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We report here on the development and characterization of a novel herpes simplex virus type 1 (HSV-1)
amplicon-based vector system which takes advantage of the host range and retention properties of HSV–
Epstein-Barr virus (EBV) hybrid amplicons to efficiently convert cells to retrovirus vector producer cells after
single-step transduction. The retrovirus genes gag-pol and env (GPE) and retroviral vector sequences were mod-
ified to minimize sequence overlap and cloned into an HSV-EBV hybrid amplicon. Retrovirus expression cas-
settes were used to generate the HSV-EBV-retrovirus hybrid vectors, HERE and HERA, which code for the eco-
tropic and the amphotropic envelopes, respectively. Retrovirus vector sequences encoding lacZ were cloned
downstream from the GPE expression unit. Transfection of 293T/17 cells with amplicon plasmids yielded
retrovirus titers between 106 and 107 transducing units/ml, while infection of the same cells with amplicon
vectors generated maximum titers 1 order of magnitude lower. Retrovirus titers were dependent on the extent
of transduction by amplicon vectors for the same cell line, but different cell lines displayed varying capacities
to produce retrovirus vectors even at the same transduction efficiencies. Infection of human and dog primary
gliomas with this system resulted in the production of retrovirus vectors for more than 1 week and the long-
term retention and increase in transgene activity over time in these cell populations. Although the efficiency of
this system still has to be determined in vivo, many applications are foreseeable for this approach to gene delivery.

One of the main objectives of gene therapy is to achieve
stable genetic modification of target cells. This means that
their progeny, or themselves in the case of nondividing cells,
should retain and express the newly introduced genetic ma-
terial until the end of their lifespan, ideally in a regulated
manner. This principle is equally valid when transgenes are
introduced to correct genetic deficiencies or for treatment of
nonhereditary diseases. Several viral vector systems have
been developed which can achieve retention of the trans-
gene through different mechanisms. Retrovirus and adeno-
associated virus (AAV) vectors can integrate genes into the
genome of infected cells, while Epstein-Barr virus (EBV) vec-
tors are maintained by episomal replication (27, 67).

Moloney murine leukemia virus (MMLV)-derived retrovi-
rus vectors are among the most commonly used vectors in gene
therapy because of their ability to stably integrate transgenes in
the genome of target cells and because of their relative safety.
However, their use for direct gene delivery in vivo has been
limited due to the low efficiency of gene transfer. This is the
result of several limiting properties: low titer, inability to infect
nondividing cells, limited tropism, and relatively short half-life.
Although improvements have been made to address some of
these issues, MMLV-derived retrovirus vectors are still mostly
used for ex vivo protocols. These strategies involve removal of
the target cells from the experimental subject or use of donor
cells, genetic modification in culture by infection with retrovi-
rus vectors carrying the transgene of interest, selection and

characterization of transduced cells, and implantation of these
cells in vivo (57).

An alternative to the direct injection of retroviral particles
for in vivo gene delivery is the injection of retrovirus producer
cells resulting in the local production of retrovirus vectors. This
strategy has been used with success in the treatment of exper-
imental brain tumors (10), but its clinical efficacy remains to be
demonstrated. In the clinical setting the retrovirus packaging
cells remain localized to the injection site, resulting in a very
low efficiency of gene delivery to tumor cells, i.e., delivery
limited to the immediate vicinity of the packaging cells (53).
The fact that the retrovirus producer cells used are typically
derived from mouse fibroblasts has several disadvantages and
potential risks (25). First, the retrovirus particles produced are
extremely sensitive to inactivation by human serum via com-
plement activation. This occurs because nonprimate packaging
cells add a Gal(a1-3)galactosyl group to the retroviral enve-
lope and because human serum has preexisting antibodies
against that sugar group (54, 60). Second, the fact that these
cells are mouse fibroblasts presents two difficulties: (i) fibro-
blasts transplanted into a brain tumor remain largely at the
injection site and do not distribute throughout the tumor (61,
62), and (ii) their xenogeneic origin is likely to exacerbate an
immune response despite the immune privileged nature of the
central nervous system (CNS), thus limiting their survival time.
A third consideration is safety, since murine cells carry in their
genome a large variety of MMLV-like genomes which can be
packaged by type C Gag proteins (6, 23, 56). The copackaging
of the virus vector with one of these endogenous genomes can
lead to recombination events which result in the production of
replication-competent retroviruses (RCRs). Several packaging
cell lines derived from human cells have been developed which
could be used instead of the murine versions (9). These human
retrovirus packaging cell lines package fewer endogenous se-
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quences (49), which reduces the probability of generating
RCRs, and the virus particles are resistant to inactivation by
human serum (9). However, there is also an increased risk for
tumor formation since most of these cell lines are derived from
transformed cells.

Others have attempted to convert cells to retrovirus pack-
aging cells by different transduction strategies. Noguiez-Hellin
et al. (47) generated retrovirus-producing cells in situ by trans-
fection with a plasmid carrying all of the necessary functions
for retrovirus packaging and vector generation. These authors
have shown that the transgene could be propagated in culture
but to a lesser extent in a tumor model in vivo, probably due to
low transfection efficiency with the plasmid (47). Other novel
systems for production of retroviral vectors take advantage of
the efficient gene delivery and expression mediated by virus
vectors derived from herpes simplex virus (HSV) (55), Semliki
Forest virus (SFV) (39), and adenovirus (13, 15, 40, 68). These
systems utilize two or three different vectors to introduce the
retroviral vector element and packaging functions, depending
on whether the gag-pol and env genes are encoded in the same
vector (15, 40, 55) or different vectors (13, 39, 40, 68). One of
these adenovirus-retrovirus chimeric systems has been shown
to extend the duration of transgene expression in tumors in
vivo when compared to a recombinant adenovirus vector (15).

HSV amplicons are plasmid-based vectors that, in addition
to the transgene of interest and corresponding expression el-
ements, only need two noncoding HSV sequences, an origin of
DNA replication (oriS) and a DNA cleavage-packaging signal
(pac), to be packaged in HSV virions in the presence of helper
functions (59). These virions can infect a wide range of dividing
and nondividing cells and, with the development of an HSV
helper virus-free packaging system (18), have essentially no
toxicity. HSV virions package about 150 kb of DNA. The
amplicon DNA is packaged as a concatemer of approximately
that size, containing multiple copies of the plasmid repeated in
tandem, due to a rolling circle mode of viral DNA replication.
This presents the advantages that a single virion can transduce
a cell with multiple copies of a transgene and that these vectors
can carry large genes and regulatory regions (for a review, see
reference 17). However, one major limitation of these vectors
has been the loss of amplicon DNA from the host cell nucleus
over time and therefore of gene expression, especially in di-
viding cells (26). Recently, two different hybrid amplicon sys-
tems have been developed that incorporate elements from
other viruses that serve to increase retention of the amplicon
DNA and extend transgene expression. One is an HSV-EBV
hybrid amplicon which includes two EBV elements in its back-
bone, the latent origin of DNA replication (oriP) and the gene
encoding the EBV nuclear associated antigen 1 (EBNA-1),
which support nuclear replication of the amplicon DNA in
dividing cells (63). The other is an HSV-AAV hybrid amplicon
which incorporates the AAV ITR element and rep gene. These
elements have the potential to mediate chromosomal integra-
tion of the transgene cassette (26). This principle of incorpo-
rating these AAV elements to achieve chromosomal integra-
tion of transgenes with viruses that normally do not possess this
property has also been used with baculovirus (48).

The present study reports on the development and charac-
terization of a new gene delivery system based on an HSV-
EBV hybrid amplicon vector that contains the retroviral pack-
aging functions and a retrovirus vector cassette. The ability of
this amplicon vector to induce retrovirus vector production was
assessed in a number of different cells. High-titer recombinant
retrovirus vectors were obtained both by transfection and in-
fection. This system can also mediate cumulative transgene

delivery in cell populations starting from a small fraction of
amplicon-infected cells.

MATERIALS AND METHODS

Cells. NIH 3T3 cells, SNB-19 human glioma cells (21), and Phoenix-E cells
(used with permission from Garry P. Nolan [Stanford University School of
Medicine, Stanford, Calif.]) were obtained from the American Type Culture
Collection (Rockville, Md.). 293T/17 cells (50) were provided by David Balti-
more (Massachusetts Institute of Technology, Cambridge). These cells constitu-
tively express the simian virus 40 (SV40) large T antigen, and clone 17 was
specifically selected for its high transfectability. African green monkey kidney
Vero 2-2 cells (58) were provided by Rozanne Sandri-Goldin (University of
California, Irvine). T98 cells were obtained from F. S. Prado (Massachusetts
General Hospital, Boston), U87.DEGFR cells (44) were obtained from Webster
K. Cavenee (University of California at San Diego, La Jolla), and Gli-36 human
primary glioma was provided by David N. Louis (Massachusetts General Hos-
pital, Charlestown). The J3T dog glioma cell line (3) was provided by Michael E.
Berens (Barrow Neurological Institute, Phoenix, Ariz.), the 9L rat gliosarcoma
cell line (64) was obtained from the Brain Tumor Research Center (University
of California at San Francisco), and the CNS-1 rat glioma cells (33) were
obtained from C. A. Kruse and W. F. Hickey (University of Colorado Health
Sciences Center, Denver). Naive Mus dunni cells (MD) and Mus dunni cells
expressing LacZ (MDZ) (12) were provided by Richard Mulligan (Harvard
Medical School, Boston, Mass.). NIH 3T3 cells were grown in Dulbecco modified
Eagle medium (DMEM) supplemented with 10% calf serum (Sigma, St. Louis,
Mo.). 293T/17, Phoenix-E, SNB-19, T98, U87.DEGFR, Gli-36, J3T, 9L, CNS-1,
and 2-2 cells were grown in DMEM with 10% fetal bovine serum (Sigma). MD
and MDZ cells were grown in DMEM–F-12 and 5% fetal bovine serum. All
media were supplemented with 100 U of penicillin and 0.1 mg of streptomycin
(Sigma) per ml. 2-2 and U87.DEGFR cell growth medium was further supple-
mented with 0.5 mg of G418 (GIBCO BRL, Gaithersburg, Md.) per ml. Cells
were grown at 37°C and with 5% CO2 in a humidified atmosphere.

