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Abrogation of Marek’s disease virus 
replication using CRISPR/Cas9
Ibrahim T. Hagag1,2, Darren J. Wight1, Denise Bartsch3, Hicham Sid3, Ingo Jordan4, 
Luca D. Bertzbach1, Benjamin Schusser3* & Benedikt B. Kaufer1*

Marek’s disease virus (MDV) is a highly cell-associated alphaherpesvirus that causes deadly 
lymphomas in chickens. While vaccination protects against clinical symptoms, MDV field strains can 
still circulate in vaccinated flocks and continuously evolve towards greater virulence. MDV vaccines 
do not provide sterilizing immunity, allowing the virus to overcome vaccine protection, and has 
increased the need for more potent vaccines or alternative interventions. In this study, we addressed 
if the CRISPR/Cas9 system can protect cells from MDV replication. We first screened a number of 
guide RNAs (gRNAs) targeting essential MDV genes for their ability to prevent virus replication. 
Single gRNAs significantly inhibited virus replication, but could result in the emergence of escape 
mutants. Strikingly, combining two or more gRNAs completely abrogated virus replication and no 
escape mutants were observed upon serial passaging. Our study provides the first proof-of-concept, 
demonstrating that the CRISPR/Cas9 system can be efficiently used to block MDV replication. The 
presented findings lay the foundation for future research to completely protect chickens from this 
deadly pathogen.

Marek’s disease virus (MDV) is a cell-associated alphaherpesvirus that infects chickens and causes annual eco-
nomic losses of up to two billion dollars worldwide1,2. MDV is highly oncogenic in its natural host and causes 
mortalities of up to 100%1,3. These high mortality rates are due to clinical disease, virus-induced immunosup-
pression and T cell lymphomas, which are considered one of the most frequent cancers in animals4,5. Moreover, 
this natural virus-host model is used to investigate virus-induced lymphoma formation. To date, widespread 
vaccinations with live-attenuated vaccines are the only means to minimize losses caused by MDV6. However, 
vaccines do not provide sterilizing immunity and allow MDV field strains to infect, replicate and shed in vac-
cinated flocks. In addition, it has been hypothesized that MDV vaccines select for more virulent strains that can 
overcome the vaccine hurdle7.

The MDV genome is a double stranded DNA (dsDNA) of approximately 180 kilo base pairs, containing 
two unique regions, the unique long (UL) and the unique short (US). These two unique regions are flanked by 
inverted repeats, two internal repeats (long (IRL) and short (IRS)), and two terminal repeats (long (TRL) and 
short (TRS))8,9. Like other alphaherpesviruses, MDV also has a complex replication cycle of about 18–20 h10 that 
is thought to be similar to what was observed for other herpesviruses11,12. Upon entry into a susceptible cell, the 
viral genome is released into the nucleus followed by immediate expression of the major viral transactivator ICP4 
(infected cell protein 4). ICP4 inhibits the innate cellular defence machinery and serves as a strong transcriptional 
regulator13–15. Next, the DNA polymerase UL30 synthesizes viral genomic DNA as long head to tail concatemers 
by rolling circle replication16,17. Upon packaging of intact viral genomes, tegument proteins including the UL49 
are essential for nuclear egress and maturation of assembled viral particles, which acquire their final envelope 
via budding from trans-Golgi vesicles11,18,19.

The CRISPR/Cas9 is an adaptive immune mechanism in bacteria and archaea that targets foreign nucleic 
acids of invading viruses20–22. The CRISPR/Cas9 system consist of the Cas9 nuclease and a guide RNA (gRNA), 
which targets the complex to complementary DNA sequences that are then cleaved by Cas923. This system has 
been widely used to edit the genomes of a plethora of cells and was used in many publications on human and 
animal viruses24–26.
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Here, we set out to use the CRISPR/Cas9 system to completely abrogate MDV replication. We identified single 
gRNAs that significantly inhibited virus replication but allowed emergence of escape mutants in some cases. In 
contrast, simultaneous targeting of two or more MDV genes with gRNAs completely abrogated virus replication 
and no escape mutants were observed. Thus, our study provides a basis for the application of CRISPR/Cas9 as a 
powerful tool to block MDV replication.

Results
Targeting of essential viral genes impairs MDV replication.  To uncover if the CRISPR/Cas9 system 
can be used to inhibit replication of the highly cell-associated MDV, we designed gRNAs targeting essential 
MDV genes. Two independent gRNAs were generated for each of the following genes (Fig. 1A): capsid portal 
protein (UL6), major capsid protein (UL19), glycoprotein B (UL27), DNA polymerase (UL30), tegument protein 
UL49, and infected cell protein 4 (ICP4). Alignments of multiple MDV genomes confirmed the high sequence 
conservation of our selected target sequences. To determine the impact of these gRNAs on MDV replication, 
we infected cells expressing Cas9 and individual gRNAs with 100 plaque-forming units (pfu) of the very viru-
lent RB-1B strain expressing a GFP reporter. Plaque size assays revealed that individual gRNAs significantly 
impaired virus replication and spread in the culture (Fig. 1B). Importantly, the gRNAs targeting UL27, UL30, 
UL49 and ICP4 decreased plaque sizes by more than 50% (p < 0.001, Fig. 1B and S1), highlighting that a single 
gRNA targeting the MDV genome can strongly impair virus replication.

