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ENGINEERING A RECOMBINANT HERPESVIRUS SAIMIRI STRAIN BY CO-CULTURING
TRANSFECTED AND PERMISSIVE CELLS
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Recombinant herpesviruses can be used as oncolytic therapeutic agents and high packaging capacity vectors for delivering expression cassettes into the cell.
Herpesvirus saimiri is a gamma-herpesvirus that normally infects squirrel monkeys but also has a unique ability to infect and immortalize human lymphocytes
while allowing them to retain their mature phenotype and functional activity. Recombination of the Herpesvirus saimiri genome in permissive cells is impeded
by its resistance to chemical transfection and electroporation. The aim of this study was to develop an effective method for incorporating expression cassettes
into the genome of Herpesvirus saimiri without having to transfect a permissive cell culture. Transfected HEK-293T cells expressing glycoproteins of the
measles virus vaccine strain were co-cultured with permissive OMK cells infected with Herpesvirus saimiri. Cell fusion and formation of syncytia stimulated
recombination between the viral genome and the expression cassette; this allowed us to obtain a recombinant Herpesvirus saimiri variant without chemical
transfection in permissive cells. The genetically modified virus expressed a selectable marker and retained its ability to persist in the cell in the latent state; it
also caused immortalization of primary lymphoid cells. The proposed approach allows engineering recombinant Herpesvirus saimiri strains carrying a variety
of expression cassettes in its genome.
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MOJIYYEHME PEKOMBMHAHTHOIO LUTAMMA HERPESVIRUS SAIMIRI NYTEM COBMECTHOW
KYJIbTUBALIMN TPAHCO®ULIMPOBAHHOW N MEPMNCCUBHOW KJIETOYHbIX KYJIbTYP

A. Xamapg', C. M. Yymakos? =

" MOCKOBCKUIN (hUBUKO-TEXHUHECKIIA MHCTUTYT, MockBa, Poccus
2 VIHCTUTYT BroopraHnyeckoi xummm uvernt M. M. LLlemsikuHa n FO. A. OBumHHVKOBa, Mocksa, Poccust