Plasmids. All DNA sequences amplified by PCR were cloned in pCR2.1
vector by using the TA cloning kit (Invitrogen, Carlsbad, Calif.) and sequenced.

(i) Construction of gag-pol-env (GPE) expression cassette. The primers used
were as follows: MOV-1, GCTAGCCCTCTTGCAGTTGCATCCGAC (the
NheI site is underlined); MOV-2, AGGAGCAACTGGCGATAGTGGAC;
ENVP3, TCTAGACTATGGCTCGTACTC (the XbaI site is underlined); and
ENVP4, CTGTTTAACAGATCCCCTTGG.

The pMOVC2 plasmid (41), provided by Richard Mulligan, was used as a
template for all PCR reactions. Primers ENV-P3 and ENV-P4 were used to
amplify a 209-bp fragment which was cloned in pCR2.1, generating the plasmid
TVENVP34. A 6,114-bp XhoI-ClaI fragment from pMOVC2 was then cloned
into TVENVP34, generating the plasmid TVMOV. A 6,226-bp XhoI-EcoRI
fragment from this plasmid was then cloned in pcDNA3.1Neo(2) (Invitrogen),
generating the plasmid pcDNA3.1MOV. Primers MOV-1 and MOV-2 were used
to amplify a 1,237-bp fragment from pMOVC2, and the PCR product was
cloned, generating the plasmid TVMOV12. The 1,161-bp NheI-XhoI fragment
derived from this plasmid was then cloned into pcDNA3.1MOV, generating
pcDNA3.1MOV12.

To construct the amphotropic version, the 4070A amphotropic genome (7),
provided by Sisir Chattopadhyay (National Cancer Institute, Bethesda, Md.), was
digested with SalI and ClaI, and the resulting 3,936-bp fragment, containing
the amphotropic envelope gene, was cloned into TVMOV, generating the
plasmid TVMOVAmpho. The 6,081-bp XhoI-to-ClaI fragment was cloned in
pcDNA3.1MOV12, generating pcDNA3.1MOVAmpho.

(ii) Construction of retrovirus vector with minimal overlap with GPE cassette.
The primers used were as follows: BAB-1, GCGGCCGCTGATCATTCCGCG
CACATTTCCCCGAAAAG (the NotI site is underlined); BAB-2, GTCGACA
GATCTCAGCAGACAAGACGCGCGGCTTCGG (the SalI-BglII site is un-
derlined); BAB-4, ATGCATGCGGCCGCTGATCAAAATGAAAGACCCCC
GCTGAC (the NsiI-NotI site is underlined); and BAB-5, ATCGATGTCGAC
ATTAATGTCTCCAGAAAAAGGGGGGAATGAAAG (the ClaI-SalI site is
underlined). The retrovirus vector elements were derived from the vector pBabe
Puro (43) obtained from Jay Morgenstern (Imperial Cancer Research Fund,
London, United Kingdom). BAB-1 and BAB-2 primers were used to amplify a
933-bp fragment spanning the 59 long terminal repeat (LTR) promoter and the
packaging signal. This PCR product was cloned into pCR2.1, yielding the plas-
mid TVBAB12. BAB-4 and BAB-5 primers were used to amplify a 654-bp
fragment spanning the 39 LTR which was cloned in pCR2.1, generating plasmid
TVBAB45. The NsiI-to-SalI fragment from this plasmid containing the BAB45
sequence was cloned in TVBAB12, generating plasmid TVB. The 1,075-bp
SalI-to-NheI fragment from pBabe Puro containing the SV40 early promoter and
puromycin selection marker gene were cloned in TVB, generating plasmid
TVBP. The Escherichia coli lacZ gene was cloned into the BglII site of this
plasmid.

(iii) Construction of HERE and HERA vectors. A 1.1-kb PacI fragment
flanked by NotI sites was inserted into the unique PacI site of the pREHGCa
HSV-EBV hybrid amplicon plasmid (54a), designated M12Y. The NheI-to-PmeI
fragments from pcDNA3.1MOV12 and pcDNA3.1MOVAmpho encompassing
the coding sequences for the retrovirus proteins were cloned into M12Y, gen-
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erating the vectors pHERE and pHERA, respectively. The retrovirus vector
element was derived from the TVBPlacZ plasmid after digestion with NotI and
cloned into the unique NotI site of pHERE and pHERA.

Transfections and vector titer determination. (i) Retrovirus packaging.
293T/17 and Phoenix-E cells were transfected essentially as described previously
(50). The day before transfection, 2 3 106 293T/17 cells were plated in 4 ml of
medium on 60-mm-diameter dishes. The following day the medium was replaced
with medium containing 25 mM chloroquine (Sigma) for 5 to 10 min before the
addition of the DNA-calcium phosphate coprecipitates. Then, 15 mg of each
plasmid was mixed with 62 ml of 2 M CaCl2 (Sigma) and water to a final volume
of 500 ml. This solution was added to 500 ml of HEPES-buffered saline (50 mM
HEPES, 10 mM KCl, 12 mM dextrose, 280 mM NaCl, 1.5 mM Na2HPO4; final
pH, 7.05) and mixed by vigorous bubbling for 1 min. The resulting suspension
was immediately added to the cells, and the plate was gently rocked to achieve
a uniform distribution of the precipitates. Cells were returned to the 37°C
incubator for 8 h. Then the medium was replaced with 4 ml of growth medium.
The following day, the medium was changed to 3 ml of fresh medium, and the
cells were incubated at 37°C for 24 h before the supernatants were harvested.

(ii) Retrovirus titer determination. For all retrovirus titers determined in this
study the media from retrovirus vector-producing cells were centrifuged at 500 3
g for 5 min, and the supernatants were stored at 280°C. One day prior to
infection, NIH 3T3 cells were plated in 12-well dishes at a density of 5 3 104

cells/well. Cells were infected in a total volume of 0.5 ml containing different
volumes of supernatant in the presence of 4 mg of Polybrene (Sigma) per ml. The
titer of each vector stock was determined in triplicate. One day later the total
volume was brought up to 1 ml with fresh medium and incubated for 24 h before
fixation in 4% paraformaldehyde (Sigma) in phosphate-buffered saline (PBS;
Sigma) for 5 to 7 min at room temperature. Cells were washed twice with PBS
and stained with X-Gal (5-bromo-4-chloro-3-indolyl-b-D-galactopyranoside;
Fisher) solution [1 mg of X-Gal per ml, 2 mM MgCl2, 5 mM K4Fe(CN)6, and 5
mM K3Fe(CN)6 in PBS] overnight. Positive cells were counted by using an
Argus-20 image processor (Hamamatsu Photonics, Hamamatsu City, Japan) at
3100 magnification. Three fields per well were counted, and the vector titer was
determined by calculating the total number of blue cells/well divided by the total
volume of supernatant used and expressed as transducing units (TU) per milli-
liter.

(iii) Helper virus assay. Retroviral stocks were assayed for replication-com-
petent retrovirus by a LacZ mobilization assay via Mus dunni cells. One day prior
to infection, MDZ cells, 2 3 105/100-mm-diameter plate, were infected with 1 ml
of retrovirus vector stocks in 9 ml of media with 8 mg of Polybrene per ml. The
following day, the medium was replaced, and the cells were incubated for 48 h.
Supernatants were then passed through 0.45-mm-pore-size filters and used to
infect 3 3 105 MD cells in 100-mm plates in the presence of 8 mg of Polybrene
per ml. The following day the medium was changed to normal medium, and cells
were incubated for an additional 24 h before being stained with X-Gal as
described above. Plates were entirely scanned with a light microscope for the
presence or absence of LacZ-positive cells (blue cells). To determine the sensi-
tivity of the assay, titered wild-type 4070A amphotropic virus stocks, kindly
provided by Richard Mulligan, were diluted to final concentrations of 1, 2, 10,
and 100 viral particles per ml and used in place of the test virus. The assay was
shown to be able to detect one particle of 4070A virus per milliliter of infectious
medium. All retrovirus stocks used in the present study, including those gener-
ated by transfection and infection of various cell types, were negative for RCR by
this assay.

(iv) Amplicon packaging. Plasmids were packaged as HSV amplicons by using
the helper virus-free packaging system developed by Fraefel et al. (18). For this
purpose 2-2 cells were transfected by using Lipofectamine (GIBCO BRL) with a
mixture of plasmid to be packaged and a set of five cosmids which spans the
entire HSV genome (11) with the sequences containing the DNA cleavage-
packaging signals (a sequences containing pac signals) deleted (18). Amplicon
stocks were harvested 60 h later, freeze-thawed three times, sonicated, and
purified by brief centrifugation at 1,000 3 g for 10 min. Amplicon titers (TU/
milliliter) were determined by infecting 3 3 105 293T/17 cells/well in 24-well
plates and then counting the GFP-positive cells at 3100 magnification at 18 h
postinfection.

Retrovirus production after infection with amplicons. (i) Retrovirus produc-
tion in 293T/17 cells. One day prior to infection, 2 3 106 cells were plated on
60-mm-diameter dishes. Cells were infected at different multiplicities of infection
(MOIs) in a maximum volume of 3 ml. The following day the medium was
replaced with 3 ml of fresh medium, and the cells were incubated for 24 h before
the medium was harvested to determine the retrovirus titers. Each MOI was
determined in triplicate. Retrovirus titers were determined as described above.

