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Accidental insertional activation of proto-oncogenes and potential vector mobilization pose serious chal-
lenges for human gene therapy using retroviral vectors. Comparative analyses of integration sites of different
retroviral vectors have elucidated distinct target site preferences, highlighting vectors based on the alpharet-
rovirus Rous sarcoma virus (RSV) as those with the most neutral integration spectrum. To date, alpharetro-
viral vector systems are based mainly on single constructs containing viral coding sequences and intact long
terminal repeats (LTR). Even though they are considered to be replication incompetent in mammalian cells,
the transfer of intact viral genomes is unacceptable for clinical applications, due to the risk of vector
mobilization and the potentially immunogenic expression of viral proteins, which we minimized by setting up
a split-packaging system expressing the necessary viral proteins in frans. Moreover, intact LTRs containing
transcriptional elements are capable of activating cellular genes. By removing most of these transcriptional
elements, we were able to generate a self-inactivating (SIN) alpharetroviral vector, whose LTR transcriptional
activity is strongly reduced and whose transgene expression can be driven by an internal promoter of choice.
Codon optimization of the alpharetroviral Gag/Pol expression construct and further optimization steps allowed
the production of high-titer self-inactivating vector particles in human cells. We demonstrate proof of principle
for the versatility of alpharetroviral SIN vectors for the genetic modification of murine and human hemato-

poietic cells at a low multiplicity of infection.

Mainly due to their ability to efficiently anchor transgenes in
cellular chromosomes, retrovirus-based vectors have become
one of the most widely used gene transfer systems in basic
research and gene therapy. Major obstacles to the develop-
ment of retrovirus-based vectors are the potential generation
of replication-competent retroviruses (RCR), the inadvertent
activation or disruption of cellular genes by the integrated
vector genome (insertional mutagenesis) (8, 9), and non-
physiological transgene expression levels under the control
of retroviral cis-acting sequences. Over recent years, impor-
tant progress has been made in the development of retrovirus-
based vectors, with promising principles developed on the basis
of 3 of the 7 genera of the Retroviridae family: Gammaretrovirus
(33), Lentivirus (5), and Spumavirus (39). Of these, gammaret-
roviral vectors have the most advanced split-packaging design,
in which cis-acting sequences, required for vector packaging,
reverse transcription, and integration, can be entirely sepa-
rated from the sequences encoding the structural and enzy-
matically active retroviral proteins. Formation of RCR and
potential recombination with retroviral sequences of the target
cells thus become very unlikely. Lentiviral vectors are of major
interest for their ability to transduce nondividing cells, such as
neuronal cells and hepatocytes. Furthermore, these were the
first vectors for which high-titer production of vectors with
self-inactivating (SIN) long terminal repeats (LTR) was estab-
lished (5), allowing the expression of the genes of interest
under the control of more physiological “internal” promoters.

* Corresponding author. Mailing address: Experimental Hema-
tology, Hannover Medical School, Carl-Neuberg-Strafle 1, D-30625
Hannover, Germany. Phone: 49 511-532-5139. Fax: 49 511-532-
5105. E-mail: schambach.axel@mbh-hannover.de.

¥ Published ahead of print on 21 April 2010.

6626

High-titer SIN vectors have subsequently also been established
in the gammaretroviral and spumaviral contexts. However,
both spumaviral and lentiviral vectors still contain larger por-
tions of residual viral coding sequences in order to achieve
efficient packaging.

Alpharetroviruses, with the paradigmatic Rous sarcoma vi-
rus (RSV), have attracted increasing interest as an alternative
retroviral vector system since the integration patterns of dif-
ferent retroviruses and their derived vectors have been ana-
lyzed in greater detail. Murine leukemia virus (MLV) and its
derived gammaretroviral vectors have a tendency to integrate
close to the transcriptional start sites (TSS), into promoter-
proximal and CpG-rich regions (43), increasing the risk of
activating cellular proto-oncogenes by enhancer- or promoter-
mediated mechanisms. In contrast, human immunodeficiency
virus type 1 (HIV-1) and related lentiviral vectors preferen-
tially integrate within active transcription units (34), which may
activate growth-promoting genes by both enhancer- and trun-
cation-mediated mechanisms (3, 23, 24). Vectors based on
RSV, belonging to the genus Alpharetrovirus, have been shown
to have the most neutral, and therefore the most favorable,
integration pattern (21). They do not have a strong preference
for promoter regions or transcription units. In a rhesus model
of hematopoietic stem cell (HSC) gene transfer, alpharetrovi-
ral integration was nonclustered and favored neither gene-rich
regions, TSS, nor CpG islands (10, 11).

Of the available alpharetroviral vector systems, the most
widely used is the RCAS (replication-competent avian leukosis
virus [ALV] LTR with a splice acceptor) (13). It is based on
RSV, in which the src oncogene is replaced by a transgene of
interest. This vector, although very useful for basic nonclinical
applications, has disadvantages that preclude its application in
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advanced forms of genetic cell modification: the presence of
gag/pol and env in the vector genome drastically reduces the
packaging capacity and poses a major safety concern. Further-
more, the LTRs have not been developed to an advanced SIN
design, thus retaining retroviral enhancer-promoter sequences
that can perturb both transgene expression and transcriptional
control of neighboring genes, and RCAS-derived particles are
commonly produced from replication-competent vectors in
avian cells. These features pose a high risk of vector recombi-
nation with poorly foreseeable consequences.

In the present work, we have developed alpharetroviral vec-
tors that combine the following features: SIN design of the
LTRs; split-packaging design with complete elimination of vi-
ral coding sequences from the packaging signal; the shortest
leader region of all known retroviral vectors, creating space for
large gene cassettes; and high-titer production with the poten-
tial of pseudotyping for important target populations, such as
murine and human hematopoietic cells. Besides introducing a
promising tool for genetic cell modification, this work also
sheds new light on alpharetroviral replication mechanisms.

