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Abstract

Background An improvement of retroviral infection has been postulated
using a naturally occurring fragment of the abundant semen marker prostatic
acidic phosphatase. This peptide, termed semen-derived enhancer of virus
infection (SEVI), promotes HIV attachment to the target cells.

Methods In the present study, we examined whether SEVI would also
enhance the infectivity of other viruses with different envelope proteins. We
focused on retroviruses pseudotyped with envelopes that are commonly used
for the genetic modification of cells, in particular, T cells and hematopoietic
progenitor cells. Because the effect of SEVI is considered to be a result of
its cationic properties, we compared SEVI with other cationic agents such as
protamine sulfate and Polybrene.

Results We found that SEVI increases the efficiency of gene transfer
for lentiviral and gammaretroviral vector constructs pseudotyped with
VSV-G, GALV, RD114 or foamy viral envelopes on hematopoietic and
nonhematopoietic cell lines. On T cells, the transduction efficiency of GALV
and RD114 pseudotyped vectors was significantly increased by SEVI. A
significant increase of the gene transfer rate was also detected for foamy
virally pseudotyped lentivirus on murine hematopoietic progenitor cells.
No toxic effect of SEVI treatment was detected on any cell type tested,
including human and murine hematopoietic stem/progenitor cells. When
directly comparing the effect of SEVI with Polybrene or protamine sulfate, we
show that the semen-derived protein is more efficient in increasing the gene
transfer rate.

Conclusions SEVI is a promising agent for promoting and improving gene
transfer and may also be useful for clinical gene therapy studies. Copyright 
2010 John Wiley & Sons, Ltd.
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Introduction

In near future, hematopoietic stem cell transplantation and, moreover, the
genetic modification of these cells may play an important role in the therapy
of malignancies, bone marrow failures and in the therapy of numerous genetic
disorders, including immunological or metabolic deficiencies.

Until now, most clinical gene therapy trials and various experiments in
large animal models have been based on gammaretroviral and lentiviral gene
transfer systems [1–4]. Currently, numerous different envelopes are in use
for the packaging of gene transfer vectors. Four of them, which are also in the
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focus of the present study, have already been tested in
large animal models or in clinical gene therapy trials [5,6]:
the glycoprotein of the vesicular stomatitis virus (VSV-G),
the envelope of the feline leukemia virus (RD114), the
envelope of the gibbon ape leukemia virus (GALV) and
the foamy virus (FV) envelope.

A high efficiency of gene transfer into primary cells
and the ability to produce sufficient virus particles for the
large-scale transduction of patient cells are prerequisites
to using a vector system in clinical trials. Packaging cell
lines for the large-scale production of lentiviral vectors,
which were used in the present study, only exist for
GALV and RD114 envelopes; however, both packaging
cell lines do not produce high titer virus for efficient
gene transfer. By contrast, VSV-G and FV envelopes are
very efficient, although, for these envelopes, there is a
lack of producer cells. Thus, the large-scale production of
these viruses is extremely complex and expensive. Finally,
every improvement of lentiviral transduction leads to a
reduction in the need for virus production and therefore
helps to reduce the cost of clinical trials.

Increasing the efficiency of gene transfer can be
achieved by different strategies. The concentration of the
virus supernatant by ultracentrifugation before its use in
transduction is one possibile way to improve the efficiency
of gene transfer [7,8].

Coating plates with the recombinant retronectin
fragment CH296 was reported to enhance the viral gene
transfer. Cells bind to the VLA-4 and VLA-5 binding
domains and the virus particles bind to a heparin binding
domain. Acting in this way, viruses and cells become
closer to each other [9,10].

Another frequently used strategy to enhance the gene
transfer rate is the supplementation of different agents
such as polycations, cationic liposomes and calcium
phosphate. For polycations such as Polybrene (Sigma-
Aldrich, St. Louis, MO, USA) or protamine sulfate [11,12],
it has been proposed that these agents reverse the negative
electrostatic charge of the cells and the virus membranes,
leading to a lower repulsion of both components [13].
Cationic liposomes such as Lipofectamine (Invitrogen,
Carlsbad, CA, USA) [14] enhance retroviral gene transfer
as a result of the formation of a stable virion-liposome
complex [15]. Finally, the efficiency of transduction can
be improved by the enhancement of cell–virus fusion
using calcium phosphate [16]. However, most of these
adjuvants and treatments are toxic for the cells, limiting
their use with sensitive cells such as hematopoietic stem
cells.