PekoMBMHaHTHbIE reprecBMPYCbl MOXHO MPVMEHSTE B Ka4ECTBE TepaneBTUHECKIMX areHTOB-OHKOIMTVKOB, a TakKe B Ka4eCTBEe BEKTOPOB OOMbLLION eMKOCTU
[ONs OCTaBKN MPOTSXEHHbBIX OKCMPECCHOHHBIX KOHCTPYKLMIA B KNETKW. TammMa-repnecBupyc 6enmybix 0b6esbsiH Herpesvirus saimiri obnagaet yHUKanbHOM
CMOCOBHOCTBIO MHPULMPOBATL YenoBeYecKre NMMAQOLMTLI U BbI3biBaTb X VMMOPTaIM3aLMIO MPU COXPaHeHUM 3penoro deHoTuna 1 dyHKLMOHaIbHOM
aKTMBHOCTW. [poBeaeHne pekombuHaumm reHoma Herpesvirus saimiri B NnepM1UCCUBHON KNETOYHOW KymnbType 3aTpyAHEHO 13-3a ee YCTOMYMBOCTU K XMMUYECKOM
TpaHchekumn 1 anekTponopauui. Llensio paboTbl sBnsnack padpabotka ahdexkTMBHOro cnocoba BBeASHWA SKCMPECCUMOHHbIX KacceT B reHoM Herpesvirus
saimiri 6e3 NpoBefeHVst TPaHCMEKLMN NMEPMUCCHBHOM KNETOYHOW KyNnbTypbl. s 3TOro Mbl UCMONb30BaIM COBMECTHYHO KySBTUBALMIO TPaHCHULIMPOBaHHbIX
kneTok HEK-293T, akcnpeccupyrowyx Takke MMKONPOTENHbI BAKLMHHOMO LWITaMMa BUPYCa KOPW, U MHMULMPOBaHHbIX Herpesvirus saimiri nepMmUCCUBHBIX
kneTtok nuHUM OMK. CnnsiHre KNeTok 1 0b6pa3oBaHne CUHLMTVIEB NPUBENN K 3aryCKy PEKOMOMHALMM MEXAY BUPYCHBIM FEHOMOM 1 SKCMPECCUOHHOW KacCeTow,
YTO MO3BOAMIO MOMY4UTb PEKOMOUHAHTHBIA BapuaHT Herpesvirus saimiri 663 Heo6XxoAMMOCTY MPOBEAEHNS XUMUHECKOIN TPaHCMEKLMN NEPMUCCUBHBIX KIETOK.
TpaHCreHHbIn BapnaHT BUpYCa XapakTepn3oBancs CTabuIbHON SKCMPECCUel CENEKTUBHOMO MapKkepa 1 COXPaHs CMOCOBHOCTb NEPCUCTUPOBATL B KIIETOHHOM
Ky/nbType B naTeHTHOM hopMe, a Takke Bbi3biBaTb MMMOPTAIM3ALMIO NEPBUYHBIX TMMEOUOHBLIX KNETOK. MMPUMEHEHHBIN METOA, MO3BOMSIET B KOPOTKME CPOKM
rofly4aTb PEKOMOVHAHTHbIE BapuaHTbl Herpesvirus saimiri ¢ BBEAEHHbIMY B FEHOM pa3HOOOPasHbIMN SKCTPECCUOHHBIMU KacceTamu.
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Herpesviridae are a large family of DNA viruses that infect humans
and animals. These viruses have a lengthy genome of about
100 to 200 genes that replicate in the nucleus of the infected
cell. The assembly of progeny virions and their release from the
host cell cause its lysis. Herpesviruses can go into latency. In
the latent phase, the full-sized episomal viral DNA is retained
in the nucleus and replicates at the same rate as the host cell
genome; by attaching to chromatid centromeres, the episomes
can be distributed to daughter cells during cell division. Only a
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small number of specialized genes are expressed in latency,
and the infection persists asymptomatically [1]. Members of
the gamma-herpesvirus subfamily with tropism for lymphoid
cells often have oncogenic potential: the Epstein—Barr virus
(EBV) [2] and Kaposi’s sarcoma-associated herpesvirus (KSHV)
[3] are linked to lymphoproliferative disorders, specifically
B-cell neoplasms. EBV is a common cause of spontaneous
immortalization of B cells isolated from the blood of healthy
donors [4].
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The phylogenetic relative of KSHV, a rhadinovirus called
Herpesvirus saimiri (HVS), infects New-World squirrel monkeys.
This infection is usually asymptomatic and latent. However, it
rapidly unfolds in other New-World monkey species, causing
acute T-cell leukemias and death. HVS can induce spontaneous
immortalization of animal T cells [5]. The same effect was
observed when human lymphocytes and natural killer cells were
infected with HVS group C strains [6]. In a similar experiment,
infected cells acquired the ability for continuous IL2-dependent
proliferation without losing their mature T-cell and natural killer
cell phenotypes [7]. Three viral genes were reported to retain
their expression, including STP, TIP (transforming genes) (8]
and ORF73 [9], a homologue of the latency-associated nuclear
antigen (LANA) of KSHV required for segregating viral episomes
to the host’s daughter cells during mitosis [10]. In the daughter
cells, the viral genome maintained its latent state; the attempts
to induce lytic infection or otherwise track down formation
of virions in the immortalized lymphoid cells of humans and
New World monkeys ended up in failure. The experiments on
macaques demonstrated that autologous reinfusion of T cells
immortalized by the most aggressive HVS strain (C488) did not
trigger neoplasms. The viral DNA persisted in the samples of
peripheral mononuclear cells for at least 16 weeks, and the
animals acquired immunity to HVS infection [11].

Homologous recombination of the viral genome
inside permissive cells, as well as BAC (bacterial artificial
chromosome)-based recombination, can be successfully used
to engineer a herpesvirus vector for transgene expression
[12]. For example, the genome of the HVS A11-S4 strain
has been cloned into the bacterial chromosome. The HVS
genome contains a few homologues of bacterial genes the
majority of which can be found in other members of the HVS
subfamily. The vCD59 gene, however, does not occur in other
gamma-herpesviruses; the receptor it codes for is responsible
for inhibiting complement-mediated cytotoxicity [13]. This
gene is expressed in the lytic phase and is not required for
generating viral particles in vitro. In the studies of HVS-based
vectors, the vCD59 sequence has been successfully replaced
by expression cassettes [14].

The accumulated body of data provides for a hypothesis
that HVS can be exploited for the development of novel
immunotherapy agents [15]. HVS-transformed T cells and NKs
retain their effector function and can be directed against tumor
antigens when equipped with chimeric antigen receptors. This
approach allows generating an infinite number of effector cells
from a relatively small volume of the patient’s peripheral blood
or through allogeneic cell transplantation. The length of the HVS
genome and its good packaging capacity as a vector [14] means
that cell immortalization and transduction of the expression
cassette can be done in a single step. The aim of this study was
to elaborate a fast method for engineering a recombinant HVS
(488 strain that can carry a variety of transgenes in its genome.