MATERIALS AND METHODS

Alpharetroviral vectors and plasmids. For biosafety reasons, the vector system
described was constructed in a split-packaging design, consisting of the al-
pharetroviral vector (pAlpha.SF.EGFP.wPRE and derivatives; no overlap
with gag/pol or envelope plasmids), the alpharetroviral gag/pol helper plasmid
(pcDNA3.alpha.gag/pol and derivatives), and the respective envelope plasmid
(ecotropic, amphotropic, RD114/TR, and VSVg). VSVg (glycoprotein of vesic-
ular stomatitis virus) (44), RD114/TR (RD114 envelope with the amphotropic
cytoplasmic tail) (29), and the ecotropic (25) and amphotropic (strain 4070A) (2)
MLYV envelopes have been described elsewhere.

The alpharetroviral vector was derived from multiple fragments (5" LTR and
leader; expression unit; 3’ LTR) and was assembled in a series of subcloning
steps. To construct the 5" LTR and the leader region, part of the RSV U3 (from
the Sphl site on) was amplified using pSRS11.SF.EGFP.pre (33) as a template
and primers 5’ RSV sph2 (5'-GCACCGTGCATGCCGATTGGTG-3") (restric-
tion sites are underlined) and 3’ RSVASLV OL (5'-AATGTGGTGAATGGT
CAAATGGCGTTTATTGTATCGAGCTAGGCAC-3'). In a second PCR, the
RSV R and U5 regions and the leader region (including the packaging signal
y; excluding any gag components) were amplified from RCASBP-Y DV
(Addgene plasmid 11478) (12-14, 17) using primers 5" RSVASLV OL (5'-G
TGCCTAGCTCGATACAATAAACGCCATTTGACCATTCACCACATTG
G-3) and 3" ASLV nhe (5'-CAGCTAGCGGCCGCTGCTTGATCCGCAGGC
CGACCAA-3") (Nhel and NotI sites underlined). The latter two fragments were
fused using an overlap-PCR strategy with flanking primers 5’ RSV sph2 and 3’
ASLV nhe. The 3'LTR was amplified from RCASBP-Y DV using 5' ASLV
3'LTR hind (5'-GAAAGCTTTTAAATATCGATGCGAT-3") (the HindIII site
is underlined) and 3’ ASLV SIN xho (5'-CTCTCGAGAATGAAGCCTTCTG
CTTCATGCA-3") (the Xhol site is underlined). To construct a SIN design and
to insert a unique SnaBI site (for the insertion of fragments into the AU3
deletion), the overlap primers 3’ ASLVsin OL (5'-AATACAATATCTCTACG
TACAAGAGTATTGCATAAGACTACATTTCC-3') and 5" ASLVsin OL (5'-
TATGCAATACTCTTGTACGTAGAGATATTGTATTTAAGTGCCTAGC-
3") were used together with the two primers mentioned above. The 5" LTR and
leader fragment (SphI/Nhel) and the 3’ LTR fragment (HindIII/XhoI) were
inserted into a gammaretroviral SIN vector (pSERS11.SF.GFPpre*) backbone
harboring a spleen focus-forming virus (SFFV)-driven enhanced green fluores-
cent protein (EGFP) expression cassette with the safety-optimized posttranscrip-
tional regulatory element of woodchuck hepatitis virus (WPRE) (30, 33). This
resulted in the alpharetroviral plasmids pAlpha.SF.EGFP.wPRE (with an intact
3" U3 region) and pAlpha.SIN.SF.EGFP.wPRE (with a 3" SIN deletion). In
these constructs, the transcription of the alpharetroviral genomic RNA is medi-
ated by the RSV promoter fused to the simian virus 40 (SV40) enhancer.

To design a helper construct for the expression of alpharetroviral Gag/Pol
(4,817 bp), we amplified the RSV gag/pol cDNA with primers 5" ASLVgp eco
(5'-CTGAATTCGCCACCAT GGAAGCCGTCATTAAGGTGATT-3") (the
EcoRI site is underlined, and the Kozak consensus sequence is italicized) and 3’
ASLVgp eco (5'-CAGAATTCTTAACTCTCGTTGGCAGCAAGGGT-3') (the
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EcoRI site is underlined). This alpharetroviral gag/pol cDNA was inserted into
an expression construct harboring the cytomegalovirus (CMV) promoter, the
B-globin intron, and the bovine growth hormone poly(A) signal for optimal
expression.

In a second approach, we constructed a codon-optimized gag/pol cDNA (4,817
bp). This was synthesized (Biomatik Corp., Markham, Canada) according to the
optimal codon preference for Homo sapiens, with GC content adjustment and
removal of cryptic splice and polyadenylation sites. The 300 bp surrounding the
gag/pol transition was left unchanged to maintain the Gag-to-Pol ratio.

All constructs were verified by sequencing. Cloning and construct details are
available on request.

Cell lines and production of viral supernatants. The human embryonic kidney
cell line 293T, the human fibroblast line HT1080, and the murine fibroblast line
SC1 were cultured in Dulbecco’s modified Eagle’s medium (DMEM) with stable
glutamine (Biochrom, Berlin, Germany) supplemented with 10% fetal calf serum
(FCS), 100 U/ml penicillin-100 pg/ml streptomycin, and 1 mM sodium pyruvate
(all from PAA Laboratories, Pasching, Austria). Alpharetroviral supernatants
were produced after transient transfection of 293T cells as previously described
for gammaretroviral and lentiviral vectors (5, 30, 32, 33) using ecotropic, am-
photropic, gibbon ape leukemia virus (GALV), GALV-TR (cytoplasmically
modified), VSVg, or RD114-TR envelopes. Briefly, 5 X 10° 293T cells were
seeded the day before transfection. Five micrograms of the alpharetroviral vector
(pAlpha.SF.EGFP.wPRE and derivatives), 10 pg (unless indicated otherwise) of
the alpharetroviral gag/pol helper plasmid (pcDNA3.alpha.gag/pol), and either
1.5 pg of pMD.G (for VSVg pseudotyped particles) or 2 pg of another envelope
plasmid were cotransfected using standard calcium phosphate transfection. In
some experiments, transfection efficiencies were monitored by cotransfecting 1
g of the pPCMV-DsRed-Express expression plasmid. To harvest viral particles,
supernatants were collected 36 h after transfection, filtered through 0.22-pm-
pore-size filters, and stored at —80°C before further use.

