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Selectable Recombinant Herpesvirus Saimiri Is Capable of Persisting
in a Human T-Cell Line
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Strategies were developed to insert the neo resistance marker into the junction between L. DNA and the right
terminal repetitive H DNA of herpesvirus saimiri. Recombinant viruses were selectable in permissive
epithelioid cultures. The human T-cell line Jurkat could be infected persistently with the Neo" virus; the cells
contained episomal viral DNA in high copy number. This selectable vector should be generally applicable for

gene expression in human T cells.

The genomes of several herpesviruses have been used as
eucaryotic expression vectors with the capacity to incorpo-
rate long stretches of foreign DNA (15-17, 22). For herpes-
viruses of the alpha and beta subgroups, satisfactory cell
cultures have not been established to obtain long-term
persistence. Persisting vectors, however, have been con-
structed with subgenomic elements of the B-lymphotropic
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Epstein-Barr virus (gamma-1-herpesvirus [24, 27]); this sys-
tem, in contrast, did not yield infectious cell-free virus.
Herpesvirus saimiri, prototype of the gamma-2 group, is
capable of multiplying lytically in epithelioid owl monkey
kidney (OMK) cells and of persisting nonlytically in T
lymphocytes (reviewed in reference 9), suggesting that her-
pesvirus saimiri can be developed into an useful expression
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FIG. 1. Construction of plasmids designed for recombination with herpesvirus saimiri. Plasmid 1 (pSV2neo) (20) contains the Neo" gene
under transcriptional control of simian virus 40 signals. To obtain plasmid 2 (pSV2neoCS), we inserted a Sall linker into the EcoRlI site and
a Clal linker into a Pvull site of pSV2neo. The herpesvirus saimiri 11 Kpnl E fragment (hatched) is a constituent of plasmid 3 (pWD11) (13).
Plasmid 4 (pFG24) contains two H DNA repeat units (black triangles) in the vector pAGO (1). Plasmid 5 (pSI3) was derived from pWD11 by
deletion of a Sall site and insertion of a Sal/l linker into the Smal recognition sequence. To create pSineo, the Neo" gene was removed from
pSV2neoCS as a Clal-Sall fragment and ligated into pSI3. For the construction of pSIneoH, an H DNA repeat unit was isolated from pFG24
as a Taql fragment and cloned into the Clal site of pSlneo. C, Clal; E, EcoRl; K, Kpnl; S, Sall; Sm, Smal; T, Taqgl. kb, Kilobase.
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FIG. 2. Structure of the recombinant herpesvirus saimiri SIR-
NEOH14 and its persistence in human T cells. (A) Cleavage map of
the right H-L DNA junction. The lines below the map represent
restriction fragments hybridizing with the Neo” probe. Fragment
sizes are in kilobases (kb). A, Apal; H, HindIll; K, Kpnl; S, Smal,
Sa, Sall. The packaging cleavage signal of H DNA coincides with
the unique Apal restriction site in each H DNA repeat unit. (B)
Southern blot analysis of DNA from SIR-NEOH14. Viral DNA was
harvested by the quick lysis protocol and cleaved with Smal (lane
1), Smal-Sall (lane 2), Smal-Kpnl (lane 3), Sall (lane 4), and HindIII
(lane S). DNA fragments were separated on a 0.8% agarose gel,
blotted, and hybridized to a Neo" gene-specific probe. (C) Episomal
persistence of recombinant viral DNA in human T cells, demon-
strated by the procedure of Gardella et al. (10). Jurkat cells, both
persistently infected with SIR-NEOH14 and mock-infected con-
trols, were lysed on the top of an agarose gel. DN A was fractionated
and stained with ethidium bromide. Positions of chromosomal (c)
DNA, degraded linear (d) DNA, and high-molecular-weight epi-
somes (e) are indicated. Lanes 1 and 2, Ethidium bromide-stained
gel with DNA from uninfected cells (lane 1) and from SIR-NEOH14-
infected Jurkat cells (lanes 2). Lanes 3 and 4, A Southern blot of this
gel was hybridized with a Neo" probe: lane 3, uninfected controls;
lane 4, SIR-NEOH14-infected cells. Lanes S and 6, DNA from the
same cells (lane 5, uninfected cells; lane 6, SIR-NEOH14-infected
Jurkat cells) was fractionated by Gardella gel electrophoresis and
hybridized with the Kpnl D fragment contained in plasmid pSS53
(13).
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FIG. 3. Selection of recombinant virus SIR-NEOK in lytically
infected cells. To demonstrate enrichment of Neo sequences, virus
particles were harvested from aliquots of infected cell culture after
selection with geneticin. Purified viral DNA was digested with
Smal, run on a 0.8% agarose gel, stained with ethidium bromide (left
panel), and hybridized with pSV3neoCS (Fig. 1, plasmid 2) (right
panel). kb, Kilobases.