(ii) Amplicon neutralization experiment. For amplicon neutralization,
293T/17 cells were plated as described above. On the day of infection, the
appropriate number of TU to achieve an MOI of 2 were diluted in growth
medium to a final volume of 3 ml. Diluted amplicon vector stocks were incubated
for 10 min at room temperature with the following antibodies and serum to a
final dilution of 1:50: rabbit anti-HSV type 1 polyclonal antibody (B0114; Dako,
Glostrup, Denmark), normal rabbit serum (Vector, Burlingame, Calif.), rabbit
anti-LacZ antibody (55975; ICN Pharmaceuticals, Costa Mesa, Calif.) as an
unrelated rabbit antibody, and PBS as a control. Other than this incubation

period the experiment was repeated as described above. Each experimental
condition was repeated in triplicate.

(iii) Retrovirus production in glioma cells. One day prior to infection 5 3 105

cells were plated on 60-mm-diameter plates. The following day, cells were in-
fected at different MOIs, as above, prior to harvesting the supernatant for
retrovirus titering. Each MOI was determined in triplicate. Retrovirus titers were
determined as described above. For retrovirus production kinetics, on the day of
harvesting, the total number of cells per plate was determined by using a cell
counter (Coulter, Miami, Fla.), and 5 3 105 cells were replated on 60-mm plates.
Two days later, the medium was replaced with 3 ml of fresh medium, and the
following day the supernatant was harvested in order to determine the titer. The
same process was repeated at each time point.

Stability of transgene expression. One day prior to infection, J3T and Gli-36
cells were plated in six-well dishes at a density of 105 cells per well. The following
day, cells were infected with amplicon vectors at an MOI of 2 in a total volume
of 1 ml in growth medium and returned to the 37°C incubator for 24 h, after
which the medium was replaced by 1.5 ml of fresh medium. Cells were kept in
six-well dishes until day 4, after which they were transferred to 60-mm-diameter
plates. Cells were then split 1:5 every 3 days. The experiment was repeated twice
in triplicate for each cell line.

To measure the b-galactosidase activity, cells were harvested at different time
points in cell lysis buffer (Promega, Madison, Wis.) and stored at 280°C. The
total amount of protein for all samples was determined by using the Coomassie
Plus protein assay reagent (Pierce, Rockford, Ill.) and a bovine serum albumin
(BSA) standard (Bio-Rad, Hercules, Calif.). b-Galactosidase activity in each
sample was measured by using a b-galactosidase assay kit (Promega). Samples
and standards were incubated for 30 min at 37°C.

Western blot. Cells were lysed in a buffer containing 50 mM Tris (pH 8.0), 150
mM NaCl, 1% NP-40, and Complete-Mini cocktail of protease inhibitors (Boe-
hringer-Mannheim, Indianapolis, Ind.). Protein concentrations were determined
as described above. An equal amount of total cell protein (60 mg) was denatured
and separated by electrophoresis on 10% polyacrylamide gels with sodium do-
decyl sulfate. Rainbow markers (Amersham Life Sciences, Arlington Heights,
Ill.) were used as molecular weight markers. Proteins were transferred to nitro-
cellulose membrane (Bio-Rad Trans-Blot Transfer Medium Pure, 0.45 mm [pore
size]) in transfer buffer (25 mM Tris, 192 mM glycine; pH 8.3) by using a Bio-Rad
Transblot Cell for 3 h at 0.5 mA at 4°C. Membranes were stained with 0.2%
Ponceau S (Sigma) to ensure equal loading of samples and proper transfer. After
the staining, the membranes were blocked overnight in 10% nonfat dry milk
powder in TBST (150 mM NaCl; 50 mM Tris, pH 7.9; 0.05% Tween 20). The
following day, membranes were washed twice for 15 min and twice for 5 min in
TBST and then incubated for 1 h at room temperature with a 1:3,000 dilution of
the primary antibodies in 2% nonfat dry milk powder in TBST. Goat anti-p30
and anti-p70 antibodies were developed against Rauscher murine virus p30 (CA
protein) and p69/71 (SU protein) proteins, respectively (Quality Biotech, Inc.).
The membranes were washed as before and incubated for 30 min with a 1:5,000
dilution of anti-goat immunoglobulin G (IgG) peroxidase-conjugated secondary
antibody (Santa Cruz Biotechnology, Santa Cruz, Calif.) in TBST with 5% milk.
After a washing as described above, the blots were developed by using enhanced
chemiluminescence (ECL) reagents (Amersham Life Sciences). Membranes
were then exposed to film for 30 s to 30 min. Films were scanned, and the bands
were analyzed for their integrated densities by using the NIH Image 1.62 soft-
ware.

Fluorescence-activated cell sorting (FACS) analysis. Cells were trypsinized
and centrifuged for 5 min at 500 3 g. After resuspension in PBS, cells were
analyzed for the percentage of green fluorescent protein (GFP)-positive cells by
using a FacsCalibur analyzer (Becton-Dickinson, Franklin Lakes, N.J.).

Immunofluorescence. J3T and Gli-36 cells infected with HERAlacZ B7 am-
plicon vector at MOIs of 2 and 0.1, respectively, were fixed with 4% parafor-
maldehyde at 37°C for 30 min at 2 and 5 days postinfection. After a thorough
washing with PBS, cells were treated with 0.1% NP-40 in PBS for 20 min,
followed by treatment with a blocking solution (10% goat serum [Vector Labo-
ratories, Burlingame, Calif.] in PBS) for 45 min. Cells were incubated with an
anti-LacZ rabbit primary antibody (ICN Pharmaceuticals) at a 1:250 dilution in
PBS plus 1% BSA (Sigma) for 1 h. A rhodamine-conjugated goat anti-rabbit
secondary antibody (Biosource International, Camarillo, Calif.) was then used
(1 h with a 1:200 dilution in PBS–1% BSA). A coverslip was placed over the cell
monolayer in each well, and cells were viewed by using a Bio-Rad MRC1000
confocal microscope to detect GFP and LacZ (rhodamine) expression. All in-
cubations were performed at room temperature; between each step, cells were
washed four times with PBS.

RESULTS

Construction of HERE and HERA amplicons. The vector
design takes advantage of the host range and retention prop-
erties of an HSV-EBV hybrid amplicon to develop a single
vector system which enables cells to produce recombinant ret-
rovirus vectors after transduction. Retrovirus genes, gag-pol
and env (GPE), and retroviral vector sequences were cloned
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into an HSV-EBV hybrid amplicon (54a) (Fig. 1). This ampli-
con has in its backbone the EBV origin of replication (oriP)
and a mutant version of the EBNA-1 gene derived from the
plasmid p205 (67) under the control of the Rous sarcoma virus
promoter. In addition, it carries the cDNA for an enhanced
GFP (Clontech, Palo Alto, Calif.), under the control of the
HSV immediate-early gene 4/5 promoter (IE4/5), as well as an
HSV origin of replication (oriS) and packaging signal (pac).
GFP expression can be used to monitor the fate of the ampli-
con vector backbone. Ecotropic and amphotropic retrovirus
GPE expression cassettes were cloned between the CMV im-
mediate-early promoter and the bovine growth hormone poly-
adenylation signal, generating the HSV-EBV-retrovirus hybrid
vectors, HERE and HERA, which code for the ecotropic (E)
and the amphotropic (A) envelopes, respectively. Retrovirus
vector sequences encoding lacZ were cloned downstream from
the GPE expression unit in two different orientations to eval-
uate potential interference between the CMV and 59 LTR
promoters (Fig. 1A). Vectors HERElacZ A1 and HERAlacZ
B7 have the 59 LTR promoter placed so that transcription from
this promoter occurs in the same direction as the CMV-GPE
cassette, with vectors HERElacZ A7 and HERAlacZ B3 in the

opposite orientation. Two control vectors were also con-
structed in which the retrovirus vector sequences were cloned
in the hybrid amplicon without the gag-pol-env genes, generat-
ing the vectors HER lacZ C1 and HER lacZ C5 with the same
and opposite orientations relative to the CMV promoter, re-
spectively (Fig. 1B).

To minimize the risk of recombination events taking place in
this new amplicon packaging system which could generate
RCRs, the MMLV gag-pol-env genes and vector elements were
modified to reduce overlap between them. The gag-pol-env
cassette derived from the plasmid MOVC2 has a 350-bp de-
letion that removes the retrovirus packaging signal (41). In
addition, the promoter elements were deleted from the 59
LTR, leaving it intact to avoid altering the splicing mechanism
that generates the message encoding the envelope glycopro-
teins (SU protein, gp70; TM protein, p15E). The 39 end was
modified to remove all noncoding sequences after the stop
codon of the env gene. Two different gag-pol-env cassettes were
constructed, one conferring an ecotropic (MOV12) and an-
other an amphotropic (MOVAmpho) host range. These cas-
settes were cloned into pcDNA3.1Neo(2) vector under the

FIG. 1. Amplicon constructs. (A) Schematic representation of the HSV-EBV-retrovirus hybrid amplicons which code for the MMLV gag-pol and env genes. These
genes are under the control of the CMV promoter and are followed by the bovine growth hormone polyadenylation signal (BGHpA). The HERElacZ A1 and A7
amplicons code for the ecotropic env gene, while the HERAlacZ B3 and B7 amplicons code for the amphotropic env gene derived from the 4070A genome. (B)
Schematic representation of the HERlacZ amplicons C1 and C5 which are missing the MMLV gag-pol-env genes. Amplicon clones A7, B3, and C5 bear the retrovirus
lacZ cassette in opposite orientation to the GPE cassette, whereas clones A1, B7, and C1 have it in the same orientation. Abbreviations: S.D., splicing donor; S.A.,
splicing acceptor; c, retrovirus packaging signal; lacZ, E. coli b-galactosidase gene; SV40, simian virus 40 promoter; pac, HSV packaging signal; p15A, E. coli origin
of plasmid replication; Ampr, ampicillin resistance gene; RSV, RSV promoter; EBNA-1 (del), EBNA-1 with most of the internal Gly-Ala repetitive sequence deleted
(67); oriP, EBV latent origin of replication which contains two elements, the family of repeats (FR) and dyad symmetry (DS) element; oriS, HSV origin of DNA
replication; IE4/5; HSV immediate/early 4/5 promoter; EGFP, enhanced green fluorescent protein gene; SV40polyA, SV40 polyadenylation signal.
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control of the CMV promoter, flanked at the 39 end with the
BGH polyadenylation signal (BGHpolyA).