Human and murine primary cells. Human CD34-positive cells purified from
granulocyte colony-stimulating factor (G-CSF)-mobilized peripheral blood from
healthy volunteers were kindly provided by Cytonet GmbH (Hannover, Ger-
many) and were cultivated in Stemspan serum-free medium (Stem Cell Tech-
nologies, Vancouver, British Columbia, Canada) supplemented with 200 U/ml
penicillin-200 pg/ml streptomycin (PAA), 2 mM L-glutamine (Biochrom), 100
ng/ml hFIt-3 ligand, 100 ng/ml murine stem cell factor (mSCF), and 40 ng/ml
murine thrombopoietin (mTPO) (all from Peprotech, Rocky Hill, NJ).

Murine bone marrow cells were flushed from the femurs and tibias of
C57BL6/J mice (Charles River Laboratories, Wilmington, MA), and lineage-
negative (Lin") cells were isolated by magnetic sorting using lineage-specific
antibodies (Lineage cell depletion kit; Miltenyi, Bergisch-Gladbach, Germany).
Lin~ cells were prestimulated for 2 days in StemSpan medium (Stem Cell
Technologies, Vancouver, CA) containing 10 ng/ml human acidic fibroblast
growth factor (hFGF-acidic), 10 ng/ml mSCF, 20 ng/ml mTPO, 20 ng/ml murine
insulin-like growth factor 2 (mIGF2) (all from Peprotech, Heidelberg, Ger-
many), 1:1,000 heparin (Liquemin; Roche, Mannheim, Germany) (added 1 day
after transduction), 200 U/ml penicillin-200 wg/ml streptomycin, and 2 mM
L-glutamine.

Transduction. A total of 7 X 10* HT1080 cells per well of 12-well plates were
plated on the day before transduction. Supernatants containing viral particles
were added, and the transduction procedure was assisted by the addition of 4
pg/ml protamine sulfate and by centrifugation for 1 h at 400 X g and 32°C. For
transduction of the human primary CD34-positive and murine lineage-negative
cells, viral supernatants were loaded onto plates precoated with Retronectin
(Takara, Shiga, Otsu, Japan), and transduction was assisted by centrifugation for
30 min at 400 X g and 4°C. Cells were added, and after 24 h, they were
transferred to uncoated wells.

Flow cytometry. Cells were harvested for analysis 4 to 21 days after transduc-
tion and were washed with phosphate-buffered saline (PBS). For EGFP-encod-
ing cassettes, cells were pelleted, resuspended in PBS containing 4% heat-
inactivated FCS (PAA), and analyzed. Cells transduced with the interleukin-2
common gamma chain (IL2RG) were incubated with a phycoerythrin (PE)-
labeled anti-human CD132 antibody (BD Pharmingen, Heidelberg, Germany)
for 30 min at 4°C, washed, measured on a FACSCalibur flow cytometer (Becton
Dickinson, Heidelberg, Germany), and analyzed using CellQuest or FlowJo
software (Tree Star, Ashland, OR). CD34 expression was monitored using an
allophycocyanin (APC)-labeled anti-human CD34 antibody (BD Pharmingen).
A homogeneous cell population was gated as determined by scatter character-
istics, and =15,000 events were monitored.

Luciferase assay. To assess LTR transcriptional activity, the corresponding
LTR fragments of pAlpha.SF.EGFP.wPRE and pAlpha.SIN.SF.EGFP.wPRE
were cloned into synthetic Renilla luciferase reporter vectors (phRG derivatives;
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Promega, Mannheim, Germany). As a negative control, part of the prokaryotic
beta-lactamase gene was cloned into the same reporter vector. Five micrograms
of different reporter vectors and 1 ug of pPCMV-DsRed-Express were cotrans-
fected using the calcium phosphate transfection method. Thirty-six hours after
transfection, cells were harvested, and DsRed expression was monitored via
fluorescence-activated cell sorter (FACS) analysis, which served as a measure of
transfection efficiency. The cells were lysed, and luciferase activities were deter-
mined according to the manufacturer’s instructions (Renilla luciferase assay
system; Promega) in a Lumat LB950 luminometer (Berthold Technologies, Bad
Wildbad, Germany). Using the Bio-Rad protein assay, the protein concentra-
tions of the cell lysates were determined (Bio-Rad, Munich, Germany).

RNA isolation and Northern blot analysis. RNA was isolated (from 3 X 10° to
5 X 10° cells) using RNAzol (WAK Chemicals, Steinbach, Germany) according
to the manufacturer’s instructions. The RNA pellet was resuspended in ultrapure
water supplemented with 1 pl RiboLock RNase inhibitor (Fermentas, St. Leon-
Rot, Germany) and was stored at —20°C. To analyze isolated RNA samples, 10
to 15 pg of each RNA was separated in denaturing formaldehyde gels. RNA was
blotted to Biodyne-B membranes (Pall Corp., Pensacola, FL) by capillary trans-
fer and was then heat fixed for 2 h at 80°C. Hybridization was performed with
probes corresponding to either the EGFP fragment or 18S rRNA, radiolabeled
using the DecaLabel DNA labeling kit (Fermentas). Membranes were exposed
to X-ray film (Kodak X-Omat-AR; Kodak GmbH, Stuttgart, Germany), and
signal intensities were quantified with a phosphorimaging Storm B20 scanner
(Amersham Biosciences, Freiburg, Germany).