vector. Herpesvirus saimiri induces rapidly progressing T-
cell lymphomas in various New World primates (reviewed in
reference 9) and is capable of transforming marmoset mon-
key lymphocytes in vitro to permanent growth (7, 18, 25).
Viral genomes persist in lymphoid T-cell lines as episomes in
multiple copies (12, 26). The linear genomic DNA (M DNA)
of herpesvirus saimiri consists of an unique 112-kilobase
region of low G+C content (L. DNA), flanked at both ends
by variable numbers of 1.4-kilobase noncoding tandem re-
peats that are termed H DNA (1, 2, 8, 23). Here we show
that recombinant herpesvirus saimiri containing the Neo"
gene near the right junction between H DNA and L DNA (4)
could be efficiently selected by geneticin (G418) in OMK cell
cultures and that the virus was capable of persistently
infecting simian and human T-cell lines.

For the insertion of the Neo" gene into the herpesvirus
saimiri genome, a Smal cleavage site was chosen which is
located close to the right H-L DNA junction (2), 35 base
pairs within the first H repeat unit (1, 23); this region appears
not to be transcribed (1) and does not overlap with a major
open reading frame (23). Plasmids were designed that al-
lowed insertion of the neo resistance marker (4) by homol-
ogous recombination. The Neo" gene was under the tran-
scriptional control of simian virus 40 DNA elements (20).
The plasmid pSIneo was constructed by placing the Neo"
gene adjacent to the right-terminal Kpnl-Smal L DNA
fragment of herpesvirus saimiri strain 11 (Fig. 1). In the
recombinant plasmid pSIneoH, the resistance marker gene
was flanked by the same Kpnl-Smal L DNA fragment and
by a single H DNA repeat unit in genuine orientation (Fig.
1).

In a first series of experiments, the plasmid pSIneoH was
linearized with Kpnl, mixed at 80-fold molar excess with
purified virion DNA (8), and cotransfected into the permis-
sive OMK cell line 637 (ATCC CRL1556) (5) by calcium
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FIG. 4. Proposed mechanism for the formation of herpesvirus saimiri recombinants. A single crossover between linearized plasmid
(pSIneo) and herpesvirus saimiri genomic DNA will result in a linear intermediate with H DNA at the left terminus and the Neo” gene at the
right end. The molecule is assumed to circularize. Replication of herpesvirus DNA by the rolling circle mechanism (3, 14, 21) results in the
formation of long concatemers. Those are cut by the action of specific endonucleases (scissors) during the packaging process, resulting in

monomers that contain the gene to be cloned (hatched boxes).