Multiple gRNAs completely abrogate virus replication.  Next, we tested if combining multiple gRNAs 
is more effective in blocking MDV replication. To achieve this, we combined the four gRNAs that reduced MDV 
plaque sizes by more than 50% in pairs (2×) and all together in a single vector (4×). In addition, we used gRNAs 
targeting the HHV-6 genome as a negative control. To assess the efficiency of multiple gRNAs in inhibiting MDV 
replication, we infected cells expressing Cas9 and one or more gRNAs with 100 pfu of RB-1B and assessed plaque 
numbers, plaque sizes and genome replication (Fig. 2). Only very few and small plaques were observed in cells 
expressing a combination of two or four gRNAs (Fig. 2A). The plaque sizes were significantly decreased by more 
than 90% (p < 0.001, Fig. 2B) compared to the controls, while single gRNAs only reduced the plaque sizes by 50% 
as shown in Fig. 1B. In addition, viral genome replication was significantly reduced by about six logs compared 
to the controls (p < 0.001, Fig. 2C).

To examine if a combination of two or four gRNAs can also protect cells at high infection levels, we infected 
these cells with 10,000 pfu and measured viral replication by flow cytometry and qPCR. Flow cytometry analysis 
revealed that two and four combined gRNAs efficiently blocked virus spread in the culture, while replication 
was not affected in cells expressing a negative control gRNA (Fig. 2D). Moreover, viral genome replication was 
significantly reduced by about eight logs, underlining that combining two or more gRNAs efficiently blocks 
MDV replication (p < 0.001, Fig. 2E).

Figure 1.   Targeting essential MDV genes by the CRISPR/Cas9 using single gRNAs partially impairs virus 
replication. (A) Overview of the MDV genome showing the target genes. (B) Plaque size assays of 11 different 
gRNAs targeting 6 different MDV essential genes; gRNAs 1 and 2 target the capsid portal protein (UL6, 5′ and 
3′); gRNA 3 targets the major capsid protein (UL19, 5′); gRNAs 4 and 5 target the glycoprotein B (UL27, 5′ and 
3′); gRNA 6 and 7 target the polymerase protein UL30 (5′ and 3′); gRNAs 8 and 9 target the tegument protein 
(UL49, 5′ and 3′); and gRNAs 10 and 11 target the infected cell protein (ICP4, 5′ and 3′). Data were analysed by 
the one-way analysis of variance (ANOVA) with Bonferroni correction and error bars represent the standard 
deviations (***p ≤ 0.001).
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Multiple gRNAs prevent the emergence of escape mutants.  To determine if escape mutants arise 
upon serial passaging, we infected CRISPR/Cas9 expressing cells with 10,000 pfu, cultured them for six pas-
sages and assessed virus replication by qPCR. Escape mutants evolved in cultures containing single gRNAs 
targeting the 3-prime (3′) end of UL27 and ICP4, resulting in viruses that replicated comparable to wild-type 
virus (Fig. 3A). Interestingly, we did not observe escape mutants for single gRNAs targeting the 5′ end of UL30 
and UL49. More importantly, no escape mutants arose upon combination of two or four gRNAs. To ensure that 
indeed no escape mutants can arise using multiple gRNAs, we infected cells with a high dose, splitted them 
only 1:2 and maintained them for 10 passages. No plaques arose in cells expressing the 2 × and 4 × gRNA cas-
settes, while escape mutants arose with single gRNAs against the 3′ end of UL27 and ICP4 (Fig. 3B,C). Notably, 

Figure 2.   Efficient abrogation of lytic MDV replication. (A) Plaque numbers and (B) sizes after infection 
with 100 pfu of the very virulent RB-1B MDV strain. (C) Corresponding net increase in MDV genome copies 
between 0 and 6 days after infection with 100 pfu. (D) Percent of MDV-infected cells detected by flow cytometry 
and (E) relative genome copies detected by qPCR at 5 days post-infection with 10,000 pfu. The significant 
differences between the controls, single gRNAs and the multiplexed gRNAs are indicated with asterisks 
(***p ≤ 0.001). At least three independent experiments were performed. Data set was analysed by the one-way 
analysis of variance (ANOVA) with Bonferroni correction and error bars represent the standard deviations.
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Figure 3.   Emergence of MDV escape mutants that evade inefficient single gRNAs. (A) qPCR-based multiple-
step growth kinetics of MDV in different CRISPR/Cas9 expressing cells upon prolonged infection for up to six 
passages (33 days). Data are shown as average of three independent experiments and error bars represent the 
standard deviations (p ≤ 0.001, ctl vs. 6, 8, 5 + 6, 8 + 11 and 4×; Kruskal–Wallis test). (B) Analysis of sequences 
of the MDV variants detected in the single gRNA11 and (C) gRNA 5, both targeting the 3′ ends of ICP4 and 
UL27, respectively. The sequences on the top correspond to wild-type (wt) RB-1B sequences and at the bottom 
to sequences of detected CRISPR/Cas9 escape mutants. Numbers above the arrows indicate the positions of 
the amino acid substitutions in the respective open reading frame. Arrows at + 3 positions after the protospacer 
adjacent motif (PAM) site refer to the Cas9 cleavage site.
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we excluded the presence of these mutations in the RB-1B wild-type virus stock used in this study by Sanger 
sequencing.