METHODS
Cell culture and production of viral particles

The cell lines used in this study, including HEK-293T (transformed
human embryonic kidney cells), OMK (Aotus trivirgatus kidney
cells) and A549 (lung carcinoma cells), were provided by
American Type Culture Collection (ATCC; USA). The cells were
grown in the DMEM-F12 medium (PAA; Austria) supplemented
with 10% fetal bovine serum, 2 mM alanyl glutamine (PanEco;
Russia), 20 mM HEPES, 100 pg/ml penicillin, and 100 pg/ml
streptomycin (PanEco; Russia).

Peripheral blood mononuclear cells (PBMC) were cultured
in RPMI-1640 (PAA; Austria) supplemented with 10% fetal
bovine serum, 2 mM alanyl glutamine (PanEco; Russia), 20 mM
HEPES, 100 pg/ml penicillin, 100 pg/ml streptomycin, and
70 ng/ml IL2 (Peprotech; USA). All cells were cultured in a 5%
CO, atmosphere at 37 °C.

HVS (strain C-488; ATCC VR-1414) was also provided
by ATCC. Subconfluent OMK cells were infected with a small
amount of the virus (MOl < 0.1) and grown in the culture
medium for 5 to 15 days until complete cell lysis was achieved.
Then, the virus-containing fluid was harvested and centrifuged
at 5,000 g in the Eppendorf 5920R centrifuge (Eppendorf;
Germany) for 15 min to separate cell debris. The supernatant
was collected, aliquoted and stored at —20 °C.

Plasmid constructs

Plasmids pCG-4AHcA24 and pMD2-FA30 expressing surface
glycoproteins of the measles virus had been synthesized
previously. The design of the pUC-HVS-OFP vector is described
below. Briefly, the vCD59-encoding region of the viral genome
was chosen as a recombination site. Homology regions were
represented by 600 bp-long sequences corresponding to the 3'-
and 5'-end of vCD59. DNA isolated from the concentrated HVS
stock was amplified by PCR. The promoter of the murine spleen
focus-forming virus (SFFV), as well as sequences of a puromycin
resistance gene (pac) and orange fluorescent protein (OFP), was
inserted between the flanking regions of the expression cassette;
the T2A signal peptide sequence was inserted between pac
and OFP sequences to allow their polycistronic expression.
The sequence consisting of two 600 bp-long flanking regions
homologous to the vCD59 region of the HVS genome and the
expression cassette was cloned into the pUC18 plasmid carrier
(Fig. 1) at Notl and BamHlI restriction sites. Three components of
the cloning fragment were assembled using overlap extension
PCR [16]. Primers used for the ampilification of HVS regions and
the expression cassette are described in Table 1. The sequences
of the assembled constructs and recombinant HVS DNA were
validated by Sanger sequencing (Eurogen; Russia).

Transfection

In order to determine the most effective transfection technique
for OMK cells, 3 techniques were assessed for efficacy, including
transfection by 25 kDa cationic linear polyethyleneimine
(PEI-25) (Polysciences; USA), cationic Lipofectamine 2000
(Invitrogen; USA) and electroporation. Twenty-four hours before
transfection, the cells were plated onto 10 cm-sized culture
dishes (SPL; Korea) in the amount of 2 x 10° cells per dish.
The cells were transfected with either circular or linearized
pPUC-HVS-OFP plasmid (the plasmid was linearized with Notl
and BamHI restriction enzymes immediately before transfection).
PEI-25-assisted transfection was performed using previously
described buffers and conditions [17]. Briefly, plasmid DNA
was combined with PEI-25 (5 pg/ul) at a 6 : 1 ratio in the lactate
buffer (pH 4) and incubated for 15 min. Then, the OptiMEM
reduced serum medium (Invitrogen; USA) was added, and the
resulting mixture was introduced into the dishes with growing
cell cultures. To determine optimal transfection conditions,
transfection was performed with 3, 5, 10, 15, and 20 ug of
the circular plasmid and with 1, 3, 5, 10, and 15 pg of the
linearized plasmid. Lipofectamine 2000-based transfection
was carried out following the manufacturer’s protocol. We used
7,10 and 15 pg of circular or linearized plasmid DNA and 17.5,
25 and 37.5 pl of the reagent, respectively. Three hours after
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Fig. 1. A schematic representation of the HVS vCD59 region after insertion of the expression cassette. vCD59 flank 1 and vCD59 flank 2 represent recombination