phosphate precipitation (8, 11), followed by a 20% (wt/vol)
glycerol shock after 4 h. When cytopathic changes resulted
in destruction of monolayers within 3 weeks, cell culture
fluids were checked for the recombinant viruses by blot
hybridization (18). For this purpose, virus was concentrated
from 1 ml of cell-free supernatant and lysed with 2% (wt/vol)
sodium N-lauroyl sarcosine; the DNA was extracted with
phenol and ether, ethanol precipitated, and digested with
restriction enzymes prior to blot hybridization. Recombinant
viruses could always be detected without resort to selection
procedures. Viruses were plaque purified from OMK cells
under 20% (wt/vol) methylcellulose, and Neo" recombinants
were identified by dot-spot hybridization. In six of nine
recombinant virus clones that were tested by Southern
blotting, the inserted pSIneoH DNA was interspersed be-
tween H DNA repeats. Two virus clones, one of them
termed SIR-NEOH14, had the Neo" sequence placed near
the right H-L junction (Fig. 2A and B). The recombinant
SIR-NEOH was transferred into Sg021 cells, a persistently
infectable marmoset T-cell line (6). The cell line became
resistant against geneticin in concentrations up to 750 pg/ml;
the cells contained about 140 viral genome equivalents and
expressed Neo™-specific transcripts of the expected size (2.5
kilobases) (data not shown).

To target the foreign DNA more efficiently to the H-L
junction, we also followed a second approach that aimed at
formation of recombinants by a single crossover in L DNA.
Virion DNA was cotransfected with the plasmid pSlneo,
which is devoid of H sequences (Fig. 1). All resulting virus
(SIR-NEOK) had the Neo" gene and plasmid vector DNA
inserted between L DNA and the H DNA repeats. The
recombinant viruses could be enriched by subsequent pas-
sage in OMK cells in the presence of geneticin (Fig. 3). To
investigate whether the selectable herpesvirus saimiri can
persist in human T cells, we infected the Jurkat cell line (19)
with the recombinant SIR-NEOH14 and cultured it under
increasing (from 200 to 900 png/ml) cornicentrations of geneti-
cin. After more than 8 weeks, the complete Neo" gene was

detected by Southern blot analysis of cellular DNA (data not
shown). The method of Gardella et al. (10) was used to
search for covalently closed superhelical DNA of high
molecular weight. Neo" sequences were found within a band
of herpesvirus saimiri episomes, approximately comigrating
with the circular viral DNA of the herpesvirus saimiri-
transformed tumor cell line 1670 (Fig. 2C). Twelve weeks
after infection, the copy number of recombinant viral ge-
nomes was estimated to be approximately 100 per cell, based
on a comparison with the virus-transformed tumor cell line
1670. These cells had been shown previously to contain
about 210 genome equivalents per cell (12). Fourteen weeks
after infection, total cellular RN A was harvested from Jurkat
cells infected with SIR-NEOH14 infection; Northern (RNA)
blot hybridization revealed a single Neo"-specific transcript
of the expected size (data not shown).

In summary, we showed that recombinant Neo'-
expressing herpesvirus saimiri can persistently infect human
cells of hematopoietic lineage. Recombinant viruses were
selected in lytically infected epithelioid cells and persisted
under selective pressure in lymphoid cells as large episomes
of high copy number. Two strategies, both relying on ho-
mologous recombination of the herpesvirus saimiri genome
with plasmid-cloned virus-specific sequences, led to Neo"
recombinants. If the Neo" marker was cloned between
right-terminal L DNA and one H repeat unit and was
cotransfected with M DNA, a minority of recombinants had
the resistance marker positioned at the desired site between
H and L sequences. Most viruses contained the entire
plasmid within H DNA; this is easily explained as the
consequence of recombination of H DNA exclusively. When
Desrosiers and co-workers (6) cloned the bovine growth
hormone gene into herpesvirus saimiri by replacing a trans-
formation-relevant sequence at the left end of L DNA, they
observed that DNA of the plasmid vector (pBR322) was
incorporated into the recombinants. This suggests that re-
combinants can arise by a single crossover event in L DNA,
followed by circularization and subsequent DNA replication



VoL. 63, 1989

according to the model of the rolling circle (3, 14, 21). We
used this as a working hypothesis to develop the alternative
strategy. Since the Neo'-containing plasmid (pSIneo) lacks
H DNA, it could only recombine by crossover in L DNA,
thus avoiding the insertion into the H repeats of virion
genomes (Fig. 4). Although this mechanism has not been
proven yet, the procedure yielded the expected recombi-
nants and should provide a generally applicable means of
cloning into gamma-2-herpesvirus genomes.