To examine how the virus could escape from the Cas9 cleavage, we assessed the cleavage site of the escape 
mutants by Sanger sequencing. Strikingly, we always found mutations in the gRNA target sequence of both UL27 
and ICP4 (Fig. 3B,C). These mutations resulted in either one or two amino acid substitutions and still allowed 
efficient virus replication (Fig. 3A). Taken together, our data demonstrate that the use of single gRNAs can result 
in the escape of recombinant viruses and that a combination of two or more gRNAs can completely abrogate 
replication of this highly cell-associated herpesvirus.

Discussion
In this study, we provide the first proof-of-concept that the CRISPR/Cas9 system can abrogate replication of a 
highly cell-associated herpesvirus. We established different CRISPR/Cas9 cell lines expressing single or mul-
tiplexed gRNAs that target six essential MDV genes (Fig. 1A). Intriguingly, virus replication and spread were 
impaired by up to 50% using single gRNAs (Fig. 1B) and were completely abrogated using multiple gRNAs 
(Fig. 2). It is well known that not all gRNAs work equally well or at all, however the reason for that is not fully 
understood27,28. Therefore, it was not surprising that some gRNAs performed better than others.

It has been previously shown that the CRISPR/Cas9 can interfere with the herpesvirus life cycle in different 
ways26. First, it can impair the packaging of intact viral genomes through induction of DNA double-strand breaks 
(DSBs) in the viral genome. Moreover, it can disrupt the expression of the targeted essential proteins. Finally, it 
may indirectly affect viral replication as the introduced DSBs are repaired by the non-homologous end joining 
(NHEJ) DNA repair, which often produces deleterious mutations that can hamper subsequent rounds of viral 
infections26. Nevertheless, the additive effect of combining multiple gRNAs is more stringent because it could 
result in the loss of large parts of viral genome26, shifting the balance between DSB repair and Cas9 DNA cleavage. 
This likely leads to a subsequent loss of virus genome integrity and fragments that cannot replicate12. In addition, 
abrogation of the expression of multiple essential genes blocks the formation of infectious viral particles26,29. 
Together, our results are in agreement with a previous report that demonstrated the inhibition of herpesviruses 
replication by simultaneous CRISPR/Cas9 targeting of multiple genes26.

Until now, only limited data is available on the prevention of viral escape mutants using multiple gRNA 
targets. A few studies reported the efficiency of the multiplexed gRNAs to prevent or delay the evolution of HIV, 
which has very high evolutionary rates in contrast to dsDNA viruses29,30. In this report, we assessed if escape 
mutants can emerge upon CRISPR/Cas9 targeting of multiple MDV genes and could not detect any viral breaks 
in more than 30 days of culture. This is likely due to the high efficiency of the multiplexed gRNAs against MDV 
and low evolutionary rates.

Interestingly, we observed that MDV could restore wild-type replication levels in case of two single gRNAs 
representing escape mutants that targeted UL27 and ICP4, respectively (Fig. 3). It is tempting to speculate that 
MDV may exploit the error-prone NHEJ DNA repair mechanism to mutate the targeting site while maintaining 
the function of the respective essential viral gene. These escape mutants rapidly accumulated over time and lead to 
a restoration of the wild-type replication phenotype. In fact, the CRISPR/Cas9 recognition step is a very specific 
process where non-specific binding is usually transient and short-lived. Therefore, these nucleotide substitutions 
at the protospacers (Fig. 3B,C) are expected to interfere with one of the crucial steps of this system, the recogni-
tion phase31. We selected essential genes to minimize the emergence of escape mutants, as only mutations that 
result in a functional protein are tolerated by the virus. Targeting non-essential genes or sequences would likely 
allow a rapid repair and escape from the negative selection32. Overall, our findings agree with previous reports 
that showed accelerated viral escape upon inefficient targeting by single gRNAs26,29,33.

In summary, our study not only emphasizes the potency of the CRISPR/Cas9 system against one of the deadli-
est oncogenic herpesviruses but also paves the way for future in vivo applications.

Materials and methods
Cells and viruses.  Primary chicken embryo cells (CEC) cells were isolated from 11-day-old specific-patho-
gen-free (SPF) chicken embryos (VALO Biomedia, Germany) as previously described34,35. The cells were main-
tained in Eagle’s minimal essential media (MEM; PAN Biotech, Germany) with 1–10% foetal bovine serum 
(FBS; PAN-Biotech) and 100 U/ml penicillin and 100 μg/ml streptomycin (AppliChem, Germany) at 37 °C and 
5% CO2.