The retrovirus vector component of this amplicon vector was
derived from the retrovirus vector, BabePuro (43). To reduce
the overlap with the GPE cassettes, the packaging signal was
reduced to its minimal sequence, removing the gag gene re-
gion. The 39 end of the vector contains the 39 LTR and the
35-bp sequence that separates the stop codon of the env gene
from the 39 LTR, and thus it has no sequence overlap with the
modified retrovirus genes. With these two sequence altera-
tions, the homology between the vector element and the GPE
cassette was reduced to 164 bp at the 59 end.

Testing the redesigned retrovirus elements for production of
recombinant retrovirus vectors. Human 293T/17 cells were co-
transfected with pcDNA3.1MOV12 and pcDNA3.1MOVAmpho
plasmids and a lacZ-encoding retroviral vector plasmid, Babe-
Puro LacZ, with transfection efficiencies of 80 to 90%, as
evaluated by X-Gal staining at 48 h. Cotransfections of the
pcDNA3.1MOV12 plasmid produced titers of 5.9 3 106 6
1.6 3 106 TU/ml (6 the standard deviation), while the plasmid
pcDNA3.1MOVAmpho generated retrovirus titers of 1.8 3
106 6 4.5 3 105 TU/ml. By comparison, cotransfection of the
original MOV-C2 plasmid (ecotropic) with BabePuro LacZ
plasmid yielded titers of 1.3 3 106 6 2.9 3 105 TU/ml. Phoe-
nix-E cells, derived from 293 cells, are an established packag-
ing cell line for transient production of retrovirus vectors with
ecotropic host range. Transfection of these cells with Babe-
Puro LacZ plasmid resulted in retrovirus titers of 1.2 3 106 6
3.3 3 105 TU/ml. These results indicate that the GPE expres-
sion cassettes generated in this study are fully functional and at
least as efficient as the original MOV-C2 plasmid or an estab-
lished packaging cell line in generating retrovirus vectors. The
effect of deleting the gag gene region from the extended pack-
aging signal on vector titers was also assessed. Cotransfection
of the gag-deleted vector, TVBPlacZ, with pcDNA3.1MOV12
into 293T/17 cells resulted in the production of 7.1 3 106 6
6.0 3 105 TU/ml, while a similar vector, TVBPgaglacZ, in which
the gag region was retained, resulted in similar retrovirus titers
of 8.2 3 106 6 3.9 3 105 TU/ml. Although previous studies
have reported that inclusion of the gag region in retroviral
constructs resulted in a 10-fold increase in retroviral titers (2,
43), this effect could be construct specific since other reports
have also shown that deletion of this gag region from some
retrovirus vectors has little or no effect on viral titers (31).

Testing the HERE and HERA amplicons and amplicon vec-
tors for retrovirus vector production. The HERE and HERA-
lacZ amplicons were transfected into 293T/17 cells (Fig. 2).
HERElacZ and HERAlacZ amplicons generated retrovirus
stocks with average titers of 1 3 107 and 7 3 106 TU/ml,
respectively, values ca. twofold higher than with the GPE cas-
sette and the retrovirus vector in two different plasmids with
the same promoters and polyadenylation signals. No significant
difference in titers resulted from the two orientations of the
retrovirus vector cassette. The presence of both retrovirus el-
ements in one construct means that all transfected cells receive
equimolar amounts of both elements and that their rates of
loss are the same. No retrovirus vectors were generated when
constructs HERlacZ C1 or C5 were transfected into 293T/17
cells, demonstrating that these cells cannot provide retroviral
functions necessary for packaging.

The HERE, HERA, and HERlacZ amplicons were pack-
aged in HSV virion particles in 2-2 cells by using the helper
virus-free packaging system developed by Fraefel et al. (18).
Typical amplicon vector titers assessed on 293T/17 cells varied
between 2 3 106 and 1 3 107 TU/ml. HERE and HERAlacZ
amplicon vectors were used to infect naive 293T/17 cells at an

MOI of 2. The transduction efficiency was 50%, measured as
the percentage of GFP-positive cells at 48 h postinfection by
FACS analysis. At this time the supernatants were harvested
for titering (Fig. 3A). The HERElacZ amplicon vectors yielded
retrovirus titers of 4.2 3 105 6 6.2 3 104 TU/ml for HERElacZ
A1 and 3.7 3 105 6 4.7 3 104 TU/ml for HERElacZ A7, values
ca. twofold higher than those obtained for the HERAlacZ
amplicon vectors (HERA lacZ B3, 1.7 3 105 6 4.3 3 104 TU/
ml; HERElacZ B7, 1.8 3 105 6 2.5 3 104 TU/ml), with no sig-
nificant difference between the two orientations in either set.

A neutralization experiment was performed to determine
whether production of retrovirus vectors was exclusively de-
pendent on transduction of 293T/17 by the amplicon vector.
For this purpose, HERAlacZ B7 amplicon vector stocks were
treated with a rabbit antibody directed against HSV-1 enve-
lope glycoproteins, normal rabbit serum, or an unrelated rabbit
antibody. Treatment of the amplicon stocks with rabbit anti-
HSV-1 antibody reduced the transduction efficiency of the
amplicon vector (by 200-fold from 50% to 0.2% at an MOI of
2) as determined both by GFP and LacZ expression, and con-
sequent retrovirus vector production decreased by more than
10,000-fold to less than 10 TU/ml. Treatment of amplicon
vector stocks with normal rabbit serum or an unrelated rabbit
antibody did not have any effect on transduction efficiency or
retrovirus titers (Fig. 3A). The fact that the change in trans-
duction efficiency after antibody neutralization was the same
by both methods of determination (GFP and LacZ expression)
indicates that most LacZ expression detected at 48 h postin-
fection was amplicon derived and thus demonstrates that the
amplicon stocks are not contaminated to an appreciable extent
with functional LacZ retrovirus vectors produced during am-
plicon packaging.

HERElacZ A1 and HERAlacZ B7 amplicon vectors were
used to analyze the relationship between MOI and resulting
retrovirus titers 48 h postinfection of 293T/17 cells (Fig. 3B).
There was a linear relationship between MOI and retrovirus
titers, up to an MOI of 5 (HERElacZ A1 amplicon, y 5 1.2 3
105 1 1.4 3 105 x, R2 5 0.99; HERAlacZ B7 amplicon, y 5
1.4 3 104 1 8.0 3 104 x, R2 5 0.99). Maximal retrovirus titers
of 1.0 3 106 6 2 3 105 TU/ml and 4.9 3 105 6 1.0 3 105

TU/ml were achieved at an MOI of 10 for HERE and HERA-
lacZ amplicon vectors, respectively. For both types of amplicon

FIG. 2. Retrovirus production in 293T/17 cells after transfection with ampli-
con constructs. Two million cells were transfected by calcium phosphate copre-
cipitation with HERElacZ A1 (1), HERElacZ A7 (2), HERAlacZ B3 (3),
HERAlacZ B7 (4), HERlacZ C1 (5), and HERlacZ C5 (6) amplicon plasmids.
Cells were also cotransfected with the BABE LacZ and pcDNA3.1MOV12 plas-
mids (7) and the BABE LacZ and pcDNA3.1MOVAmpho plasmids (8). Retro-
virus titers assessed 48 h posttransfection represent the average of two experi-
ments repeated in triplicate, and the error bars represent standard deviations.
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vectors, the transduction efficiency was 18% at an MOI of 0.5
and reached a maximum of 81% at an MOI of 10 (Fig. 3B).

Retrovirus production in gliomas. A number of glioma lines
derived from human (T98, U87.DEFGR, SNB-19, and Gli-36),
rat (9L and CNS-1), and dog (J3T) tumors were tested for
their ability to produce retroviruses upon infection with the
HERAlacZ B7 amplicon vector at an MOI of 2 (Table 1). For
three human glioma lines, Gli-36, SNB-19, and U87.DEGFR,
retrovirus titers were roughly proportional to transduction ef-
ficiencies. T98 was an exception to this trend, with less than 10
TU/ml detectable in the supernatant, while the percentage of
transduced cells was 13%. The rodent glioma models, 9L and
CNS-1, showed low infectability with the amplicon vector and
very low production of retrovirus vectors. The dog glioma line
J3T generated retroviral titers of 6 3 104 to 8 3 104 TU/ml
with 20 to 25% transduced cells.

