (22). The oligonucleotides used are listed in Table 1.

Generation and characterization of MSB-1-AMDV-2-gB cell line. NEPA21 Electroporator (Sonidel
Limited, Dublin, Ireland) was used for the transfection of MSB-1 cells. For the deletion of MDV-2-gB,
1 x 10° of MSB-1 were resuspended in 96 uL Opti-MEM medium (Thermo Fisher Scientific) and mixed with
10 ng of Cas9/gRNA expression plasmid in 4 uL Opti-MEM to make a total volume of 100 uL and electropo-
rated with optimized condition at voltage 175 V and a pulse width 1 ms of poring pulse for MSB-1. At 24 h
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TABLE 1 List of primer sequences

Primer Sequence (5'-3')

5g1-F CACCGTTCTTCGGCCGAGTCGCGA
5g1-R AAACTCGCGACTCGGCCGAAGAAC
5g5-F CACCGGCCCAAAACGTAACGTCGC
5g5-R AAACGCGACGTTACGTTTTGGGCC
5g8-F CACCGTTCCCGCGACGTTACGTTT
598-R AAACAAACGTAACGTCGCGGGAAC
3g1-F CACCGCGATAATCTATCGTAGTGC
3g1-R AAACGCACTACGATAGATTATCGC
3g2-F CACCGATGGCGTTGGTGTCCGCAG
392-R AAACCTGCGGACACCAACGCCATC
3g6-F CACCGATGATAAAATATATGGCGT
3g6-R AAACACGCCATATATTTTATCATC
gB-N-F TCAGTGGGATCTGCGTTCCA
gB-C-R TCCGAATCAGAGTACACAGGC
MDV-1-pp38-F GATTCCACCTCCCCAGAATCC
MDV-1-pp38-R CAGAGAATGCAACAATGCGT
MDV-1-Meq-F GGTCTGGTGGTTTCCAGGTGA
MDV-1-Meg-R GCATAGACGATGTGCTGCTGA
MDV-2-gB-F AATTCAACACCCCCGAGTCC
MDV-2-gB-R ACGCCATAAAACGGGGACAT
MDV-2-gK-F GTTTGCAGAAGTTGCCCCAG
MDV-2-gK-R TCGTTCATATCGCACGAGGG
MDV-2-pol-F GCATGCGGGAAGAAAAGAG
MDV-2-pol-R GAAAGGTTTTCCGCTCCCATA
GAPDH-F GTCAACGGATTTGGCCGTAT
GAPDH-R CCACTTGGACTTTGCCAGAGA
ovoF CACTGCCACTGGGCTCTGT

ovoR GCAATGGCAATAAACCTCCAA

postelectroporation, 1 x 10° cells were harvested and analyzed by PCR using primers gB-N-F and gB-C-R fol-
lowed by single cells sorting into 96 wells. After 7 days incubation, cells were collected and analyzed by PCR
using 1 uL of the extracted DNA template with primers outside the targeting sites to identify the correct MDV-
2-gB gene knocked-out clones.

Single cell sorting. For single cell cloning, cells were washed twice with PBS containing 5% FBS and
centrifuged at 450 g for 5 min at room temperature. The cell pellets were resuspended in cold PBS/5% FBS and
sorted into 96-well U-bottom plate (Corning) with growth medium by FACS using FACSAria Il (BD bioscience).

Growth of MSB-1-AMDV-2-gB cells. The growth of MSB-1-AMDV-2-gB cells along with non-edited
parental MSB-1 cells were monitored by IncuCyte S3 live cell imaging (Sartorius AG, Gottingen,
Germany). Briefly, 8,000 cells were seeded in a 96-well plate and images were captured every 4 h for 168 h from
four separate regions per well using a 10x objective. By recording the phase object confluence, the growth of
MSB-1-AMDV-2-gB clones 6B20 and 6B25 were compared with parental MSB-1. IncuCyte data were analyzed by
two-way ANOVA (analysis of variance) with Tukey’s multiple comparisons using GraphPad Prism version 7.01
(GraphPad Software, Inc, San Diego, CA, USA). The results were shown as mean =+ standard error (SE) from four
replicates each with four separate regions per well representative of three independent experiments.