The duck embryo retina-derived cell line CR and 293 T human embryonic kidney cells were maintained in 
Dulbecco’s MEM/Ham’s F-12 (1:1, Biochrom, Germany) and RPMI 1,640 (PAN-Biotech, Germany) respectively36. 
All media were supplemented with glutamine and NaHCO3 (PAN-Biotech, Germany, 10% heat-inactivated FBS 
(PAN-Biotech) and 100 U/ml penicillin and 100 μg/ml streptomycin (AppliChem) and cells were maintained 
at 37 °C and 5% CO2. We used the very virulent RB-1B GFP reporter strain for all infections37,38. The virus was 
reconstituted by calcium phosphate transfection of CEC with purified bacterial artificial chromosome DNA as 
previously described39 and propagated on fresh CEC. Virus stocks (passage 7) were frozen in liquid nitrogen 
and titrated before use.

CRISPR/Cas9 DNA vectors.  To deliver the CRISPR/Cas9 system to the cells, we used two different len-
tiviral CRISPR/Cas9 transfer vectors. The pSicoR-CRISPR-PuroR vector was used to deliver the wild-type S. 
pyogenes Cas9 protein to the cells. This vector has a Cas9 gene, N-terminally fused to PuroR via a T2A-ribosome 
skipping sequence and expressed under the control of the human EF1A promoter26,40. The pLKO5.sgRNA.EFS.
PAC vector (Addgene: #57,825) was used to deliver the different MDV-specific gRNAs to the cells41. Of note, 
this vector was modified by exchanging the PuroR cassette for HygroR using the flanking BamHI and MluI sites.
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Generation of anti‑MDV CRISPR/Cas9‑expressing cell lines.  The online algorithm tool https​://
chopc​hop.cbu.uib.no/42,43 was used to identify the CRISPR RNAs with highest specificity for MDV and no off-
targets in chickens. Two independent gRNAs were designed for each selected essential MDV gene (Table 1). The 
RNAs were cloned into the pLKO5.sgRNA.EFS.PAC vector using a primer set harbouring BsmB-I restriction 
sites (Table S1). For the construction of multiplexed gRNA vectors (5 + 6), (8 + 11), and (4×), the Q5 high-fidelity 
DNA polymerase and restriction sites SalI and XhoI (New England Biolabs, MA, USA) were used to clone the 
single and dual gRNA cassettes into the pLKO5.sgRNA.EFS.PAC vector (Table S1). Sequence analyses were car-
ried out using the Vector NTI Advance 9.1 software package (Life Technologies, CA, USA). The positive clones 
were stored as glycerol stocks in − 80 °C until further use.

The pSicoR-CRISPR-PuroR lentiviral transfer vector and two third-generation lentiviral packaging plasmids 
were used to transfect the 293 T cells following the standard lentiviral production protocol44. These lentiviruses 
were used to transduce the CR cells via spin infection at 1,200 × g for 2 h at room temperature. The Cas9-
transduced cells were subjected to puromycin selection (1 µg/ml; Carl Roth, Germany) for 3–4 days and Cas9-
expression was confirmed by fluorescent microscopy and FACS using the mouse monoclonal α-D tag antibody 
(ABM, Canada) and the secondary goat anti-mouse IgG Alexa Fluor 488 antibody (Invitrogen, CA, USA; Fig. 
S2). Lipofectamine 2000 (Invitrogen, MA, USA) was used to transfect the Cas9-transduced cells with different 
single or multiplexed gRNAs vectors following the manufacturer’s instructions. The gRNA-transfected Cas9 cells 
were selected with hygromycin (200 µg/ml; Carl Roth, Germany) for 6 days. CRISPR/Cas9 CR cells were then 
expanded and frozen in liquid nitrogen until further use.

Plaque size assays.  To test the efficacy of the CRISPR/Cas9 system against spread and replication of MDV, 
different CRISPR/Cas9 cell lines were infected with 100 pfu of the RB-1B GFP reporter virus. Six days post-infec-
tion (dpi), plaque numbers were counted and 50 randomly selected plaques per well were imaged and measured 
using the ImageJ software (NIH; https​://image​j.nih.gov/ij/) as previously described45,46. Plaque diameters were 
calculated and compared to the respective control. At least three independent experiments were performed.

Quantitative PCR (qPCR).  To assess MDV genome copies by qPCR, DNA of infected cells was extracted 
with the RTP DNA/RNA Virus Mini Kit (Stratec Molecular, Germany). MDV copy numbers were determined 
as previously described47. Briefly, MDV genome copies were measured using a set of specific primers and a 
probe that target ICP4. The inducible nitric oxide synthase (iNOS) was used to normalize the MDV ICP4 copy 
numbers as previously published47.

Flow cytometry.  Cas9/gRNA cell lines were infected with 10,000 pfu of RB-1B expressing GFP. At 5 dpi, the 
cells were analysed by flow cytometry (CytoFlex S; Beckman Coulter, CA, USA) to detect the percentage of GFP 
positive cells. At least 10,000 living cells were measured for each independent experiment and analysed using the 
CytExpert software (version 2.3; Beckman Coulter).

Multi‑step growth kinetics assays.  CRISPR/Cas9 cell lines expressing one or multiple gRNAs were 
infected with 10,000 pfu of RB-1B and passaged at a ratio of 1:15 for six passages. Genome replication was 
assessed at each passage by qPCR as previously published47. Growth kinetics were determined in three inde-
pendent experiments.