Reverse transcription and determination of expression levels by qRT-PCR.
RNA was reverse transcribed using the QuantiTect reverse transcription kit
(Qiagen, Hilden, Germany) according to the manufacturer’s instructions. Rela-
tive expression levels of 5" LTR-initiated transcripts were determined by quan-
titative reverse transcription-PCR (qRT-PCR) using wPRE-specific primers (22)
to detect total amounts of vector transcripts and leader-specific primers (leader
forw, GTTCGATGACCCTGGTGGAGG; leader rev, CTCACTCTCCGTCTT
CCGACGA) to quantify 5" LTR transcriptional acitivity. From PCR efficiencies
and by cross-point deviations between the samples to be compared, relative
expression levels were determined according to the method of Pfaffl (27).

Isolation of genomic DNA and determination of vector copy numbers by
qRT-PCR. To isolate genomic DNA from cells, the QIAamp DNA blood kit
(Qiagen) was used according to the manufacturer’s instructions. Vector copy
numbers of transduced cells were determined by quantitative PCR on an Applied
Biosystems (Darmstadt, Germany) Step One Plus real-time PCR system using
the QuantiTect SYBR green kit (Qiagen) with a reference sample known to
contain 9 integrations (clone B, internal standard; kindly provided by U.
Modlich, Hannover, Germany) and primers for the vector-specific PRE and the
PTBP2 intron (evolutionarily conserved PTBP2 intronic sequence [28]) (19).
From PCR efficiencies and by cross-point deviations from the reference sample,
the vector copy numbers of unknown samples were determined according to the
work of Pfaffl (27).

Protein isolation and Western blotting. 293T cells were cotransfected using 5
g pAlpha.SIN.SF.EGFP.wPRE, either 2.5 or 10 pg pcDNA3.alpha.gag/pol or
its codon-optimized derivative (as indicated), and 2 g of an ecotropic envelope
packaging plasmid as described above. Thirty-six hours after transfection, cells
were trypsinized, washed twice with PBS, and lysed using lysis buffer supple-
mented with proteinase inhibitor (Complete Mini protease inhibitor cocktail;
Roche, Mannheim, Germany). Cell lysates normalized for protein levels were
fractionated on 12.5% polyacrylamide gels containing sodium dodecyl sulfate
(SDS). Following electrophoresis, proteins were transferred to a nitrocellulose
membrane (pore size, 0.45 pm; Bio-Rad). The membrane was blocked with 3%
dry milk in Tris-buffered saline-Tween 20 (TBST) for 1 h at room temperature
and was stained with a monoclonal antibody against avian myeloblastosis virus
(AMV)-p19 (AMV-3C2; Developmental Studies Hybridoma Bank, Iowa City,
IA) diluted 1:1,000 in 5% dry milk in Tris-buffered saline (TBS) overnight at 4°C.
After a wash with TBS, the blot was incubated with a horseradish peroxidase
(HRP)-conjugated goat anti-mouse IgG secondary antibody (Santa Cruz Bio-
technologies, Heidelberg, Germany) diluted 1:2,000 in 3% dry milk in TBST for
1 h at room temperature. Detection was performed by chemiluminescence
(SuperSignal West Pico chemoluminescence substrate; Thermo Fisher Scientific,
Bonn, Germany) according to the manufacturer’s instructions. Blots were ex-
posed to Kodak X-Omat-AR film.

Statistical analysis. Data from experiments are expressed as means = stan-
dard errors of the means (SEM). Student’s two-tailed ¢ test was performed for
comparison of differences between indicated groups. A P value of <0.05 (*) was
considered significant; a P value of <0.01 (x*), very significant; a P value
of <0.001 (#x), extremely significant.

J. VIROL.

Nucleotide sequence accession number. The codon-optimized alpharetrovi-
ral gag/pol expression sequence has been submitted to GenBank under ac-
cession no. HM130053.

RESULTS

Alpharetrovirus-based split-packaging design avoiding se-
quence overlap between its components. To minimize the risk
of RCR formation and to gain maximum space for the inser-
tion of transgene cassettes, we aimed to develop RSV-based
vectors with a split-packaging design. As indicated in Fig. 1, we
designed a vector in which the RSV coding sequences (gag/pol,
env, and src) were completely deleted, leaving only 371 nucle-
otides in the 5’ untranslated region (5" UTR), to include R,
US, and the packaging signal (¥), and 158 nucleotides in the 3’
UTR, comprising the direct repeat element (DRE) and the
polypurine tract (PPT), followed by the 3' LTR.

In the 5" U3 region, we introduced a promoter configuration
that we have shown to be important for high-titer production
of gammaretroviral vectors in transfected human 293T cells.
This consists of the simian virus 40 (SV40) enhancer fused to
the RSV U3 region (enhanced RSV) (33). The alpharetroviral
gag/pol sequences were placed under the control of the human
cytomegalovirus (CMV) immediate-early enhancer-promoter,
and we took care to remove all of the 5’ UTR sequences that
are present in the vector construct and replace these with the
B-globin intron. The bovine growth hormone polyadenylation
signal served for transcriptional termination, thus removing
the alpharetroviral 3" UTR from the gag/pol expression vector.
Envelope proteins derived from RD114 feline leukemia virus,
amphotropic or ecotropic MLV, or the glycoprotein of ve-
sicular stomatitis virus (VSVg) were expressed from simi-
larly configured expression vectors, as used in earlier studies
(2, 29, 44).

The following design elements are noteworthy. (i) The split
design completely avoids sequence overlap between the trans-
fer vector and the packaging construct. (ii) Since the major
splice donor of RSV is found in the 5’ region of gag, the vector
leader lacks a major splice donor, in contrast to gammaretro-
viral, spumaviral, and lentiviral vectors. (iii) The remaining
alpharetroviral leader sequence providing the packaging signal
comprises only 371 nucleotides and is thus 263 and 1,246 nu-
cleotides shorter than the corresponding packaging regions of
currently used gammaretroviral and lentiviral vectors, respec-
tively. Considering the sizes of the deleted gag/pol, env, and src
genes, the theoretical packaging capacity of the vector is ex-
pected to reach 8.4 kb. (iv) The DRE contained in the 3’ UTR
of the vector is a cis-acting sequence promoting cytoplasmic
expression of full-length RNA (26) and enhancing the effi-
ciency of RNA packaging (37). With this system we could show
proof of principle for the transduction of human HT1080 cells
(data not shown). However, this configuration still poses a
safety risk, residing in the presence of an intact 3" LTR.