homology regions

transfection the medium was replaced with the fresh growth
medium used to culture OMK cells. For electroporation, the
cells were dissociated from the adherent surfaces using TrypLE
(Gibco; USA) and centrifuged in the Eppendorf 5702 centrifuge
(Eppendorf; Germany) at 1,100 rpm for 5 min. The cell pellet
was resuspended in 500 pl of phosphate buffered saline.
Electroporation was carried out in electroporation cuvettes with
0.4 cm interelectrode distance in a GenePulser pulse generator
(Bio-Rad; USA) operated at 300 v / 500 uF or 200 v / 250 uF.
Prior to electroporation, 5 or 10 pg of circular or linearized
plasmid DNA were added to the cells. After electroporation,
the cells were immediately plated onto 10 cm-sized culture
dishes containing 10 ml of full growth medium. Forty-eight
hours after transfection, the proportion of the transfected cells
was estimated in a FacsVantage SE flow cytometer (Beckton-
Dickinson; USA). Cell viability was assessed using a Cytosmart
Cell Counter (Corning; USA) after the cells were dissociated
from the adherent surfaces with TrypLE and stained with
trypan blue (Paneco; Russia).

Overnight cultures of HEK-293T cells (40 to 60%
confluence) were transfected in the presence of PEI-25 in 6-well
plates coated with the OptiMEM culture medium. The cells
were transfected with the pUC-HVS-OFP construct containing
the expression cassette flanked by homologous regions from
the HVS genome and with the plasmids expressing surface
glycoproteins F (fusion protein) and H (haemagglutinin) of the
measles vaccine strain. The F glycoprotein was expressed by

Table 1. Primers used for the assembly of the expression cassette

the pMD2-FA30 plasmid, whereas H, by the pCG-4AHcA24
plasmid. The pMD2-FA30 plasmid encoded the F protein
with a shortened (minus 30 amino acid residues) C-terminal
cytoplasmic domain. The pCG-4AHcA24 plasmid encoded
the H protein sequence in which the first 24 amino acids of
the N-terminal cytoplasmic domain were substituted with
4 alanine residues. Protein expression was driven by the
cytomegalovirus promoter. During transfection, plasmids pUC-
HVS-OFP, pMD2-FA30 and pCG-4AHcA24 were combined in
theratio 8 : 7 : 1. After HEK-293T cells were incubated with the
transfection mix for 3 h, they were dissociated from the dishes
using trypsin solution (Paneco; Russia) and co-cultured with
OMK cells infected with HVS-C488. The ratios are provided in
Table 2.

Virus titration and cloning

OMK cells were infected with a serial 5-fold dilution of the viral
stock; the procedure was performed in 96-well plates (Greiner;
Austria) in 4 replicates. After the cytopathic effect was achieved,
the virus was titrated using the Reed-Muench method. Twenty-
four hours before the cloning procedure, fresh subconfluent
OMK cells were seeded in the 96-well plate. A culture
medium containing infected fluorescent OMK cells sorted in a
FacsVantage SE flow cytometer (Beckton-Dickinson; USA) was
introduced into the wells immediately before HSV-OFP cloning.
The concentration of the infected cells per well was 10, 1, 0.1

Name

Nucleotide sequence

vCD59 F1 dir

AGAGAGGCGGCCGCACAGGCTGCTCTTCAGGAGCACCAG

vCD59 F1 rev

CAATTGATTTGAGATGCGTTTGAAGC

vCD59 F1 bridge

GCAAAATGGCGTTACCTCGAGCAATTGATTTGAGATGCGTTTGAAGC

SFFV dir CTCGAGGTAACGCCATTTTGC

OFP rev CCTGCAGGTCAAGCTTCGAA

vCD59 F2 bridge TTCGAAGCTTGACCTGCAGGTCTGAAACACAGTTAAAGTATCATTGTTG
vCD59 F2 dir TCTGAAACACAGTTAAAGTATCATTGTTG

vCD59 F2 BamHI rev

TCTCTCGGATCCGCTGGCAGATATTTC ATAAACAGG

vCD59 F1 diag dir

GCACAGGCTGCTCTTCAGGAGCACCAG

vCD59 F2 diag rev

GCTGGCAGATATTTC ATAAACAGG

Table 2. The number and ratios of co-cultured cells and the viral titer in the supernatants

Ne OMK (thous) HEK-293T (thous) Ratio Virus titer
1 450 1333 0.34 1.60E + 03
2 100 1333 0.08 8.00E + 02
3 23 1333 0.02 0

4 68 200 0.34 2.56E + 04
5 27 200 0.14 1.28E + 04
6 10 200 0.05 0

7 450 133 3.38 2.56E + 04
8 225 266 0.85 2.56E + 04
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and 0.01. Five to seven days later, the wells were checked for
the presence of single fluorescent foci indicating cytotoxicity.