CRISPR/Cas9 escape mutants.  CRISPR/Cas9 cell lines expressing one or multiple gRNAs were infected 
with 10,000 pfu and passaged at a ratio of 1:2 every three days up to 33 dpi. Afterwards, the cells were subjected 
to a total viral DNA extraction and the genomic targets of the respective gRNAs were amplified and analysed by 
Sanger sequencing to screen for potential CRISPR/Cas9-escape mutants.

Table 1.   gRNA target sequences in the MDV genome used in this study.

Construct gRNA target sequence in MDV MDV target gene

1 TTA​GGA​TAT​ACT​GAT​GGC​CA
Capsid portal protein (UL6)

2 TAA​TTC​GGG​AAG​GCA​ACG​CG

3 CAC​TTC​AGA​TAA​TAA​TGC​GA Major capsid protein (UL19)

4 GGT​TCG​GGA​CAT​TTT​CGC​GG
Glycoprotein B (UL27)

5 TAT​GGT​AGA​TAC​GAT​TGC​AC

6 AAT​GGC​TTA​TCA​TTT​CCA​C
DNA polymerase (UL30)

7 ATG​TTC​ACA​ACG​ATA​CGA​AG

8 GAC​GTT​TCG​TCT​ACC​ACC​CG
Tegument protein (UL49)

9 TCT​GAA​CGT​ACA​AGA​CGC​GG

10 GAG​GCA​ATT​GGC​AGA​TAC​GG
Infected cell protein (ICP4)

11 GTT​GTT​GTT​CAC​ATT​CCC​GA

gRNA control GGA​GTA​GTG​TTT​GAC​GGC​CA HHV6 tegument protein (UL25)

https://chopchop.cbu.uib.no/
https://chopchop.cbu.uib.no/
https://imagej.nih.gov/ij/
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Ethics statement.  The in vitro work was approved by the Landesamt für Gesundheit und Soziales Berlin, 
Germany (S2-Genanlage 919/94) and all methods were carried out in accordance with relevant guidelines and 
regulations.

Statistical analysis.  The data were analysed with GraphPad Prism (version 8; GraphPad Software, Inc., 
CA, USA). The data were assessed for normal distribution and subsequently analysed using the one-way analysis 
of variance (ANOVA) with Bonferroni correction. P values ≤ 0.05 were considered significant.

Received: 15 January 2020; Accepted: 16 June 2020

References
	 1.	 Osterrieder, N., Kamil, J. P., Schumacher, D., Tischer, B. K. & Trapp, S. Marek’s disease virus: from miasma to model. Nat. Rev. 

Microbiol. 4, 283–294. https​://doi.org/10.1038/nrmic​ro138​2 (2006).
	 2.	 Morrow, C. & Fehler, F. Marek’s Disease: A worldwide problem. Curr. Top Microbiol. https​://doi.org/10.1016/B978-0-12-08837​9-0.

X5000​-2 (2004).
	 3.	 Nair, V. Latency and tumorigenesis in Marek’s disease. Avian Dis. 57, 360–365. https​://doi.org/10.1637/10470​-12171​2-Reg.1 (2013).
	 4.	 Parcells, M. S., Burnside, J. & Morgan, R. W. Marek’s disease virus-induced T-cell lymphomas. Cancer Assoc. Viruses https​://doi.

org/10.1007/978-1-4614-0016-5_13 (2012).
	 5.	 Nair, V. Evolution of Marek’s disease—a paradigm for incessant race between the pathogen and the host. Vet. J. (Lond. Engl. 1997) 

170, 175–183. https​://doi.org/10.1016/j.tvjl.2004.05.009 (2005).
	 6.	 Bublot, M. & Sharma, J. Vaccination against Marek’s disease. Curr. Top Microbiol. https​://doi.org/10.1016/B978-0-12-08837​9-0.

X5000​-2 (2004).
	 7.	 Read, A. F. et al. Imperfect vaccination can enhance the transmission of highly virulent pathogens. PLoS Biol https​://doi.

org/10.1371/journ​al.pbio.10021​98 (2015).
	 8.	 Bertzbach, L. D., Kheimar, A., Ali, F. A. Z. & Kaufer, B. B. Viral factors involved in Marek’s disease virus (MDV) pathogenesis. 

Curr. Clin. Microbiol. Rep. 5, 238–244. https​://doi.org/10.1007/s4058​8-018-0104-z (2018).
	 9.	 Pellett, P. E. & Roizman, B. In Fields Virology (eds Howley, P. M. & Knipe, D. M.) 2479–2499 (Lippincott-Raven, Philadelphia, 

2007).
	10.	 Baigent, S. J. & Davison, F. Marek’s disease virus: Biology and life cycle. Curr. Top Microbiol. https​://doi.org/10.1016/B978-0-12-

08837​9-0.X5000​-2 (2004).
	11.	 Osterrieder, N. & Vautherot, J. F. The genome content of Marek’s disease-like viruses. Curr. Top Microbiol. https​://doi.org/10.1016/

B978-01208​8379-0/50007​-4 (2004).
	12.	 Weller, S. K. & Coen, D. M. Herpes simplex viruses: Mechanisms of DNA replication. Cold Spring Harb Perspect Biol. 4, a013011. 

https​://doi.org/10.1101/cshpe​rspec​t.a0130​11 (2012).
	13.	 Kukhanova, M. K., Korovina, A. N. & Kochetkov, S. N. Human herpes simplex virus: Life cycle and development of inhibitors. 