Gli-36 and J3T glioma cells, which yielded the highest ret-
roviral titers, were chosen to analyze the kinetics of retrovirus
production. One day after plating, cells were infected at dif-

ferent MOIs with HERAlacZ B7 amplicon vector and 2 days
later the supernatants were harvested for to determine the
titers of the retrovirus vectors. Cells were then passaged at the
same density as on day 0, and this procedure was repeated on
days 5 and 8 postinfection. The production of retrovirus vec-
tors over time was different between these two cell lines. J3T
cells showed a slight increase in retroviral titer between day 2
and day 5, followed by a small decay between day 5 and day 8
(Fig. 4A). Maximum retroviral titers of 1.6 3 105 TU/ml were
obtained for an MOI of 5 at day 5 postinfection. Titers de-
creased to 8.0 3 104 TU/ml by day 8 for the same MOI. In
contrast, Gli-36 cells showed maximal retroviral production of
1.0 3 105 to 1.2 3 105 TU/ml at 48 h postinfection and a
decrease thereafter to titers of 2.0 3 104 to 3.0 3 104 TU/ml at
8 days. No significant differences were observed with increasing
MOIs for Gli-36 (Fig. 4B).

The retention of amplicon sequences over time in infected
J3T and Gli-36 cells was determined for MOIs of 2 and 5 by
evaluating the percentage of GFP-positive cells by FACS anal-
ysis. For J3T cells infected at MOIs of 2 and 5, the percentage
of GFP-positive cells decreased over time by about 50% from
day 2 to day 5 and again from day 5 to day 8 (Fig. 4C). For
Gli-36 cells infected at MOIs of 2 and 5 the percentage of
amplicon transduced cells decreased about 10% from day 2 to
day 5 and about 35% from day 5 to day 8 (Fig. 4C). The
apparent slower rate of loss in Gli-36 cells could be due to
higher infectivity, with perhaps some cells being infected ini-
tially with multiple amplicon vectors.

The ratio of the retrovirus particles produced per producer
cell can be used as a measure to estimate the efficiency of a
packaging cell line. To calculate this ratio, the assumption was
made that all GFP-positive cells produced retrovirus vectors. If
we take into account the total number of GFP-positive cells
and retrovirus titers for each time point, for Gli-36 cells in-
fected at an MOI of 2 or 5, this packaging ratio was between
0.13 and 0.15 retroviral particles/producer cell at 48 h, decreas-
ing at later time points to about 0.04 to 0.05. For J3T cells
infected at an MOI of 2 this ratio was 0.5 at day 2, 0.94 at day
5, and 1.2 at day 8 postinfection, while for an MOI of 5 the
ratio remained the same at 0.5 from day 2 to day 8, indicating
that J3T cells are inherently more efficient than Gli-36 cells at
generating retrovirus vectors with the HERA vector system.

J3T and Gli-36 cells also grew at different rates during the
course of the experiment. Gli-36 cells increased in average
sixfold for each 3-day time interval and MOI analyzed, corre-
sponding to a doubling time of 29 h, a finding similar to the
situation with uninfected cells under the same culture condi-

FIG. 3. Retrovirus vector production in 293T/17 cells 48 h after infection
with amplicon vectors. (A) To test whether the orientation of the retrovirus
vector cassette in relation to the CMV-GPE cassette had any effect on retrovirus
titers, cells were infected at an MOI of 2 with amplicon vectors HERElacZ A1
(1), HERElacZ A7 (2), HERAlacZ B3 (3), and HERAlacZ B7 (4), and 48 h
later the supernatants were harvested for titering. A neutralization experiment
was performed to demonstrate that retrovirus production is dependent on am-
plicon transduction. HERAlacZ B7 amplicon vector stocks (MOI of 2) were
incubated for 10 min with a rabbit anti-HSV-1 antibody (5), normal rabbit serum
(6), and an unrelated rabbit antibody (7) before infection of 293T/17 cells. Media
were harvested 48 h later for determination of titers. (B) Relation between MOI
and retrovirus titers generated 48 h postinfection. Cells were infected at different
MOIs with HERElacZ A1 (h) and HERAlacZ B7 (}). The relation between
MOI and transduction efficiency was also evaluated (‚). When supernatants
were harvested for retrovirus titering, cells were analyzed by FACS to determine
the percentage of cells expressing GFP as a measure of the amplicon transduc-
tion efficiency.

TABLE 1. Transduction efficiency and production of retrovirus
vectors by glioma lines after infection with

HERAlacZ B7 amplicon vector

Cell line Species % GFP-positive
cellsa

Retrovirus titer
(TU/ml)b

Gli-36 Human 80–90 (1.0–1.2) 3 105

SNB-19 Human 15–21 400–1,000
T98 Human 8–13 ,10
U87.DEGFR Human 5–8 200–300
9L Rat ND ,10
CNS-1 Rat 7–9 ,30
J3T Dog 20–25 (6–8) 3 104

a Cells were infected with HERAlacZ B7 amplicon vector at an MOI of 2, and
2 days postinfection the percentage of GFP positive cells was determined by
FACS analysis. ND, not determined.

b Media were harvested to determine retrovirus titers at 2 days postinfection.
Titers are an average of two experiments repeated in triplicate.
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tions. For the last two time intervals J3T cells showed an
average generation time of 24 h for all three MOIs tested,
similar to the uninfected cells. However, for the first time in-
terval, the generation times appeared to be longer and depen-
dent on MOI. For MOIs of 1 and 2 the doubling time was 36 h,
while for an MOI of 5 it was 48 h, possibly indicating some
initial vector toxicity. The rate of loss of GFP expression as a
function of cell division was similar for Gli-36 and J3T cells in-
fected at MOIs of 2 and 5 between day 2 and day 8 postinfec-

tion: for Gli-36 it was 12 and 10% per generation, respectively,
and for J3T it was 14 and 12% per generation, respectively.

Although the amplicon infection efficiency of Gli-36 cells
was about fourfold higher than for J3T, the maximal retrovirus
titers produced were similar, and thus the ratio of number of
retroviral vectors/producer cell for Gli-36 cells was lower and
decreased over the 8-day period, though it remained relatively
constant for J3T cells. To determine whether relative produc-
tion of retrovirus virion proteins was responsible for the dif-
ference between lines, expression of Gag-Pol and gp70 (sur-
face protein, SU) retrovirus proteins was analyzed in infected
cells over time. Total proteins were extracted at day 2 and
day 8 postinfection from cells infected at an MOI of 2 with
HERAlacZ B7 and HERlacZ C1 amplicon vectors and naive
cells and then analyzed by Western blot by using antibodies
capable of recognizing the MMLV Gag-derived capsid protein
p30(CA) (Fig. 5A) and gp70 (Fig. 5B). For J3T (Fig. 5A, lanes
2 and 5) and Gli-36 (Fig. 5A, lanes 8 and 11) cells infected with
the HERAlacZ B7 amplicon vector, it was possible to detect
the Pr65gag precursor protein, as well as the mature p30(CA)
capsid protein with the anti-p30 antibody. Other immunoreac-
tive polypeptides were also detected which could be partially
cleaved forms of the Pr65gag precursor. The densities of bands
corresponding to the precursor Pr65gag and p30(CA) were
compared for each cell line at different time points. For J3T

FIG. 4. Retrovirus production over time for J3T and Gli-36 cells infected
with HERAlacZ B7 amplicon vector at different MOIs. One day prior to infec-
tion 5 3 105 cells were seeded on 60-mm plates. (A) J3T cells were infected at
MOIs of 1 (h), 2 (}), and 5 (■). (B) Gli-36 cells were infected at MOIs of 1 (h),
2 (}), and 5 (■). Media were harvested at 2, 5, and 8 days postinfection and used
for retrovirus titering. At 2 and 5 days postinfection cells were counted and
replated at the same density as on day 0. (C) The percentage of GFP-positive
cells was determined at 2, 5, and 8 days postinfection for J3T (MOI 5 2, h;
MOI 5 5, E) and Gli-36 cells (MOI 5 2, F; MOI 5 5, Œ).

FIG. 5. Western blot analysis of Pr65gag and gp70 expression in J3T and
Gli-36 cells at 2 and 8 days postinfection with HERAlacZ B7 and HERlacZ C1
amplicon vectors at an MOI of 2. (A) Pr65gag expression. (B) gp70 expression.
Lanes 1 and 4, lysates of naive J3T cells at 2 and 8 days; lanes 2 and 5, lysates of
J3T cells at 2 and 8 days postinfection with HERAlacZ B7; lanes 3 and 6, lysates
of J3T cells at 2 and 8 days postinfection with HERlacZ C1; lanes 7 and 10,
lysates of naive Gli-36 cells at 2 and 8 days; lanes 8 and 11, lysates of Gli-36 cells
at 2 and 8 days postinfection with HERAlacZ B7; lanes 9 and 12, lysates of Gli-36
cells at 2 and 8 days postinfection with HERlacZ C1. Goat anti-p30 and anti-
gp70 antibodies were used at a 1:3,000 dilution. Anti-goat peroxidase-conjugated
IgG was used as secondary antibody at a 1:5,000 dilution. Blots were developed
with ECL reagents and exposed to film for 1 min.
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cells, there was a 12-fold decrease in the amount of Pr65gag

precursor protein between day 2 and day 8 postinfection, while
levels of p30(CA) remained the same over this time period.
For Gli-36 cells, the Pr65gag precursor decreased 1.8-fold,
while p30(CA) remained at the same level over this time in-
terval. Comparison between the two cell lines showed that
Pr65gag was 2.2-fold more abundant in Gli-36 cells than in J3T
cells at 48 h postinfection, while this difference increased to
16-fold at 8 days. Expression of gp70 (SU) (Fig. 5B) remained
the same for J3T cells over time (Fig. 5B, lanes 2 and 5), while
for Gli-36 cells it decreased by 1.6-fold (Fig. 5B, lanes 8 and
11). Expression of gp70 in Gli-36 cells was 16-fold higher than
in J3T cells at 48 h postinfection. These results indicate that
there is no correlation between retrovirus titers and the ex-
pression levels of these virion proteins.