Alpharetroviral SIN design with improved expression. Next,
we tested ways to delete the enhancer-promoter sequences
from the 3’ U3 region in order to create a SIN design of the
vector. Since RSV contains its polyadenylation (pA) signal and
related motifs contributing to proper transcriptional termina-
tion at the 3’ end of U3, we tested the effects of deletions that
preserve ~40 nucleotides at the 3" end of U3. The attachment
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FIG. 1. Alpharetroviral split-packaging design. Shown is a schematic depiction of wild-type RSV and the derived split-packaging system,
consisting of the transfer vector pAlpha.SF.EGFP.wPRE (plasmid DNA) and required helper plasmids pcDNA3.alpha.gag/pol and pEnvelope.
The long terminal repeats (LTRs) (U3, R, and U5), direct repeat element (DRE), packaging signal (), splice donor and acceptor sites (SD and
SA), spleen focus-forming virus promoter (SFFV), enhanced green fluorescent protein (EGFP), woodchuck hepatitis virus posttranscriptional
regulatory element (WPRE), cytomegalovirus promoter (CMV), B-globin intron (BGI), and bovine growth hormone polyadenylation signal (bGH

pA) are indicated.

sites required for interaction with the integrase were main-
tained by preserving 25 nucleotides at the 5’ end of U3. A
unique SnaBI restriction site was used to ligate the remaining
U3 components, creating opportunities for the introduction of
foreign sequences (Fig. 2A). This design left the TATA box
intact but deleted upstream promoter and enhancer sequences.
As an internal promoter, we used sequences derived from the
U3 region of the spleen focus-forming virus (SFFV) (1). A
safety-modified version of the woodchuck hepatitis virus post-
transcriptional regulatory element (WPRE) (30) was used to
further increase the expression of enhanced green fluorescent
protein (EGFP), the reporter gene used in our initial studies.

While the SIN design had only a marginal effect on vector
titers, it caused a significant increase in EGFP expression (Fig.
2B), suggesting the presence of either competitive or silencing
effects of the intact RSV U3 enhancer-promoter. Next, we
addressed the functional consequences of the U3 deletion at
the level of the transcript. Polyclonal, unselected cells trans-
duced with vectors at similar multiplicities of infection (MOI)
were harvested for preparation of RNA. Northern blot analysis
using a radioactively labeled EGFP probe (Fig. 2C) showed
that the SIN deletion mediated an increase in the internal
message even greater than that indicated by EGFP fluores-
cence (~4-fold versus ~2-fold), which could be explained by
the insufficient resolution of flow cytometry under conditions
of very high EGFP expression. This analysis also showed
that the U3 deletion strongly reduced the expression of the
genomic transcript (Fig. 2C). To quantify this effect, we pre-
pared RNA from transduced cells, determined relative expres-
sion levels of upstream-initiated and internal transcripts
(driven by the internal promoter) by quantitative RT-PCR,
and found the upstream-initiated transcription to be approxi-
mately 80-fold lower for the self-inactivating vector than for its

precursor, Alpha.SF.EGFP.wPRE (data not shown). Further-
more, we assessed the potential residual promoter activity of
the deleted U3 region in transient reporter gene assays. Lucif-
erase was cloned under the control of the intact U3 region, the
deleted U3 region, or a putative neutral spacer region derived
from the prokaryotic beta-lactamase gene. In transiently trans-
fected 293T cells, a reduction of transcriptional activity to
background levels was observed with the deleted U3 region
(Fig. 2D).

Codon optimization of gag/pol strongly facilitates vector
production in human 293T cells. The experiments described
above were performed using gag/pol expression vectors in
which extensive codon optimization of gag and pol was intro-
duced to match the preferred codon usage found in human
cells. Our rationale for codon-optimizing the alpharetroviral
gag/pol sequences was based on observations made with lenti-
viral gag/pol, where codon optimization was shown to over-
come nuclear transcript retention (7). We reasoned that sim-
ilar posttranscriptional limitations may explain the failure of
wild-type RSV to replicate in human cells and thus may largely
explain the difficulty of producing alpharetroviral vectors in
widely used packaging cells such as 293T. When codon-opti-
mizing alpharetroviral gag/pol, we left ~300 nucleotides sur-
rounding the gag/pro—pol transition unchanged, because this
region regulates the ratio of gag/pro and pol expression by
ribosomal frameshifting (Fig. 3A). These include the “slippery
sequence” of seven nucleotides in the 3’ region of pro, as well
as the stem-loop structure in the 5’ region of pol (15, 20).