Biochemistry (Mosc) 79, 1635–1652. https​://doi.org/10.1134/S0006​29791​41301​24 (2014).
	14.	 Boutell, C. & Everett, R. D. Regulation of alphaherpesvirus infections by the ICP0 family of proteins. J Gen Virol 94, 465–481. https​

://doi.org/10.1099/vir.0.04890​0-0 (2013).
	15.	 Hildebrandt, E., Dunn, J. R., Niikura, M. & Cheng, H. H. Mutations within ICP4 acquired during in vitro attenuation do not alter 

virulence of recombinant Marek’s disease viruses in vivo. Virol. Rep. 5, 10–18. https​://doi.org/10.1016/j.virep​.2014.11.002 (2015).
	16.	 Boehmer, P. E. & Nimonkar, A. V. Herpes virus replication. IUBMB Life 55, 13–22. https​://doi.org/10.1080/15216​54031​00007​0645 

(2003).
	17.	 Roizman, B. In Fields Virology (eds Howley, M. & Knipe, D. M.) 2501–2602 (Lippincott-Raven, Philadelphia, 2007).
	18.	 Mettenleiter, T. C. Intriguing interplay between viral proteins during herpesvirus assembly or: The herpesvirus assembly puzzle. 

Vet. Microbiol. 113, 163–169. https​://doi.org/10.1016/j.vetmi​c.2005.11.040 (2006).
	19.	 Mettenleiter, T. C. Herpesvirus assembly and egress. J. Virol. 76, 1537–1547. https​://doi.org/10.1128/jvi.76.4.1537-1547.2002 (2002).
	20.	 Mali, P., Esvelt, K. M. & Church, G. M. Cas9 as a versatile tool for engineering biology. Nat. Methods 10, 957–963. https​://doi.

org/10.1038/nmeth​.2649 (2013).
	21.	 Horvath, P. & Barrangou, R. CRISPR/Cas, the immune system of bacteria and archaea. Science 327, 167–170. https​://doi.

org/10.1126/scien​ce.11795​55 (2010).
	22.	 Wiedenheft, B., Sternberg, S. H. & Doudna, J. A. RNA-guided genetic silencing systems in bacteria and archaea. Nature 482, 

331–338. https​://doi.org/10.1038/natur​e1088​6 (2012).
	23.	 Sternberg, S. H. & Doudna, J. A. Expanding the Biologist’s Toolkit with CRISPR-Cas9. Mol. Cell 58, 568–574. https​://doi.

org/10.1016/j.molce​l.2015.02.032 (2015).
	24.	 Tang, N. et al. A simple and rapid approach to develop recombinant avian herpesvirus vectored vaccines using CRISPR/Cas9 

system. Vaccine 36, 716–722. https​://doi.org/10.1016/j.vacci​ne.2017.12.025 (2018).
	25.	 Zhang, Y. et al. Application of CRISPR/Cas9 gene editing system on MDV-1 genome for the study of gene function. Viruses https​

://doi.org/10.3390/v1006​0279 (2018).
	26.	 van Diemen, F. R. et al. CRISPR/Cas9-mediated genome editing of herpesviruses limits productive and latent infections. PLoS 

Pathog. 12, e1005701. https​://doi.org/10.1371/journ​al.ppat.10057​01 (2016).
	27.	 Pallares Masmitja, M., Knodlseder, N. & Guell, M. CRISPR-gRNA design. Methods Mol. Biol. 1961, 3–11. https​://doi.

org/10.1007/978-1-4939-9170-9_1 (2019).
	28.	 Liu, X. et al. Sequence features associated with the cleavage efficiency of CRISPR/Cas9 system. Sci. Rep. 6, 19675. https​://doi.

org/10.1038/srep1​9675 (2016).
	29.	 Wang, G., Zhao, N., Berkhout, B. & Das, A. T. A combinatorial CRISPR-Cas9 attack on HIV-1 DNA extinguishes all infectious 

provirus in infected T cell cultures. Cell Rep. 17, 2819–2826. https​://doi.org/10.1016/j.celre​p.2016.11.057 (2016).
	30.	 Lebbink, R. J. et al. A combinational CRISPR/Cas9 gene-editing approach can halt HIV replication and prevent viral escape. Sci. 

Rep. 7, 41968. https​://doi.org/10.1038/srep4​1968 (2017).
	31.	 Shibata, M. et al. Real-space and real-time dynamics of CRISPR-Cas9 visualized by high-speed atomic force microscopy. Nat. 