Recently, an enhancement of infection with HIV has
been demonstrated using a natural occurring fragment
of the semen marker prostatic acidic phosphatase (PAP)
[17]. Most new infections of HIV worldwide occur through
genital exposure to semen fluid [18]. It was hypothesized
that these peptides, present in semen, form amyloid fibrils
and are able to capture HIV virions. It was observed that
these fibrils promote the attachment of the virus to the
target cells. Consequently, the fibrils were termed semen-
derived enhancer of virus infection (SEVI). The virus binds

directly to SEVI and the dependency of binding to basic
residues of the protein was also demonstrated [19].

Thus, we hypothesized that the cationic properties
of SEVI may also facilitate and improve gene transfer
with retroviruses pseudotypes with other commonly
used envelope proteins. The effect of the SEVI protein
was examined on different cell lines and hematopoietic
progenitor cells were examined.

Materials and methods

Cell lines and primary cells

HeLa and NIH-3T3 (DSMZ, Braunschweig, Germany)
were maintained in Dulbecco’s modified Eagle’s medium
(DMEM) (Lonza, Cologne, Germany). K562 cells were
cultured in RPMI. Both media additionally contained
10% fetal calf serum (FCS) (PAA, Coelbe, Germany) and
1% penicillin/streptomycin (cc pro GmbH, Oberdorla,
Germany).

The OG2 mouse embryonic fibroblasts (MEF) that
were used for the cytotoxicity assay were obtained from
d13.5 mouse embryos of the OG2 strain (strain 004 654;
Jackson Laboratory, Bar Harbor, ME, USA). Cells were
cultured in DMEM supplemented with 10% FCS, 1%
penicillin/streptomycin and 1% non-essential amino acids
(Gibco, Invitrogen, Karslruhe, Germany).

The human T cells were extracted from peripheral
blood samples. Mononuclear cells were separated from
other blood components using Lymphosep (cc pro GmbH)
and the T cells were enriched in a MACS cell separation
system and a Pan T-cell Isolation Kit II, MACS (Miltenyi
Biotec, Bergisch Gladbach, Germany). Verification of the
cells was performed by adding a CD3-phycoerythrin (PE)
antibody (Clone A07747; BD Biosciences, Heidelberg,
Germany) and subsequent analysis of the cell solution by
flow cytometry. Separated human T cells were cultivated
in IMDM (Lonza) additionally containing 10% FCS and
1% penicillin/streptomycin. Medium was supplemented
with interleukin (IL)-2 (100 IU/ml) (Peprotech, Hamburg,
Germany) and αCD3/CD28 Expander Beads (Dynal
Biotech, Karlsruhe, Germany). Finally, T cells were
isolated and activated 2 days before transduction.

Human CD34+ cells were selected from hematopoietic
stem cell apheresis. Donor CD34+ cells were mobilized
with granulocyte-colony stimulating factor (G-CSF)
(Lenograstim, Granocyte; Chugai, Frankfurt, Germany),
at 10 µg/kg body weight. G-CSF was given on four
consecutive days and, on day 5, apheresis was performed.
Mononuclear cells were purified in a similar way as
described for T cells. The cells were also enriched using
the MACS cell separation system combined with the
CD34 Micro Bead Kit (Miltenyi Biotec). The CD34+ cells
were labeled with a CD34-PE antibody (clone 8G12;
BD Biosciences) and detection of positive cells was
performed by flow cytometry. The human CD34+ cells
were cultivated in IMDM supplemented with 10% FCS
(PAA) and 1% penicillin/streptomycin (cc pro GmbH).
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The human cytokines thrombopoietin, stem cell factor,
IL-6 and Flt-3 ligand (Peprotech), each at 100 ng/ml,
were added to the medium.

Bone marrow was collected from C57BL/6 mice
(Charles River Laboratories, Kisslegg, Germany). Hemato-
poietic progenitor cells, Lin− cells, were separated using
a MACS cell separation system and a Lineage Cell
Depletion Kit (Miltenyi Biotec). Lin− cells were cultured
in Stemspan media (StemCell Technologie Inc., Cologne,
Germany) supplemented with 1% glutamine and 2%
penicillin/streptomycin (cc pro GmbH). The cytokines
human Flt-3 ligand (100 ng/ml) and IL-11 (100 ng/ml)
and the mouse cytokines stem cell factor (50 ng/ml) and
IL-3 (20 ng/ml) (all from Peprotech) were added to the
medium. Lin− cells were pre-stimulated for 2 days before
transduction.