Herpesvirus saimiri may prove to be a versatile vector for
expression of foreign genes in human cells. The particular
genome structure of herpesvirus saimiri, with about 30%
highly repetitive DNA (8), might provide a large capacity to
insert foreign DNA, as the insertion can possibly be com-
pensated by loss of terminal repeated sequences. Foreign
DNA can be inserted near the H-L junction without inter-
rupting or replacing viral genes. Recombinant virus repli-
cates without helper virus and is able to infect human and
simian T-cell lines, thus it can shuttle between lytic and
persistent infection. Since the recombinant DNA is pack-
aged into infectious particles, foreign genes can be trans-
ferred into cells, such as primary lymphocytes, that are not
particularly susceptible to DNA transfection. Herpesvirus
saimiri recombinants persist in T-cell lines as high-copy-
number episomes; the recombinant DNA appeared not to be
integrated, at least not within the limits of sensitivity of the
detection method. For these reasons, the study of certain
aspects of gene regulation in human T cells may be facili-
tated, for instance, investigations of frans-acting genes,
avoiding cis effects by the integration into the host cell
genome. If a transformation-negative variant of herpesvirus
saimiri is used as a vector, genes involved in T-cell activa-
tion could be functionally analyzed.

The excellent technical assistance of Christine Blechner, Gabi
Bergmann, and Ingrid Miiller-Fleckenstein is greatly appreciated.
We thank R. C. Desrosiers for stimulating discussions.

This work was supported by Deutsche Forschungsgemeinschaft
and Bundesministerium fiir Forschung und Technologie.

LITERATURE CITED

1. Bankier, A. T., W. Dietrich, R. Baer, B. B. Barrell, F. Colbére-
Garapin, B. Fleckenstein, and W. Bodemer. 1985. Terminal
repetitive sequences in herpesvirus saimiri virion DNA. J.
Virol. 55:133-139.

2. Bornkamm, G. W., H. Delius, B. Fleckenstein, F.-J. Werner, and
C. Mulder. 1976. Structure of herpesvirus saimiri genomes:
arrangement of heavy and light sequences within the M genome.
J. Virol. 19:154-161.

3. Cebrian, J., D. Bucchini, and P. Sheldrick. 1983. ‘‘Endless”
viral DNA in cells infected with Channel catfish virus. J. Virol.
46:405-412.

4. Colbére-Garapin, F., F. Horodniceanu, P. Kourilsky, and A.-C.
Garapin. 1981. A new dominant hybrid selective marker for
higher eukaryotic cells. J. Mol. Biol. 150:1-14.

5. Daniel, M. D., D. Silva, and M. Ma. 1976. EStablishment of owl
monkey cell line 210 for virological studies. In Vitro 12:290.

6. Desrosiers, R. C., J. Kamine, A. Bakker, D. Silva, R. P.
Woychik, D. D. Sakai, and F. M. Rottman. 1985. Synthesis of
bovine growth hormone in primates by using a herpesvirus
vector. Mol. Cell. Biol. 5:2796-2803.

7. Desrosiers, R. C., D. P. Silva, L. M. Waldron, and N. L. Letvin.
1986. Nononcogenic deletion mutants of herpesvirus saimiri are
defective for in vitro immortalization. J. Virol. §7:701-705.

8. Fleckenstein, B., G. W. Bornkamm, and H. Ludwig. 1975.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

NOTES 1821

Repetitive sequences in complete and defective genomes of
herpesvirus saimiri. J. Virol. 15:398-406.

. Fleckenstein, B., and R. C. Desrosiers. 1982. Herpesvirus saimiri

and herpesvirus ateles, p. 253-332. In B. Roizman (ed.), The
herpesviruses, vol. 1. Plenum Publishing Corp., New York.
Gardella, T., P. Medveczky, T. Sairenji, and C. Mulder. 1984.
Detection of circular and linear herpesvirus DNA molecules in
mammalian cells by gel electrophoresis. J. Virol. 50:248-254.
Graham, F. L., and A. J. van der Eb. 1973. A new technique for
the assay of infectivity of human adenovirus S DNA. J. Virol.
52:456-467.