Detecting recombination

To confirm recombination, the cloned HVS-OFP samples
were concentrated using 3kDA Amicon Ultra centrifugal filters
(Merck; Germany). The target insertion in the HVS genome was
detected by PCR with the vCD59 F1 diag dir and vCD59 F2
diag rev primers. The reaction product of ~3000 bp suggested
the presence of the target insertion; the length of ~1200 bp
indicated the wild type virus.

Statistical analysis

Statistical analysis was carried out in Prism 6.0 (GraphPad
Software; USA).

RESULTS

In order to achieve viral genome recombination and engineer
a transgenic HVS-C488 variant, we designed an expression
cassette containing 2 selectable markers: the orange
fluorescent protein (OFP) gene and the puromycin resistance
gene coding for puromycin-N-acetyltransferase (Pac).
Transfection of permissive OMK cells was the most effective
with PEI-25 and the linearized expression cassette (the PEl to
DNA ratio was 6 : 1; 10 ug DNA per 2 x 10° cells; Table 3).
However, the proportion of transfected cells did not exceed
50 % of the total cell population (Fig. 2). Using more DNA and
more transfection reagent caused a significant reduction in cell
viability. Electroporation did not have a negative effect on cell
viability, but the proportion of cells successfully transfected by

electroporation was very low. In order to find out if the most
effective transfection technique could produce recombinant
viral particles capable of inducing expression of selectable
markers in the infected cells, we collected clarified virus-
containing culture fluid from OMK cells infected with HVS-C488
and transfected by PEI-25 and the linearized fragment of the
expression cassette. Culture fluids were used to infect fresh
OMK cells. Subsequent observation of OMK culture did not
reveal any presence of cells expressing the fluorescent marker.

An alternative technique for delivering modified DNA
into permissive cells was developed to increase the odds of
recombination between HSV and the expression cassette.
We hypothesized that the ability of OMK cells to maintain
the Iytic cycle of the virus would be retained after fusion with
nonpermissive HEK-293T cells transfected with the expression
cassette immediately before fusion. For recombination in the
mixed cell system, HEK-293T cells were transfected with the
linearized expression cassette or the nonlinearized plasmid
containing the cassette and the plasmids coding for the surface
glycoproteins of the measles vaccine strain (proteins F and H
with shortened cytoplasmic domains). The presence of these
glycoproteins in the cell membrane induces fusion of contacting
cells into syncytia via CD46 binding (Fig. 3E, F). Three hours
after transfection, the cells were suspended and seeded
into the wells containing OMK cells infected with HVS-C488
(MOI = 4) two days before transfection. Cell ratios and densities
are provided in Table 2.

Four days into culture, the supernatant was collected and
the virus was titrated. After viral concentrations were compared,
sample 5 was chosen for further selection of the monoclonal
recombinant virus because it contained the highest viral titer
relative to the total number of permissive cells and their ratio to
the HEK-293T cells.

Table 3. Conditions for permissive OMK cell line transduction with the expression cassette for HVS recombination and transduction efficacy

Transfection technique Conditions

Percentage of transfected cells Reduction in viability

3 g of circular DNA

0.7% = 0.15% -

5 ug of circular DNA

1.82% + 0.15% -

10 pg of circular DNA 3.73% + 0.15% +/-
15 pg of circular DNA 3.13% + 0.15% +
20 pg of circular DNA 1.77% + 0.15% +

PEI25 1 pg of linear DNA <0.15% + 0.15% -
3 ug of linear DNA 0.85% + 0.15% -
5 ug of linear DNA 1.91% + 0.15% -
10 pg of linear DNA 4.76% + 0.15% +/-
15 ug of linear DNA 3.2% + 0.15% +
7 ug of circular DNA 3.11% + 0.15% -
10 pg of circular DNA 4.11% +0.15% -
Lipofectamine 2000 15 g of circular DNA 4.09% + 0.15% +