Cytotoxicity assay

For adherent cell lines (HeLa and MEF), 5 × 103 cells
were seeded in a 96-well dish, 1 day before starting
the SEVI treatment. All blood cells were cultured in
suspension in a 96-well dish with an initial seeding
density of 1 × 105 cells per well together at various SEVI
concentrations. T cells were plated after an activation of
2 days. All cells were cultured for 3 days in a total volume
of 100 µl before MTT assays (Biochain, Hayward, CA,
USA) were performed according to the manufacturer’s
instructions. The experiment was performed in triplicate
for the primary blood cells and with six technical replicas
for the K562, HeLa and MEF cells. The metabolic activity
is presented as the mean ± SD after normalization to
untreated control cells (set to 100%).

Constructs and transfection

In the present study, three different retroviral vectors, all
coding for a green fluorescent protein (GFP), were used
in different gene transfer protocols. The gammaretroviral
vector SRS11.SF.GFPpre [20] is a gammaretroviral SIN
vector based on murine leukemia virus (MLV), the
lentiviral vector pCL7.SFFV from HIV-1 and the FV
vector puc2MD9 was generated from a primate FV. Viral
vectors were produced by co-transfection of MLV g/p
for the gamma retroviral vector, psPax2 (from Professor
Didier Trono, NIH AIDS Research and Reference Reagent
Program, Division of AIDS, NIAID, NIH) for the lentiviral
vector and pcziGag together with pcziPol for the FV
system. Viruses were pseudotyped with VSV-G (pMD2G,
from Prof. Didier Trono), RD114-TR [21], paLF GALV
-TM [22] or a modified FV envelope (Lindemann et al.
manuscript in preparation). All vectors were produced
by transfection of 293T cells applying Polyethylenimine
(Sigma) as a transfection reagent.

The virus supernatants were diluted before transduc-
tion of the cell lines. This was performed to achieve a
modest level of gene transfer so that both increases and

decreases in gene transfer could be easily quantified,
allowing the detection of both positive and negative influ-
ences. All viral supernatants were diluted with DMEM,
which was also used for virus production. The GALV and
RD114 pseudotyped constructs were diluted 1 : 2, FV was
diluted 1 : 10 and VSV-G constructs were diluted 1 : 20.
After dilution, the titer of the GALV and RD114 pseudo-
typed virus constructs was in the range 2–7 × 103 trans-
ducing units/ml; for FV, it was in the range 0.8–1 × 105

transducing units/ml; and, for VSV-G, it was in the range
5–7 × 104 transducing units/ml media. This resulted in
gene transfer rates typically in the range 0.5–50%. The
fold change in transduction was selected to compare the
gene transfer efficiencies of different treatments.

The virus supernatant for the transduction of the
primary cells was concentrated by centrifugation for 2 h
at 16 000 g at 37 ◦C. Subsequently, the old medium
from the producer cells was discarded and replaced by
fresh medium. For the transduction of the primary cells,
the virus titers were 2–3 × 104 transfecting units/ml for
GALV and RD114; 2–3 × 106 transfecting units/ml for
FV; and 1 × 106 transducing units/ml for VSV-G. All virus
containing supernatants were titrated on HT1080 cells.

SEVI activation

SEVI peptides were prepared by 9H-fluorenylmethoxy-
carbonyl solid-phase peptide synthesis, as described
previously [23], and subsequently purified by reverse-
phase chromatography. The identity and homogeneity of
the products were checked by analytical high-performance
liquid chromatography and electrospray ionization-
and matrix-assisted laser desorption ionization-mass
spectrometry.

The PAP 248–286 (referred to below as the ‘SEVI
protein’) and different PAP variants were tested in the
present study. Indeed, PAP 247–282, PAP 247–286,
PAP 253–285 and PAP 248–286, in which eight
different amino acids were changed to alanine (8× Ala),
were examined. Lyophilized peptides were dissolved in
phosphate-buffered saline (PBS). Only the 8× Ala PAP
248–286 was dissolved in dimethyl sulfoxide (Sigma-
Aldrich, Seelze, Germany) and diluted twice with PBS.
The concentration was adjusted to 5 mg/ml for all
PAP variants. Fibril formation was activated by 24 h of
incubation at 37 ◦C and under constant agitation using
an Eppendorf Thermomixer (Eppendorf AG, Hamburg,
Germany).