Commun. 8, 1430. https​://doi.org/10.1038/s4146​7-017-01466​-8 (2017).
	32.	 White, M. K., Hu, W. & Khalili, K. Gene editing approaches against viral infections and strategy to prevent occurrence of viral 

escape. PLoS Pathog. 12, e1005953. https​://doi.org/10.1371/journ​al.ppat.10059​53 (2016).
	33.	 Tao, P., Wu, X. & Rao, V. Unexpected evolutionary benefit to phages imparted by bacterial CRISPR-Cas9. Sci. Adv. 4, 4134. https​

://doi.org/10.1126/sciad​v.aar41​34 (2018).
	34.	 Schat, K. & Purchase, H. Cell-culture methods. A Laboratory Manual for the Isolation and Identification of Avian Pathogens. 4 edn, 

223–234 (American Association of Avian Pathologists, 1998).

https://doi.org/10.1038/nrmicro1382
https://doi.org/10.1016/B978-0-12-088379-0.X5000-2
https://doi.org/10.1016/B978-0-12-088379-0.X5000-2
https://doi.org/10.1637/10470-121712-Reg.1
https://doi.org/10.1007/978-1-4614-0016-5_13
https://doi.org/10.1007/978-1-4614-0016-5_13
https://doi.org/10.1016/j.tvjl.2004.05.009
https://doi.org/10.1016/B978-0-12-088379-0.X5000-2
https://doi.org/10.1016/B978-0-12-088379-0.X5000-2
https://doi.org/10.1371/journal.pbio.1002198
https://doi.org/10.1371/journal.pbio.1002198
https://doi.org/10.1007/s40588-018-0104-z
https://doi.org/10.1016/B978-0-12-088379-0.X5000-2
https://doi.org/10.1016/B978-0-12-088379-0.X5000-2
https://doi.org/10.1016/B978-012088379-0/50007-4
https://doi.org/10.1016/B978-012088379-0/50007-4
https://doi.org/10.1101/cshperspect.a013011
https://doi.org/10.1134/S0006297914130124
https://doi.org/10.1099/vir.0.048900-0
https://doi.org/10.1099/vir.0.048900-0
https://doi.org/10.1016/j.virep.2014.11.002
https://doi.org/10.1080/1521654031000070645
https://doi.org/10.1016/j.vetmic.2005.11.040
https://doi.org/10.1128/jvi.76.4.1537-1547.2002
https://doi.org/10.1038/nmeth.2649
https://doi.org/10.1038/nmeth.2649
https://doi.org/10.1126/science.1179555
https://doi.org/10.1126/science.1179555
https://doi.org/10.1038/nature10886
https://doi.org/10.1016/j.molcel.2015.02.032
https://doi.org/10.1016/j.molcel.2015.02.032
https://doi.org/10.1016/j.vaccine.2017.12.025
https://doi.org/10.3390/v10060279
https://doi.org/10.3390/v10060279
https://doi.org/10.1371/journal.ppat.1005701
https://doi.org/10.1007/978-1-4939-9170-9_1
https://doi.org/10.1007/978-1-4939-9170-9_1
https://doi.org/10.1038/srep19675
https://doi.org/10.1038/srep19675
https://doi.org/10.1016/j.celrep.2016.11.057
https://doi.org/10.1038/srep41968
https://doi.org/10.1038/s41467-017-01466-8
https://doi.org/10.1371/journal.ppat.1005953
https://doi.org/10.1126/sciadv.aar4134
https://doi.org/10.1126/sciadv.aar4134


8

Vol:.(1234567890)

Scientific Reports |        (2020) 10:10919  | https://doi.org/10.1038/s41598-020-67951-1

www.nature.com/scientificreports/

	35.	 Osterrieder, N. Sequence and initial characterization of the U(L)10 (glycoprotein M) and U(L)11 homologous genes of serotype 
1 Marek’s Disease Virus. Arch. Virol. 144, 1853–1863 (1999).

	36.	 Jordan, I. et al. Continuous cell lines from the Muscovy duck as potential replacement for primary cells in the production of avian 
vaccines. Avian Pathol. 45, 137–155. https​://doi.org/10.1080/03079​457.2016.11382​80 (2016).

	37.	 Bertzbach, L. D. et al. The transcriptional landscape of Marek’s disease virus in primary chicken b cells reveals novel splice variants 
and genes. Viruses https​://doi.org/10.3390/v1103​0264 (2019).

	38.	 Bertzbach, L. D., van Haarlem, D. A., Härtle, S., Kaufer, B. B. & Jansen, C. A. Marek’s disease virus infection of natural killer cells. 
Microorganisms https​://doi.org/10.3390/micro​organ​isms7​12058​8 (2019).

	39.	 Schumacher, D., Tischer, B. K., Fuchs, W. & Osterrieder, N. Reconstitution of Marek’s disease virus serotype 1 (MDV-1) from 
DNA cloned as a bacterial artificial chromosome and characterization of a glycoprotein B-negative MDV-1 mutant. J. Virol. 74, 
11088–11098. https​://doi.org/10.1128/Jvi.74.23.11088​-11098​.2000 (2000).

	40.	 van de Weijer, M. L. et al. A high-coverage shRNA screen identifies TMEM129 as an E3 ligase involved in ER-associated protein 
degradation. Nat Commun 5, 3832. https​://doi.org/10.1038/ncomm​s4832​ (2014).