The striking effect of the codon optimization became appar-
ent when alpharetroviral vectors were produced by cotransfect-
ing increasing amounts of the gag/pol expression plasmids with
constant amounts of the SIN vector plasmids and the env
expression plasmids. Despite the relatively constant transfec-
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FIG. 2. Self-inactivating deletion of Alpha.SF.EGFP.wPRE. (A) Schematic depiction of the Alpha.SF.EGFP.wPRE vector (proviral DNA) and
its self-inactivating derivative Alpha.SIN.SF.EGFP.wPRE (proviral DNA). The sites of sequence deletions are indicated by dashed arrows. The
nucleotide sequences of the self-inactivating U3 region (AU3) and the introduced SnaBI restriction site, as well as those of the TATA box and the
polyadenylation signal (pA signal), are shown. (B) Comparative titer and mean fluorescence intensity (MFI) analyses as determined on transduced
HT1080 cells. Viral particles were generated by cotransfection of pcDNA3.alpha.gag/pol.CO, the VSVg envelope expression plasmid, and either
pAlpha.SF.EGFP.wPRE or pAlpha.SIN.SF.EGFP.wPRE. Six days posttransduction, cells were harvested and subjected to flow cytometric analysis.
t.u., transducing units. (C) Northern blot analysis of transduced HT1080 cells. A radiolabeled EGFP-specific probe was used to detect all RNA
species resulting from EGFP transcription. The expected mRNA sizes for the Alpha.SF.EGFP.wPRE vector are 2,610 bp (LTR transcript) and 1,847
bp (internal transcript). For the Alpha.SIN.SF.EGFP.wPRE vector, the corresponding transcripts are 2,451 bp and 1,688 bp, respectively [sizes without
the poly(A) tail are given]. The blot was reprobed with an 18S rRNA-specific probe as a loading control. Molecular size standards are given on the left.
(D) Luciferase assay to assess transcriptional activities of the LTRs. 293T cells were transfected, and total protein was lysed as described in Materials and
Methods. Relative transcriptional activity was determined as relative light units normalized to the amount of protein and the transfection efficiency.
Values were log-transformed, and a Student two-tailed ¢ test was performed for comparison of differences between the indicated groups. A P value
of <0.05 (*) was considered significant; a P value of <0.01 (**), very significant; a P value of <0.001 (*%x*), extremely significant.

tion efficiencies obtained with 0.5 to 15 pg of the gag/pol plas- While a further increase in the plasmid dose had no effect for
mid (data not shown), we noted an increase in particle forma- the codon-optimized construct, it elevated titers to a maximum
tion dependent on codon optimization that was as great as 4 of ~2 X 10° infectious particles per ml of unconcentrated
orders of magnitude at the lowest plasmid dose tested (0.5 pg). supernatant when the wild-type alpharetroviral sequences
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FIG. 3. Codon optimization of the gag/pol helper plasmid. (A) Schematic depiction of pcDNA3.alpha.gag/pol.CO, showing the cytomegalovirus
promoter (CMV), the B-globin intron (BGI), and the bovine growth hormone polyadenylation signal (bGH pA). Solid rectangles represent areas
of codon optimization, while braces indicate sequence that has been exempted from the codon optimization of pcDNA3.alpha.gag/pol. (B) Dilution
series of gag/pol helper plasmids. Five micrograms of pAlpha.SIN.SF.EGFP.wPRE, 1.5 pg of the VSVg envelope expression plasmid, and different
amounts of either pcDNA3.alpha.gag/pol or its codon-optimized counterpart were cotransfected into 293T cells. Viral supernatants were titrated
on HT1080 cells. (C) Western blot of 293T cells. Cells were cotransfected with an ecotropic envelope expression plasmid, pAlpha.SIN.SF.EGF-
P.wPRE, and different amounts of either pcDNA3.alpha.gag/pol or its codon-optimized counterpart (2.5 or 10 pg, as indicated). Viral proteins
were detected by using antibodies against the alpharetroviral matrix (MA) protein. Molecular mass standards are given on the left, while Gag and

MA are indicated on the right.

were used. This was still at least 1 log unit lower than the
maximum level achieved with the codon-optimized construct,
which, in pseudotyping with VSVg, typically gave titers on the
order of 5 X 10° to 2 X 10”/ml of unconcentrated supernatant
(Fig. 2B and 3B).

To further characterize this effect, we cotransfected 293T
cells with pAlpha.SIN.SF.EGFP.wPRE, different amounts of
either pcDNA3.alpha.gag/pol or its codon-optimized deriva-
tive (as indicated in Fig. 3C), and 2 pg of an ecotropic envelope
expression plasmid to avoid reinfection of producer cells.
Thirty-six hours after transfection, cells and associated al-
pharetroviral particles were lysed for Western blot analysis
using antibodies against the alpharetroviral matrix (MA) protein.
Efficient proteolytic processing of alpharetroviral Gag/Pol oc-
curred only in cells transfected with the codon-optimized al-
pharetroviral gag/pol packaging plasmid. To summarize all
products detected by the anti-MA antibodies, codon optimiza-
tion drastically enhanced Gag expression, with a concomitant
increase in retroviral cleavage products. It remains to be de-
termined whether the strong effect on functional titers (Fig.
3B) depends on increased synthesis of the Gag precursor with
subsequent export through budding particles or on enhanced
maturation (see Discussion).

Predictable dose dependence of vector copy number and
expression. Next, we determined to what extent the transduc-
tion level of the target cells can be determined by the dose of
vector used. As indicated based on studies performed with
gammaretroviral vectors, an increase in the viral particle-
to-cell ratio would not only elevate the percentage of trans-
duced cells but also introduce an increasing number of in-
sertions per cell if Poisson statistics apply to the transduction
process (6, 16, 41). We thus escalated the MOI to transduce,
based on EGFP expression determined by flow cytometry, be-

tween 10 and 90% of the target cell population. As indicated in
Fig. 4A, the mean fluorescence intensity of transduced cells
was relatively constant if <30% of cells were transduced but
showed a positive correlation with the percentage of EGFP-
positive cells when the transduction rate was increased further.
The mean vector copy number of EGFP-positive cells, as de-
termined by real-time PCR detecting the wPRE sequence,
confirmed our hypothesis that the increase in EGFP expression
depended on the increased likelihood of transferring more
than one copy per cell when the MOI was increased (Fig. 4B).
Thus, as in gammaretroviral systems, alpharetroviral vectors
demonstrate a predictable dose dependence in terms of both
the copy number per cell and gene expression per copy, which
is an important prerequisite for advanced applications of ge-
netic cell modification.

Efficient usage of alpharetroviral vectors in clinically rele-
vant scenarios. Having established conditions for high-titer
production and dose-controlled use of SIN alpharetroviral vec-
tors, we explored their potency in a direct comparison with
lentiviral (advanced HIV-1-based SIN design [5, 45]) and gam-
maretroviral (advanced MLV-based SIN design [31, 33]) vec-
tors. All three SIN vectors contained the same internal expres-
sion cassette (SFFV-EGFP-wPRE) (Fig. 5A). We transduced
primary hematopoietic cells, a preferred target for retrovirus-
based vectors. While a complete analysis of the performance of
alpharetroviral vectors in transplanted hematopoietic cells un-
dergoing long-term observation was beyond the scope of these
experiments, we set out to explore the potency of SIN alpharet-
roviral vectors produced in a split-packaging system for the
transduction of this cell population.