Reactivation of MDV from MSB-1-AMDV-2-gB cell line. Following treatment with NaB at 2.5 mM
concentration, 1 x 10° of MSB-1 or mutant clones were co-cultivated with CEF monolayers in 6-well
plates for 48 h (20). CEF monolayers were fixed with 4% paraformaldehyde and permeabilized with 0.1%
Triton X-100 after 5 days incubation. The expression of MDV-2-gB was evaluated by IFA using fluorescence mi-
croscopy. The cells were stained with MDV-2-gB specific MAb Y5 (kindly provided by Dr. LF. Lee, USDA-ADOL,
Mi) followed by secondary Alexa Fluor 488 goat anti-mouse IgG1 antibody for MDV-2-gB expression, and MDV-1-
9B specific MAb HB3 (https://www.immunologicaltoolbox.co.uk/search?query=HB3) followed by secondary Alexa
Fluor 568 goat anti-mouse IgG2b antibody for MDV-1-gB expression. Images were taken using a Leica DM IRB
microscope (Leica Microsystems, Wetzlar, Hesse, Germany). Plaque number in 6-well plates was counted after
staining with Y5 and HB3 followed by secondary antibody IRDye 680RD Goat anti-Mouse. The results were visual-
ized using Odyssey Clx (Li-Cor).

qRT-PCR analysis of miRNA and gene expression in MSB-1-AMDV-2-gB cells. The expression level
of miRNAs was analyzed using the TagMan MicroRNA Assay System (Life Technologies) using 10 ng total RNA
as a template for reverse transcription. Each reverse transcription reaction was tested by PCR in triplicate and
performed twice independently. For relative quantification of host miRNA let-7a (Assay ID: 000377), MDV-
encoded miRNAs MDV1-miRNA-M4 (Assay ID: 007333_mat), MDV1-miRNA-M11 (Assay ID: 005454_mat),
MDV2-miRNA-M16 (Assay ID: 243682_mat), MDV2-miRNA-M21 (Assay ID: 006915_mat), MDV2-miRNA-M22
(Assay ID: 242599_mat), and MDV2-miRNA-M30 (Assay ID: 008351_mat) in MSB-1-AMDV-2-gB, all values were
normalized to the expression of the endogenous U6 (Assay ID: 001973), and levels were calculated as fold-expres-
sion change relative to those from MSB-1. For relative quantification of viral genes in MSB-1-AMDV-2-gB and
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cocultured cells with CEF, all values were normalized to the expression of the endogenous GAPDH gene, and lev-
els were calculated as fold-expression change relative to MSB-1 and MSB-1 cocultured with CEF, respectively.

Determination of viral genome copy number. Following treatment with NaB at 2.5 mM concentra-
tion for 48 h, 1 x 10° of MSB-1 or mutant clones were co-cultivated with CEF monolayers in 6-well
plates. After 24 h coculturing, the CEF cells were washed with PBS and cultured with fresh medium after
removing the cocultured cells. At 1-, 3-, 5- and 7-days postinfection, infected cells were harvested after
washing with PBS followed by DNA extraction using the DNeasy 96 blood and tissue kit (Qiagen,
Manchester, UK) for real-time qPCR to determine MDV-1 and MDV-2 genome copy number, using the
methods described previously (37). Real-time qPCR carried out to detect the MDV-1 Meq gene, MDV-2
polymerase, and the chicken Ovo transferrin gene enabled calculation of MDV-1 and MDV-2 genome
copies per 10,000 cells using a dilution series of pCVI988 BAC DNA, pSB-1 BAC DNA, and p-GEM-T-ovo to
produce a standard curve, respectively. The details of the primers which include MDV-1-Meqg-F/MDV-1-
Meg-R for Meq, MDV-2-pol-F/MDV-2-pol-R for MDV-2 polymerase, and ovoF/ovoR for ovotransferrin
gene are listed in Table 1. PCR amplification was carried out in a 20-uL reaction volume with 10 ulL of
ABsolute Blue gPCR Low ROX Mix (Thermo Fisher Scientific), 0.5 uM forward and reverse primers, 0.2 uM
probes, and 4 ulL extracted DNA. The PCR conditions used were 95°C for 2 min, followed by 40 cycles at
95°C for 15 s and 60°C for 1 min. All gPCR tests were run in triplicate on the ABI 7500 Fast real-time PCR sys-
tem (Thermo Fisher Scientific).
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