	41.	 Heckl, D. et al. Generation of mouse models of myeloid malignancy with combinatorial genetic lesions using CRISPR-Cas9 genome 
editing. Nat Biotechnol 32, 941–946. https​://doi.org/10.1038/nbt.2951 (2014).

	42.	 Labun, K., Montague, T. G., Gagnon, J. A., Thyme, S. B. & Valen, E. CHOPCHOP v2: a web tool for the next generation of CRISPR 
genome engineering. Nucleic Acids Res 44, W272-276. https​://doi.org/10.1093/nar/gkw39​8 (2016).

	43.	 Montague, T. G., Cruz, J. M., Gagnon, J. A., Church, G. M. & Valen, E. CHOPCHOP: a CRISPR/Cas9 and TALEN web tool for 
genome editing. Nucleic Acids Res 42, W401-407. https​://doi.org/10.1093/nar/gku41​0 (2014).

	44.	 Bainbridge, J. W. B. et al. In vivo gene transfer to the mouse eye using an HIV-based lentiviral vector; efficient long-term trans-
duction of corneal endothelium and retinal pigment epithelium. Gene Ther. 8, 1665–1668. https​://doi.org/10.1038/sj.gt.33015​74 
(2001).

	45.	 Conradie, A. M., Bertzbach, L. D., Bhandari, N., Parcells, M. & Kaufer, B. B. A common live-attenuated Avian herpesvirus vaccine 
expresses a very potent oncogene. mSphere https​://doi.org/10.1128/mSphe​re.00658​-19 (2019).

	46.	 Jarosinski, K. W., Osterrieder, N., Nair, V. K. & Schat, K. A. Attenuation of Marek’s disease virus by deletion of open reading frame 
RLORF4 but not RLORF5a. J. Virol. 79, 11647–11659. https​://doi.org/10.1128/Jvi.79.18.11647​-11659​.2005 (2005).

	47.	 Bertzbach, L. D. et al. Unraveling the role of B cells in the pathogenesis of an oncogenic avian herpesvirus. Proc. Natl. Acad. Sci. 
USA 115, 11603–11607. https​://doi.org/10.1073/pnas.18139​64115​ (2018).

Acknowledgements
We are grateful to Ann Reum for her technical assistance. This work was funded by the Deutsche Forschun-
gsgemeinschaft (DFG) grant Schu 2446/4-1 and KA 3492/6-1 awarded to B.S. and B.B.K. respectively. I.T.H. 
was supported by the German Egyptian Research Long Term Scholarship (GERLS) awarded by the German 
Academic Exchange Service (DAAD). The publication of this article was funded by the Freie Universität Berlin 
Open Access Publication Fund.

Author contributions
I.T.H., B.S. and B.B.K. conceived and designed the experiments. I.T.H., D.J.W. and D.B. conducted the experi-
ments. I.T.H., D.J.W., D.B., L.D.B. and B.B.K. analysed the results. I.T.H., D.J.W., D.B., I.J., H.S., B.S. and B.B.K. 
contributed reagents/materials/analysis tools. I.T.H., B.S. and B.B.K. attained the funding. I.T.H., L.D.B. and 
B.B.K. wrote the paper. All authors reviewed, edited and approved the final manuscript.

Competing interests 
The authors declare no competing interests

Additional information
Supplementary information is available for this paper at https​://doi.org/10.1038/s4159​8-020-67951​-1.

Correspondence and requests for materials should be addressed to B.S. or B.B.K.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note  Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access   This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this license, visit http://creat​iveco​mmons​.org/licen​ses/by/4.0/.

© The Author(s) 2020

https://doi.org/10.1080/03079457.2016.1138280
https://doi.org/10.3390/v11030264
https://doi.org/10.3390/microorganisms7120588
https://doi.org/10.1128/Jvi.74.23.11088-11098.2000
https://doi.org/10.1038/ncomms4832
https://doi.org/10.1038/nbt.2951
https://doi.org/10.1093/nar/gkw398
https://doi.org/10.1093/nar/gku410
https://doi.org/10.1038/sj.gt.3301574
https://doi.org/10.1128/mSphere.00658-19
https://doi.org/10.1128/Jvi.79.18.11647-11659.2005
https://doi.org/10.1073/pnas.1813964115
https://doi.org/10.1038/s41598-020-67951-1
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Abrogation of Marek’s disease virus replication using CRISPRCas9
	Anchor 2
	Anchor 3
	Results
	Targeting of essential viral genes impairs MDV replication. 
	Multiple gRNAs completely abrogate virus replication. 
	Multiple gRNAs prevent the emergence of escape mutants. 

	Discussion
	Materials and methods
	Cells and viruses. 
	CRISPRCas9 DNA vectors. 
	Generation of anti-MDV CRISPRCas9-expressing cell lines. 
	Plaque size assays. 
	Quantitative PCR (qPCR). 
	Flow cytometry. 
	Multi-step growth kinetics assays. 
	CRISPRCas9 escape mutants. 
	Ethics statement. 
	Statistical analysis. 

	References
	Acknowledgements