The choice of the envelope protein is highly important for
efficient transduction of hematopoietic cells. We thus tested
several options for pseudotyping alpharetroviral vectors. We
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FIG. 4. Correlation between the percentage of alpharetrovirally transduced cells and mean fluorescence intensity (MFI) or mean vector copy
numbers (VCN). (A) HT1080 cells were transduced with the Alpha.SIN.SF.EGFP.wPRE vector at increasing multiplicities of infection, and 6 days
later, the percentage of EGFP-expressing cells and the MFI were determined via flow cytometry. (B) Genomic DNA from transduced cells was
harvested, and the mean VCN of EGFP-positive cells were first determined by quantitative PCR and then plotted against the percentage of
transduced cells. (The MOIs used were 0.06, 0.13, 0.16, 0.23, 0.39, 0.97, 1.29, 3.24, and 6.47.)

tested envelopes based on gibbon ape leukemia virus (GALV), with VSVg, RD114/TR, and amphotropic and ecotropic enve-
feline leukemia virus RD114, the cytoplasmically modified lopes (data not shown). For the transduction of CD34-positive
forms of both (GALV/TR and RD114/TR), amphotropic primary human hematopoietic cells from mobilized peripheral
MLV, ecotropic MLV, and VSVg. High titers were achieved blood, we decided to use RD114/TR particles, based on ob-
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FIG. 5. Transduction of primary hematopoietic cells. (A) Schematic depiction of lentiviral, gammaretroviral, and alpharetroviral vectors used in this
experiment. RRE, Rev-responsive element; PPT, polypurine tract. For other abbreviations, see the legend to Fig. 1. (B) CD34-positive cells were
transduced with RD114/TR-pseudpotyped Alpha.SIN.SF.EGFP.wPRE at an MOI of 1. Four to six days after transduction, cells were stained for CD34
expression and were analyzed by flow cytometry. (C) Transduction of murine lineage-negative cells with VSVg-pseudotyped Alpha.SIN.SF.EGFP.wPRE
and comparable lentiviral and gammaretroviral SIN vectors at an MOI of 10. Cells were analyzed by FACS 4 days posttransduction.
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servations made with lentiviral vectors (29). Of note, a low
MOTI of 1 (as determined on HT1080 fibroblasts) was sufficient
to transduce ~40% of the target cells with a single exposure on
day 3 after stimulation of cells in a cytokine cocktail comprising
SCF, TPO, and Flt-3 ligand (4 to 6 days after transduction)
(Fig. 5B; confirmed by flow cytometry [n = 3]).

Next, we performed a direct comparison of lentiviral,
gammaretroviral, and alpharetroviral vectors in cultured lin-
eage-negative murine hematopoietic cells. We used VSVg
pseudotypes in all cases, with an MOI of 10 (as determined on
SC1 fibroblasts) for lentiviral, gammaretroviral, and alpharet-
roviral particles. As determined by flow cytometry on day 4
posttransduction, the transduction rates of alpharetroviral vec-
tors were only slightly lower than those of gammaretroviral
vectors, and they were at least half as efficient as lentiviral
vectors (Fig. 5C).

Finally, we performed an intergenus comparison of similarly
designed retrovirus-based vectors in the context of a clinically
relevant transgene. As we have shown previously (38), a short
version of the human elongation factor 1 alpha (EFS) pro-
moter is sufficient to express the interleukin-2 common gamma
chain (IL2RG) cDNA to levels that resolve the severe com-
bined immunodeficiency phenotype resulting from mutations
in the IL2RG gene (SCID-X1 disease). While previous clinical
trials have shown the potential of LTR-driven gammaretroviral
vectors for correcting the potentially lethal SCID-X1 pheno-
type, serious adverse events, caused by the insertional activa-
tion of proto-oncogenes from promoter-proximal vector inser-
tions, have been observed in these trials (8, 9). In a sensitive
cell system, the internal EFS promoter showed a low risk of
insertional proto-oncogene activation after gammaretroviral
vector-mediated semirandom integration (46). We thus tested
the potential of alpharetroviral vectors for transferring the
potentially therapeutic EFS-IL2RG-wPRE cassette into hu-
man target cells. As in the experiment described above, lenti-
viral, gammaretroviral, and alpharetroviral SIN vectors with
identical expression cassettes were cloned, produced as VSVg
pseudotypes in split-packaging systems, and used to transduce
human HT1080 cells at comparable MOI. Vector titers were
similar for all three vectors, validating the potency of the newly
designed alpharetroviral split-packaging system (Fig. 6A). Fur-
thermore, the IL2RG expression levels were comparable (Fig.
6B). These data illustrate the flexibility of alpharetroviral vec-
tors for incorporating and transferring biologically relevant
transgene sequences.

DISCUSSION

Alpharetroviruses have attracted increasing interest as an
alternative retroviral vector system, especially with regard to
human gene therapy, due to their favorable integration pattern
(10, 11, 21). In the present study, we have developed a versatile
and modular self-inactivating alpharetroviral vector system
with a split-packaging design, high-titer production in human
293T cells, and the potential of pseudotyping for important
target populations, such as murine and human hematopoietic
cells.