7 g of linear DNA

3.18% + 0.15% -

10 pg of linear DNA

4.63% +0.15% -

15 pg of linear DNA

4.54% +0.15% +

5 ug of circular DNA, 200V/250uF

<0.15% + 0.15% -

10 pg of circular DNA, 200V/250uF

<0.15% + 0.15% -

5 ug of linear DNA, 200V/250uF

<0.15% = 0.15% -

10 pg of linear DNA, 200V/250uF

<0.15% + 0.15% -

Electroporation
5 pg of circular DNA, 300V/500uF

<0.15% = 0.15% -

10 pg of circular DNA, 300V/500uF

<0.15% + 0.15% -

5 ug of linear DNA, 300V/500uF

<0.15% + 0.15% -

10 pg of linear DNA, 300V/500uF

<0.15% + 0.15% -
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The medium with the viral particles collected from sample
5 was used to infect OMK cells (MOI = 0.01). Seven days after
infection, foci of lytic infection started to form in the confluent
culture. Some of the foci contained single plaques constituted
primarily by fluorescent cells (Fig. 3B). The population of
fluorescent cells was sorted and used to infect permissive cells
in a 96-well plate at a concentration of 10, 1, 0.1, and 0.01
infected cells per well. Ten days after infection, 3 (out of 96)
single fluorescent plaques appeared in the samples infected
at a concentration of 0.1 cells per well; the plaques were most
likely formed by individual recombinant viral particles. The virus-
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containing culture fluid from well 2, where the lytic infection
was the most aggressive, was used to produce preparative
amounts of the recombinant virus for further analysis.
Sequencing of the vCD59 region of the recombinant HVS-
OFP revealed the presence of the target expression cassette.
Transduction of peripheral blood mononuclear cells and A549
cells with the HVS-OFP virus (MOl = 5) yielded a fraction
of fluorescent cells (Fig. 3C, D); in the A549 culture, their
proportion was constant for 5 weeks after infection; for PBMC,
this proportion was continuously growing (Fig. 3A). This leads
us to conclude that our recombinant herpesvirus HVS-OFP

A 30 -
-+ A549 -= PBMC

N
o
1

—_
o
1

OFP* cells (%)

0 10 20 30 40
Days after infection

Fig. 3. A. Dynamics of fluorescent populations after HVS-OFP infection. B. A fluorescent plaque formed after OMK cells were infected with the recombinant HVS-OFP.
C, D. PBMC (C) and A549 cells (D) transduced with HVS-OFP. E, F. Co-culturing of HEK-293T cells transfected with the recombination cassette and the expressers
of the measles virus strain glycoproteins with OMK cells infected with HVS at low (E) and high (F) confluence
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did not lose its ability for latency and immortalization of healthy
lymphoid cells. The cassette retained its expression both in the
lytic and latent cycles of herpesvirus infection.

DISCUSSION

We have developed and tested a new approach to the
recombination-based genetic engineering of herpesviruses.
We tested a few different techniques for increasing the odds
of recombination and found that it was necessary to use an
expression cassette with two selectable markers. Before the
tests, we had hypothesized that puromycin-based artificial
selection or sorting of fluorescent OMK cells immediately
after transfection would allow us to eliminate nontransfected
cells from the population. However, the period between the
delivery of the expression cassette and the onset of the
cytopathic effect/the release of the virus into the environment
was too short for puromycin-based selection, while the stress
accompanying fluorescence-based sorting of transduced
cells inhibited production of virions. The use of two selectable
markers made it more convenient to sort and monitor the
proportion of cells successfully transduced with recombinant
HVS. Speaking of the HVS-C488 strain, our approach helps
to overcome the major obstacle associated with transfection of
permissive cells with a transgenic cassette: its low efficacy [18].
Transfection is a key step in all HVS recombination methods
described so far [15, 19]. The efficacy of recombination
depends on the length of a recombined fragment, meaning
that insertion of larger cassettes expressing several genes will
either result in more recombination steps or necessitate the use
of larger cell populations for transfection and artificial selection.
Our approach is not as effective as BAC-based recombination
that has proved its efficacy in the experiments on the HVS
genome [20, 21]. Although recombination in eukaryotes is
more laborious than BAC-based recombination, it might still
be preferred when a single transgene expressor is introduced
or when a viral genome is being prepared for cloning into a
BAC and a selectable cassette should be inserted for easier
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