Stability of transgene expression. Stability of amplicon-me-
diated gene expression in cells transduced by these HERA
hybrid amplicon vectors was analyzed above by the percentage
of GFP-positive cells, retrovirus vector titers, and expression of
retrovirus proteins over time. The question remaining was
whether the presence of the retroviral elements, the gag-pol-
env cassette and retrovirus vector, have any effect on retention
of the transgene (lacZ) carried by the retrovirus vector, i.e.,
whether retrovirus vectors produced by amplicon transduced
cells were able to infect and confer stable transgene expression
on other cells in the population. To address this issue, J3T and
Gli-36 cells were infected with the HERAlacZ B7 amplicon
vectors at an MOI of 2 and LacZ activity was measured in the
total population at different times postinfection up to 1 month
(Fig. 6A). Since these amplicons have all the functions neces-
sary for packaging retroviruses, it is likely that the amplicon
vector stocks themselves contain some retrovirus vectors car-
rying the lacZ gene, which are produced during packaging of
the amplicons in HSV virions, that could stably infect cells,
thus contributing to total LacZ activity in the population. To
compensate for this factor, LacZ activities in cultures were
expressed as a percentage of the activity at 48 h postinfection.
The relative LacZ activity for J3T cells, where 22% of cells
were initially transduced, increased with time, reaching a max-
imum increase of fivefold at 3 weeks and maintaining a con-
stant level out to 4 weeks. Gli-36 cells, with 80% transduction
with amplicon vector at 48 h, reached a maximum of twofold at
7 days and then remained stable (Fig. 6A). In addition to this
difference in relative transgene expression over time, LacZ
activity in J3T cells was three- to fourfold higher than in Gli-36
cells at 48 h postinfection. To assess the contribution of the
amplicon vector itself to total LacZ expression over time, cells
were infected at an MOI of 2 with the HERlacZ C1 amplicon
vector, which does not code for any retrovirus proteins. For
both cell types, LacZ activity reached a maximum at 4 days
postinfection and then decreased rapidly with time, becoming
undetectable by day 15 (Fig. 6B).

Since there was a greater increase in LacZ activity over time
in J3T cells, which had a lower amplicon transduction efficiency
than Gli-36 cells, experiments were designed to evaluate
whether the relative increase in LacZ activity was dependent
on the initial percentage of amplicon infected cells. Gli-36 cells
were infected with HERAlacZ B7 amplicon vector at MOIs of
0.1, 0.5, 1, and 2, achieving a range of transduction efficiencies
(percent GFP-positive cells) at 2 days postinfection of 17, 49,
66, and 80%, respectively. An inverse correlation between in-
crease in LacZ activity and MOI was observed over a period of
2 weeks (Fig. 6C). For the population infected at an MOI of
0.1, LacZ activity increased by sevenfold, while for an MOI of
2, LacZ activity increased only by about twofold. Absolute
LacZ activity levels were 15-fold higher for an MOI of 2 than

for an MOI of 0.1 at 48 h postinfection, while at 2 weeks this
difference decreased to 3.5-fold. Thus, the final increase in
LacZ activity approximately reflected the initial percentage of
infected cells, being sevenfold for Gli-36 at 17% transduced
and fivefold for J3T at 22%. An additional experiment was
performed to visualize the spread of LacZ expression over time
in J3T and Gli-36 cell populations (Fig. 7). Cells were infected
with HERAlacZ B7 or HERlacZ C1 amplicon vectors at an
MOI of 2 for J3T and 0.1 for Gli-36 cells to achieve compa-
rable initial transduction efficiencies of approximately 20%. At
2 days post-amplicon infection the number of LacZ-expressing
cells was the same or lower than those expressing GFP for both
cell lines (Fig. 7A and D). However, by day 5 post-amplicon
infection the number of LacZ-expressing cells was much higher
than the number of cells expressing GFP for both cell lines
infected with HERAlacZ B7 (Fig. 7B and E). In contrast, for
cells infected with HERlacZ C1, the number of cells expressing
LacZ remained the same or lower than those expressing GFP
at day 5 (Fig. 7C and F).

FIG. 6. b-Galactosidase activity in amplicon-infected J3T and Gli-36 cells
over time. (A) J3T (h) and Gli-36 cells (}) were infected with HERAlacZ B7
amplicon vector at an MOI of 2, and the LacZ activity in the population was
measured at different time points for up to 1 month. LacZ activities at 48 h for
J3T and Gli-36 cells were 317.2 and 79.7 mU/mg of protein, respectively. (B) J3T
(h) and Gli-36 cells (}) were infected with HERlacZ C1 amplicon vector at an
MOI of 2, and the LacZ activity in the population was assayed at different time
points of up to 1 month. (C) Gli-36 cells were infected with HERAlacZ B7
amplicon vector at MOIs of 2 ({), 1 (■), 0.5 (}), and 0.1 (h), and LacZ activity
in the population was measured at different time points for up to 15 days. LacZ
activities at 48 h postinfection for MOIs of 2, 1, 0.5, and 0.1 were 147.5, 94.6, 62.3,
and 9.6 mU/mg of protein, respectively. LacZ activities for all experiments were
represented as the percentage of LacZ activity at 48 h. Results represent the
average of two experiments repeated in triplicate for each cell line.
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DISCUSSION

We report here on the development and characterization of
a hybrid amplicon vector system capable of single-step conver-
sion of cells to retrovirus vector producer cells. Transduction
of several cell types with this vector system was shown to result
in the efficient production of retrovirus vectors for extended
periods. For the same cell line, retrovirus titers were depen-
dent on the extent of amplicon transduction, but different cell
lines displayed different capacities for retrovirus production.
Infection of a subpopulation of dividing cells with this system
results in a continuing increase in transgene activity until a
stable, steady-state level is reached.

Several vector systems have been developed which can in-
duce cells to transiently produce replication-deficient retrovi-
rus vectors after transduction. Some systems use transfection
to introduce components of the vector system into cells (39, 45,
47). This process is efficient in culture but relatively inefficient
in vivo. Others have used combinations of viral vectors to
achieve the same result. In a two-step approach, cells are first
infected with a retrovirus vector and then with an HSV ampli-
con vector coding for the gag-pol and env genes (55) or with an
adenovirus vector carrying these genes in the same (40) or

separate vectors (40, 68). Retrovirus genes and vector element
can both be delivered by adenoviral vectors (13, 15). Some of
these adenovirus-based systems can generate relatively high
retrovirus titers (105 to 106 CFU/ml) in cultured cells (13, 68).
Although systems that employ different vectors to deliver the
elements necessary for retrovirus production have a low po-
tential to generate replication-competent retroviruses, output
titers depend on the efficiency of cotransduction. The higher
the number of different vectors needed, the lower the proba-
bility that all will infect the same cell to allow retrovirus vector
production. Adenovirus vectors can be produced at very high
titers (.1010 PFU/ml) and can achieve remarkable gene trans-
fer efficiencies in some circumstances in vivo. However, in
some applications, such as gene transfer to malignant human
gliomas, their transduction efficiency has been reported to be
only as high as 30 to 35% in certain areas, with an overall
efficiency below 11% (52). At this level of transduction the
probability that two or three vectors will infect the same cell is
low, and therefore the ability to convert cells in situ into the
retrovirus packaging cells would be compromised. Nonethe-
less, Feng et al. demonstrated that in a tumor model in vivo a
retrovirus production system based on two adenoviral vectors

FIG. 7. Spreading of transgene expression in glioma cells. J3T (A to C) and Gli-36 (D to F) glioma cells were infected at MOIs of 2 and 0.1, respectively, with
HERAlacZ B7 (A, D, B, and E) and HERlacZ C1 (C and F) amplicon vectors achieving initial percentages of transduction (GFP positive) of 20%. Cells were fixed
at 2 (A and B) and 5 (B, C, E, and F) days postinfection. LacZ expression (red) was detected by immunofluorescence by using a rhodamine-conjugated secondary
antibody, and GFP was detected by its intrinsic fluorescence.
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was capable of increasing the length of transgene expression
as compared to a conventional adenovirus vector (15). This
study demonstrated the principle, but conceptually the process
should be more efficient if a single adenovirus vector contained
all the necessary elements to generate retrovirus vectors. Al-
though the size limitation of conventional adenovirus vectors
precludes the construction of such a combined vector, “gut-
less” adenovirus vectors could easily accommodate all of the
components (16, 32, 34).

The hybrid amplicon vector system described here has sev-
eral advantages over existing vector systems for generating
retrovirus vectors. (i) All elements necessary for production of
replication-deficient retrovirus vectors are present in the same
construct. In theory the conversion efficiency per transduced
cell is 100%, independent of whether amplicon DNA is intro-
duced into cells by transfection or infection. (ii) Not only do
HSV virions have a wide host range, high stability, and high
infectability but, due to their large DNA capacity and the
mode of viral DNA replication, each amplicon vector carries
multiple copies of the amplicon plasmid. This means that for
each transduction event multiple copies of the vector produc-
ing components and transgenes are delivered to the cell nu-
cleus. This may account for the high retroviral titers obtained
with this system. (iii) EBV elements, oriP and the EBNA-1 gene,
which mediate episomal replication and retention of amplicon
DNA in dividing cells, increase the duration of retrovirus pro-
duction. (iv) Lastly, HSV amplicons have a large transgene
capacity (theoretically up to 150 kb) which will allow the in-
clusion of other elements to improve the efficiency of retrovi-
rus vector production.