Kaschka-Dierich, C., F. J. Werner, 1. Bauer, and B. Flecken-
stein. 1982. Structure of non-integrated circular herpesvirus
saimiri and herpesvirus ateles genomes in tumor cell lines and in
vitro-transformed cells. J. Virol. 44:295-310.

Knust, E., S. Schirm, W. Dietrich, W. Bodemer, E. Kolb, and B.
Fleckenstein. 1983. Cloning of herpesvirus saimiri DNA frag-
ments representing the entire L-region of the genome. Gene
25:281-289.

Ladin, B. F., M. L. Blankenship, and T. Ben-Porat. 1980.
Replication of herpesvirus DNA. V. Maturation of concate-
meric DNA of pseudorabies virus to genome length is related to
capsid formation. J. Virol. 33:1151-1164.

Lowe, R. S., P. M. Keller, B. J. Keech, A. J. Davison, Y. Whang,
A. J. Morgan, E. Kieff, and R. W. Ellis. 1987. Varicella-zoster
virus as a live vector for the expression of foreign genes. Proc.
Natl. Acad. Sci. USA 84:3896-3900.

Roizman, B., and F. J. Jenkins. 1985. Genetic engineering of
novel genomes of large DNA viruses. Science 229:1208-1214.
Sauer, B., M. Whealy, A. Robbins, and L. Enquist. 1987.
Site-specific insertion of DNA into a pseudorabies virus vector.
Proc. Natl. Acad. Sci. USA 84:9108-9112.

Schirm, S., I. Miiller, R. C. Desrosiers, and B. Fleckenstein.
1984. Herpesvirus saimiri DNA in lymphoid cell line established
by in vitro transformation. J. Virol. 49:938-946.

Schneider, U., H.-U. Schwenk, and G. Bornkamm. 1977. Char-
acterization of ebv-genome negative ‘‘null”’ and ““T"’-cell lines
derived from children with acute lymphoblastic leukemia and
leukemic transformed non-Hodgkin lymphoma. Int. J. Cancer
19:621-626.

Southern, P. J., and P. Berg. 1982. Transformation of mamma-
lian cells to antibiotic resistance with a bacterial gene under
control of the SV40 early region promoter. J. Mol. Appl. Genet.
1:327-341.

Spaete, R. R., and N. Frenkel. 1982. The herpes simplex virus
amplicon: a new eucaryotic defective-virus cloning-amplifying
vector. Cell 30:295-304.

Spaete, R. R., and E. S. Mocarski. 1987. Insertion and deletion
mutagenesis of the human cytomegalovirus genome. Proc. Natl.
Acad. Sci. USA 84:7213-7217.

Stamminger, T., R. W. Honess, D. F. Young, W. Bodemer, E. D.
Blair, and B. Fleckenstein. 1987. Organization of terminal reit-
erations in the virion DNA of herpesvirus saimiri. J. Gen. Virol.
68:1049-1066.

Sugden, B., D. Marst, and J. Yates. 1985. A vector that
replicates as a plasmid and can be efficiently selected in B-
lymphoblasts transformed by Epstein-Barr virus. Mol. Cell.
Biol. 5:410-413.

Szomolanyi, E., P. Medveczky, and C. Mulder. 1987. In vitro
immortalization of marmoset cells with three subgroups of
herpesvirus saimiri. J. Virol. 61:3485-3490.

Werner, F. J., W. Bornkamm, and B. Fleckenstein. 1977.
Episomal viral DNA in a herpesvirus saimiri-transformed lym-
phoid cell line. J. Virol. 22:794-803.

Yates, J. L., N. Warren, and B. Sugden. 1985. Stable replication
of plasmids derived from Epstein-Barr virus in various mamma-
lian cells. Nature (London) 313:812-814.