Alpharetroviral particles are commonly produced in avian
cells with vectors based on single constructs containing viral
coding sequences and intact LTRs. Even though alpharetrovi-
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FIG. 6. Transduction of HT1080 cells with VSVg-pseudotyped len-
tiviral, gammaretroviral, and alpharetroviral vectors encoding the IL-2
receptor common gamma chain. The vectors were constructed as
diagramed in Fig. 5A by replacing SFFV-EGFP with EFS-IL2RG.
Transduced cells were stained with a PE-labeled anti-IL2RG antibody
and were analyzed by FACS 21 days posttransduction. (A) Compara-
tive titer analyses as determined on transduced HT1080 cells. (B) Cells
with similar transduction efficiencies were stained for IL2ZRG expres-
sion and were analyzed by flow cytometry 21 days after transduction.

ral vectors have not been reported to be replication competent
in human cells, there is a potential risk of vector mobilization,
either by mutation or by recombination. The formation of
RCR is an even greater threat with the therapeutic use of
retrovirus-based gene vectors than insertional mutagenesis (4),
and such vectors are therefore unacceptable for clinical appli-
cations. To address this safety issue, we have generated an
alpharetroviral split-packaging design avoiding sequence over-
lap between its components (35). The resulting vector back-
bone not only contains the shortest leader sequence among all
retroviral constructs we are aware of (Fig. 5) but also lacks the
retroviral major splice donor (in contrast to HIV-1, spumavi-
rus, and MLV vectors), which may prevent some forms of
readthrough-dependent insertional gene activation (3, 24). Be-
sides minimizing the risk of RCR formation, the split-packag-
ing design also avoids the potentially immunogenic expression
of viral proteins from transduced cells and increases the the-
oretical packaging capacity (at least 8.4 kb, considering the size
of deleted alpharetroviral coding sequences) of the alpharet-
roviral vector.

To further decrease the risk for insertional mutagenesis,
which is caused by activation of neighboring alleles (e.g., proto-
oncogenes) via enhancer-mediated mechanisms, we have in-
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troduced a SIN deletion into the U3 region, which was com-
plicated by the unusual presence of the alpharetroviral poly(A)
signal within U3. Northern blot analysis of transduced poly-
clonal unselected cells showed that the SIN deletion drastically
reduced the expression of the genomic transcript. By quanti-
fying transcript levels of upstream-initiated and internal tran-
scripts, we showed the level of upstream-initiated transcription
to be approximately 80-fold lower for the SIN vector than for
its precursor containing an intact U3 region. Additionally, we
performed transient reporter gene assays, by which we con-
firmed the strong transcriptional activity of the wild-type U3
region (13, 42) in human cells. While we were still able to
detect upstream-initiated transcription in cells transduced with
the SIN vector, the transient assay showed a reversion of LTR
transcriptional activity to background levels. The residual tran-
scriptional activity detected in transduced cells can be ex-
plained by TATA-directed transcription originating from the
5" LTR, or by readthrough events in cases of intragenic inser-
tions. Further modifications, including a deletion or mutation
of the TATA box, need to be evaluated. Similarly, complete
elimination of upstream transcription has not been achieved
for lentiviral vectors, where the SIN deletion includes the
TATA box (18).

Importantly, we were able to produce the alpharetroviral
vectors at high titers in human 293T cells, thus reducing the
risk of transferring endogenous retroviruses from avian cells.
The ability to produce alpharetroviral vectors in 293T cells
is somewhat unexpected, because alpharetroviruses are not
known to replicate efficiently in mammalian cells (40). Our
approach—optimizing gag/pol codon usage for human cells—
greatly enhanced alpharetroviral vector production, arguing
for the presence of a posttranscriptional alpharetroviral ex-
pression block in human cells. In turn, overcoming such an
expression block is likely to improve alpharetroviral RNA
packaging. According to a competition model, genomic RNA
is either translated or packaged in an autogenously regulated
manner dependent on the amount of Gag proteins (36). This
implies that with increasing Gag concentrations, RNA pack-
aging is eventually favored over translation of genomic RNA,
thus contributing to enhanced alpharetroviral particle produc-
tion. To further address this question, we studied Gag expres-
sion in transfected cells. While levels of unprocessed Gag pro-
teins did not increase, major processing of alpharetroviral Gag/
Pol occurred only when the codon-optimized plasmid was
transfected. Processing may thus be required for proper assem-
bly (40), implying that protease levels are rate-limiting. Since
codon optimization is very likely to increase the Gag concen-
tration, packaging is favored over translation, allowing more
viral particles to assemble and bud from the membrane.
Although we took care to avoid reinfection of the packaging
cells by newly produced particles, the increase in the level of
Gag subunits detected in Fig. 3C may reflect mature particles
that undergo non-receptor-mediated interaction with the
transfected cells. Even though the codon optimization dras-
tically increased the titer of alpharetroviral particles, it is
unlikely that it is sufficient to circumvent the alpharetroviral
replication block in mammalian cells, given the need for tightly
balanced splice ratios in retroviral replication.

The newly developed alpharetroviral vector system may fa-
cilitate basic molecular analyses of this important retroviral
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family. Furthermore, our studies suggest that potential species-
dependent restrictions of alpharetroviral vector transduction
are not profound in murine or human target cells. We showed
that alpharetroviral vectors can be pseudotyped with different
envelope proteins (RD114/TR, ecotropic and amphotropic,
VSVg), and demonstrated a predictable dose dependence of
the vector copy number and expression (16, 41). In hemato-
poietic progenitor cells (murine lineage-negative cells and hu-
man CD34-positive cells), the target cell populations for many
gene therapy applications in diseases of the blood and immune
systems, we showed efficient transduction using a low multi-
plicity of infection. Finally, we compared HIV-1-based, MLV-
based, and alpharetroviral vectors in the setting of SCID-X1,
where, due to insertional adverse events (8, 9), vector improve-
ments are urgently needed. In all 3 retroviral vector families,
we observed similar expression levels. Of note, both titers and
expression levels mediated by the newly developed alpharet-
roviral SIN vectors are probably sufficient to correct the dis-
ease phenotype, since the MLV-based vector has been vali-
dated in a SCID-X1 knockout model previously (38).

In summary, the newly developed alpharetroviral split-pack-
aging SIN vector system is an important advancement in the
study of retroviral biology and in approaches to the develop-
ment of safe retrovirus-based vectors for gene therapy.
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