The efficiency of gene delivery mediated by this hybrid am-
plicon vector system is dependent on a number of cellular
factors, including the infectability with HSV and retrovirus
virions, the capacity to produce retrovirus vectors, and the
retention of HSV-EBV amplicon elements. Infectability of tar-
get cells by HSV virions is a primary determinant of the levels
of retrovirus vector production by a cell population; the trans-
duction efficiency by retrovirus vectors is ultimately responsible
for the capacity for long-term transgene retention. In this
study, infection of a variety of cell lines with the same number
of hybrid amplicon virions resulted in a wide spectrum of
transduction efficiencies (Table 1). Entry of both types of virus
is dependent on the expression levels of certain cell surface
receptors (35, 42). Since manipulation of these levels in vivo is
not an option, optimization can only be accomplished by mod-
ifying the virions to increase the variety of cell surface recep-
tors which can be used to enter cells. For HSV virions this
could be achieved by using helper functions from different
strains of HSV and/or modifying the virion envelope to en-
hance binding of the vector to receptors abundant on the
target cells (37). For retrovirus vectors, a broader host range
can be achieved by pseudotyping the virions with vesicular
stomatitis virus envelope glycoprotein (5). However, expres-
sion of this protein can be toxic and thus limit the length of
time that transduced cells can produce vectors. An alternative
would be to use other envelope genes that have different host
ranges and no toxicity associated with their expression, such as
the gibbon ape leukemia virus envelope glycoprotein or chi-
meric envelope genes which are modified to target specific cell
types (29).

Another factor that affects the gene delivery efficiency of this
system is the ability of the amplicon-infected cells to produce
retrovirus. In the present study, infection of different cell lines
with the HERAlacZ amplicon resulted in a wide range of
retrovirus titers that did not always correlate with cell infect-
ability, since different cell lines with comparable transduction

efficiencies produced very different retrovirus vector titers (Ta-
ble 1) and the number of retrovirus vector particles produced/
amplicon-transduced cell was 10-fold higher for J3T than for
Gli-36 cells. Other studies also suggest that cells have an in-
trinsic maximal capacity to generate retrovirus, which is de-
pendent on cellular factors that are not yet understood (9,
13). Several hypothesis can be advanced to explain the differ-
ences in retrovirus vector production among cell lines: limiting
amounts of packageable RNA, low expression of retroviral
protein(s), or premature processing of retrovirus precursor
proteins. The amount of packageable retrovirus vector RNA
can be estimated from the level of LacZ activity per GFP-
positive cell early in the course of infection (48 h), when most
LacZ activity is attributable to amplicon-infected cells and not
to subsequently retrovirus-infected cells. At this early time
point the LacZ activity per GFP-positive cell is 15-fold higher
in J3T cells than in Gli-36 cells, indicating that the level of
vector RNA generated from the 59 LTR promoter is higher,
corresponding to higher retrovirus production in J3T cells.
Possible explanations are that the MMLV LTR promoter may
be weaker in Gli-36 cells than in J3T cells, a result due either
to low or absent levels of some transcription factors necessary
for efficient promoter activation or to inhibition by the up-
stream CMV promoter via a deficient transcription termina-
tion mechanism mediated by the BGHpolyA sequence.

Although low expression levels of retrovirus proteins could
also be a limiting factor in some cells, this does not appear to
be a factor in Gli-36 and J3T cells since Pr65gag and gp70 levels
are higher in Gli-36 than J3T cells by about the same magni-
tude as the percentage of transduced cells, which is the inverse
of their retrovirus vector production efficiencies. It has been
shown that overexpression of the human immunodeficiency
virus type 1 (HIV-1) Gag-Pol polyprotein can lead to intracel-
lular activation of the viral protease, mainly resulting in the
intracellular production of capsid and matrix proteins, with
inhibition of assembly and budding of virus-like particles from
the cell membrane (28). The presence of intracellular pro-
cessed MMLV virion proteins, e.g., p30(CA), has also been
reported after infection with adenovirus vectors (13, 40) or
SFV-derived expression vectors (39). The presence of mature
virion proteins, such as p30(CA), suggests that the viral pro-
tease is being prematurely activated and may result, by com-
parison with HIV, in inhibition of virion formation. Thus, the
cellular ratio of Pr65gag and p30(CA) may be a useful indicator
for the efficiency of virion assembly and retrovirus production.
Based on the density of the bands on the Western blot in this
study, between day 2 and day 8 the Pr65gag/p30(CA) ratio for
Gli-36 cells decreased by about 2-fold (from 0.9 to 0.5), while
that for J3T cells decreased by about 20-fold (from 35 to 1.6).
Although these values could serve as a basis to explain the
difference in retrovirus production between Gli-36 and J3T
cells, the fact that for J3T cells the retrovirus production effi-
ciency ratio (vectors/GFP1 cell) increased by about twofold
between day 2 and day 8 argues against this connection. How-
ever, since it has not been determined which premature virion
proteins are responsible for the inhibitory effect on HIV virion
assembly, the presence of this same type of effect for MMLV
assembly cannot be ruled out. If premature processing has an
important role in determining maximum retrovirus output in
different cell types, it will be necessary to understand the cel-
lular factors that regulate this processing before any improve-
ments can be made to increase retroviral production from
certain cell types. Alternatively, if the main cause of different
retrovirus production capacities among cell types is related to
promoter activity, several changes in vector design can be
made to increase the efficiency in a broad spectrum of cells: (i)
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a substitution of the MMLV 59 LTR by chimeric LTR promot-
ers which can yield higher retrovirus vector titers (31, 45); (ii)
an increase in the distance between the GPE expression cas-
sette and the retrovirus vector sequences to reduce the chance
of transcriptional interference between the two promoters;
(iii) the introduction of additional transcription termination or
insulator sequences to reduce promoter interference; and (iv)
the construction of a large library of HERA amplicon vectors
with different promoter combinations to identify the most ef-
ficient configuration for particular cell types.

In this study it was evident that transgenes carried in the
amplicon backbone decreased in expression with time after
infection in dividing cell populations. This was true for both
GFP and retrovirus proteins, as well as retrovirus vector pro-
duction. Since expression of those transgenes was mediated by
different promoters, the most likely explanation for this decline
is the loss of amplicon DNA, as has been observed by others
for HSV-EBV amplicon vectors (63). In the absence of drug
selection for amplicon retention, both Gli-36 and J3T cells lost
10 to 12% of GFP-positive cells per generation. Other studies
have shown that without drug selection, plasmids carrying the
EBV oriP element and the EBNA-1 gene are lost from human
cells at rates of between 1 and 5% per generation (67). The
apparently faster rate of loss in our study could be due to a
number of factors: (i) the rate was measured as loss of trans-
gene expression and could include promoter inactivation, as
well as the loss of amplicon DNA; (ii) the mutant EBNA-1
gene used, which has most of the Gly-Ala repeats deleted, has
been shown to be less effective than full-length versions in
episome replication and maintenance (65); (iii) the presence in
the amplicon vector of multiple origins of DNA replication
(both EBV oriP and HSV oriS) might interfere with DNA
replication; (iv) the concatemeric nature of the amplicon epi-
some and its size (150 kb) may be conducive to a high fre-
quency of deletional recombination events disrupting trans-
gene expression; and (v) expression of some of the genes
present in this triple hybrid amplicon (tribrid) might increase
the doubling time of transduced cells and thus select against
their frequency in the population over time.

This tribrid vector system provides a means to stably deliver
a transgene to a large percentage of cells in a dividing popu-
lation starting with transduction of a small percentage of cells.
Gli-36 and J3T populations infected at an MOI of 2 with the
HERAlacZ amplicon vector displayed different profiles of
LacZ activity over time, with large (sixfold) and small (twofold)
increases, respectively. The main reason for this difference
appears to be the percentage of cells initially transduced, since
when this was normalized to about 20% initially transduced
(MOI 5 2 for J3T and MOI 5 0.1 for Gli-36), both popula-
tions increased LacZ activity over successive generations by
about sixfold over 2 weeks post-amplicon infection (Fig. 6).
These dynamics can be explained as follows. Shortly after in-
fection of a dividing cell population with the amplicon vector,
two different cell genotypes are present while a third one arises
later. The first genotype, amplicon-transduced cells, express
GFP and LacZ encoded by the episomal amplicon and pro-
duce retrovirus vectors carrying the lacZ gene but are them-
selves resistant to infection by those same retrovirus vectors
due to the presence of the gp70 envelope proteins on the cell
surface (8). The second initial genotype represents uninfected
cells which do not express any transgenes but are susceptible to
infection by retrovirus vectors produced by amplicon-trans-
duced cells. With time, a third cell type appears in the popu-
lation which expresses LacZ from retrovirus vector sequences
stably integrated in their genome and is receptive to multiple
retroviral infections. Due to the episomal nature of the ampli-

con and the absence of any selection pressure for retention, the
first population decreases in representation over time, and
therefore overall retrovirus vector production also declines.
Cells which lose the amplicon also lose expression of LacZ and
retroviral proteins but become susceptible to retroviral infec-
tion, depending on the half-life of gp70 on the cell surface. The
third cell type becomes more prominent with time, until it is
the sole contributor to LacZ activity in the population and
essentially no more retrovirus vectors are produced. Total
LacZ activity in the population at any time is the sum of LacZ
expressed from the amplicon episomes (six copies/episome 3
number of episomes per cell) and from the retrovirus vectors
stably integrated in the cell genome (one copy/infection 3
number of infections). Absolute levels of LacZ activity will
depend on the relative activity of the LTR promoter in the
context of the episome or at different sites of integration in
different cell types. The behavior of cell populations in accu-
mulating transgene activity can be described by the following
hypothetical model (Fig. 8). At low initial levels of amplicon
transduction, the number of transduced cells and levels of
LacZ activity are low in the early postinfection period. At the
same time there is a large pool of cells which are susceptible to
retrovirus infection and hence able to achieve stable LacZ
activity. In contrast, at high initial levels of transduction, LacZ
activity is high in the early period postinfection, but the per-
centage of retrovirus infectable cells is small and increases only
as retrovirus titers are declining, thus achieving only a modest
increase in LacZ activity. Interestingly, for both Gli-36 and J3T
cells, expression levels of gp70 declined more slowly (Fig. 5)
than retrovirus titers (Fig. 4), suggesting that cells which have
lost their ability to produce retrovirus might still not be sus-
ceptible to retrovirus infection due to the continuing presence
of envelope protein on the cell surface. This model would

FIG. 8. Model of cumulative increase in transgene expression in cell popu-
lations infected with the tribrid vector. The hypothesized dynamics of transgene
expression are shown for two different transduction efficiencies immediately after
infection with the tribrid amplicon vector and 2 weeks later, assuming a dividing
cell population. Right after infection, uninfected cells (indicated as open circles)
do not express the LacZ transgene, and cells infected with the amplicon vector
(solid circles with “lollipop”) express LacZ and retroviral proteins, which inter-
fere with their ability to be infected with retrovirus vectors. After 2 weeks a
number of parallel phenomena have occurred. Some initially uninfected cells are
now infected once by a retrovirus vector (LacZ1, solid circles) or multiple times
with retrovirus vectors (higher LacZ expression, solid circles with halo). Over the
same period, some cells initially infected with the amplicon vector have lost the
episomal amplicon and hence their ability to produce LacZ or retroviral proteins
(open circle with “3”), while some of these have subsequently become infected
by retrovirus vectors produced by amplicon-infected cells that retain the episo-
mal tribrid (LacZ1, solid circles with “3”). Therefore, at low transduction
efficiency, when only a small fraction of cells are initially infected with the
amplicon vector, there is a larger increase in the total LacZ activity of the
population than in populations with high levels of initial transduction. Eventually
the episome tribrid is lost from all cells, and then the population should reach a
steady-state level of LacZ expression, reflecting the number of successful infec-
tions with retrovirus vectors.
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explain why lowering the percentage of amplicon-transduced
cells (lower MOIs) results in a higher increase in LacZ activity
in the population over time (Fig. 6C). Immunofluorescence
analysis of LacZ expression over time in J3T and Gli-36 glioma
cells showed a dramatic increase in the ratio of LacZ-express-
ing cells to GFP-expressing cells only in populations infected
with the HERAlacZ B7 amplicon (Fig. 7A, B, D, and E). This
demonstrates that transgene retention and spreading in divid-
ing cell populations infected with the HERA system is medi-
ated by retrovirus vectors produced in situ.

The HERA tribrid gene delivery system could be used in
vivo to directly modify specific cell populations, which by their
intrinsic location, migratory properties, or tissue- and/or organ-
targeting properties, could secondarily deliver retrovirus vec-
tors to progenitor or stem cells or to a larger population of
dividing cells, resulting in expanded numerical and spatial dis-
tribution of transgene-expressing cells. Several applications for
this gene delivery amplification mechanism can be anticipated,
including tumor therapy and genetic modification of the he-
matopoietic system, lung epithelium, developing CNS, and oth-
er proliferating cell populations. Use of this gene delivery-
amplification mechanism in the adult is limited to some extent
by the fact that the retrovirus elements in this tribrid system
are derived from MMLV, which can only infect dividing cells.
However, this limitation could be overcome by replacing these
elements with lentivirus elements, thus allowing production of
lentivirus vectors that can infect both dividing and nondividing
cells.

Two modalities of therapeutic gene delivery to tumors are
considered here by way of example. In one, the retrovirus
producer cells would be derived from the tumor cells them-
selves and thus presumably share the same growth and migra-
tory patterns; in the other, normal cells with migratory or
tumor-targeting properties could be used as gene delivery ve-
hicles, e.g., neuronal progenitor cells (1), endothelial cells (4,
36), and tumor-infiltrating lymphocytes (30). Several studies
have shown that packaging cell lines currently in use, which are
derived from mouse fibroblasts, do not display migratory prop-
erties in the context of brain tumors (53, 61, 62). This charac-
teristic presents several restrictions to effective gene delivery.
The packaging cells tend to form clusters around the injection
site and, given the limited diffusion of retroviruses through cell
layers, only retrovirus vectors released close to the cluster
surface can infect tumor cells. As a result, the number of vector
particles that reach tumor cells is much lower than what would
be expected from the number of packaging cells implanted.
Furthermore, retrovirus vectors have a relatively short half-life
and can only infect dividing cells. In experimental brain tumor
models, which have high mitotic indexes, these small “clusters”
of gene delivery can be effective in therapeutic strategies. How-
ever, in human glioblastomas, where it is estimated that only 1
to 8% of the cells are actively dividing (69), the probability of
a packaging cell being close to a dividing cell is extremely low.
Even more problematic for gene therapy of human glioblas-
tomas is the invasive nature of these cells, which migrate ex-
tensively throughout the CNS (51, 66), whereas injection of
vector-producing cells is focal. Tamura et al. showed that if the
same type of glioma cells is implanted in a tumor mass, these
cells can migrate along the same routes as the initial tumor
cells and eventually reach them (62). Thus, the use of tumor
cells themselves as retrovirus producers could serve as a strat-
egy for spreading vector production over larger areas. To
achieve this, however, producer cells would need to survive for
extended periods in the brain. Although the CNS is relatively
immune privileged, an immune response to expressed retrovi-
ral proteins or transgene products can limit the survival of

amplicon-derived packaging cells. Possible ways to reduce the
immune response would be to incorporate in the amplicon
certain genes that code for immune-modulatory molecules,
such as those that some tumors use to evade the immune
system, e.g., CD95 ligand, transforming growth factor-b, and
interleukin-10 (22) or viral genes, such as HSV ICP47, which
interfere with antigen presentation (19, 24). The main advan-
tage of this tribrid amplicon gene delivery system for tumor
therapy is that it should mediate retrovirus vector production
in situ over an extended range after direct injection of ampli-
con vector stocks into the tumor mass.

This transgene delivery amplification mechanism could also
be used to expand the range of gene delivery in the developing
CNS. Several studies performed with replication-competent
retrovirus vectors during development have shown that trans-
genes can be delivered to a large number of cells throughout
the entire CNS (14). However, RCRs carry with them not only
the transgene of interest but also a high risk of insertional
oncogenesis. The HERE-HERA system could be used in a
similar, but safer, manner to achieve widespread gene delivery
in the CNS. Genetic modification of cells in the subventricular
zone would create two amplifying effects. (i) Production of
retrovirus vector in that area could result in genetic modifica-
tion of neuronal progenitors that would later divide, migrate
into the brain, and differentiate into neurons or glia. (ii) Am-
plicon-transduced cells could themselves migrate to other re-
gions of the brain where they could come into close contact
with populations of dividing cells, e.g., during gliogenesis. This
spatial expansion of transgene expression would be useful for
disease states where the entire CNS is involved and can be
corrected by diffusible factors, as is the case for some lysosomal
storage disorders.

Another example of the usefulness of this gene delivery
approach is genetic modification of the hematopoietic system.
This could be achieved by transducing CD34-positive cells in
culture, followed by reimplantation and migration of these
cells to the bone marrow, where they would come in close
contact with dividing hematopoietic stem cells. Alternatively,
similar to what was attempted with fibroblast-derived packag-
ing cells (46), the tribrid amplicon vector could be directly
injected into the bone marrow. These strategies could be used
for gene delivery to normal bone marrow but possibly also in
the context of leukemia. Since bone marrow stem cells divide
very slowly, it is possible that retrovirus vectors produced in
situ would preferentially infect leukemic cells. As a safety
mechanism, cells could be transduced with prodrug activating
enzymes that result in the production of metabolites whose
cytotoxic effects are cell cycle dependent, such as the HSV-tk–
ganciclovir system, so that any tumor cells could be selectively
eliminated by drug treatment.

The principle of the primary producer cells being in close
proximity to secondary target cells might also prove useful to
attain stable gene delivery to the lung. Adenovirus vectors and
liposomes are capable of transducing the lung epithelium with
various degrees of efficiency. Due to their nonintegrative na-
ture and the turnover of cells in the lung epithelium, these
strategies only achieve transient expression of transgenes. Fur-
thermore, in some disease states, such as cystic fibrosis, the
rate of replacement seems to be accelerated (38). Repeated
administration of some of these agents results in strong inflam-
matory immune responses. Even with integrating vectors such
as lentivirus vectors (20) repeated administration would likely
be required. Since 95% of the epithelial surface is occupied by
type I pneumocytes and only 3% by type II pneumocytes (stem
cells which give rise to type I cells), direct vector administration
will most likely transduce terminally differentiated type I cells,

VOL. 73, 1999 HERA GENE DELIVERY SYSTEM 10437



which are eventually replaced. Since type I cells are derived
from type II cells, the latter dividing cells are the appropriate
targets to achieve stable genetic modification of the lung epi-
thelium. In theory, single infection of the lung epithelium with
HERA amplicons should convert type I cells into retrovirus
producer cells, which can, in turn, deliver vectors to type II
stem cells in the vicinity when they divide and they, in turn,
would continuously give rise thereafter to genetically modified
type I cells.

This new tribrid amplicon delivery system provides a means
to extend retrovirus gene delivery to large numbers of cells
over a wide distribution in the body by direct injection of a
HSV-derived amplicon vector. Retroviral delivery to dividing
cell populations results in cumulative increases in transgene
activity reaching high, stable levels. This new gene delivery sys-
tem should have wide application in methods of gene therapy.
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