Transduction

HeLa cells were plated in six-well plates at 100 000 cells
per well 16–24 h prior transduction. NIH-3T3 cells were
plated at 50 000 cells per well. Non-adherent cells, K562
and human T cells were seeded at 100 000 cells per
well at the day of transduction. Human CD34+ cells were
transduced on the same day they were isolated. They
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were plated at 100 000 CD34+ cells per well, which
were coated with Retronectin 4 µg/cm2 (TaKara Bio Inc.,
Shiga, Japan) prior to cell seeding. Murine Lin− cells were
plated at 180 000 cells per well.

Virus supernatant was added to the cells and SEVI or
one of the other PAP variants were supplemented at a
final concentration of 50 µg/ml, as described previously
[17]. Polybrene and protamine sulfate (Sigma-Aldrich)
were used at 8 µg/ml final concentrations.

Progenitor assays were set up from human CD34+
cells the day after transduction in Methocult (StemCell
Technologies Inc., Vancouver, BC, Canada) at 250 or
500 cells/ml. Colonies were counted in a fluorescence
microscope 14 days after transduction.

The efficiency of the transduction measured as the
efficiency of gene transfer was examined 4 days after the
transduction by flow cytometry. Accordingly, T cells were
labeled with a CD3-PE and CD34+ cells with a CD34-PE
antibody as previously described.

Statistical analysis

Differences in the efficiency of gene transfer were
described as the fold difference compared to untreated
cells. All data are shown as the mean ± SD of at
least three independently repeated experiments. The
statistic analysis of the data was calculated with using
SAS software, version 9.1 (SAS Institute, Cary, NC,
USA). Data were examined for normality using a
t-test (procedure TTEST, SAS). p ≤ 0.05 was considered
statistically significant.

Results

Cytotoxicity of SEVI on adherent
and suspension cells

To evaluate the toxic effects of SEVI protein on different
cell lines, we analysed the metabolic activity of these
cells 3 days after treatment with a SEVI concentration
in the range 0.1–100 µg/ml. For adherent cell lines, we
chose HeLa cells and OG2 MEF and, for hematopoietic
suspension culture cells, we evaluated K562 cells, human
T cells and human CD34+ cells. The influence of various
SEVI concentrations on the cell viability was evaluated
using MTT tests. On adherent cells, SEVI has a mild
negative effect on the metabolic activity, resulting in
metabolic activity levels of 58–71% when applying the
highest SEVI concentration (Figure 1, gray samples).
Importantly for hematopoietic cells, no negative effect
of SEVI was detected (Figure 1, black samples) and even
a slightly increased metabolic activity of 126% and 111%
could be detected for T cells and CD34+ cells, respectively.

In another experiment, CD34+ cells were plated in
methylcellulose and the number of colonies was used
to evaluate the effect of SEVI on the colony formation
capabilities of hematopoietic stem cells. On average,

Figure 1. Cytotoxicity assays of SEVI protein effects on
different cell types. Cells were cultivated with various SEVI
concentrations. After 3 days of cultivation, metabolic activity
was evaluated at MTT tests. The levels of the metabolic activity
of untreated cells were normalized to 100%

26.4 colonies per 100 plated CD34+ cells grew in the
absence and 29.7 colonies grew in the presence of
50 µg/ml SEVI. In addition, the ratio between myeloid
and lymphoid colonies was not significantly affected by
the SEVI treatment (data not shown). This result suggests
that the SEVI protein is not toxic for CD34+ cells and that
a dose of 50 µg/ml does not influence their differentiation
potential.

Influence of SEVI in combination with
different vectors and envelopes on the
efficiency of gene transfer

The study also aimed to evaluate whether it is possible to
enhance the gene transfer rate using a SEVI protein for
viruses other than HIV. Furthermore, whether the packed
vector has any influence on the interaction between virus
particles and SEVI was examined.

The influence of SEVI on the efficiency of gene transfer
was evaluated in two different human cell lines. Lentiviral
and gammaretroviral vectors each pseudotyped with four
different envelopes were used in the presence or absence
of SEVI. Cells transduced without SEVI were designated
as ‘untreated’ cells and were used to calculate the fold
increase caused by the SEVI treatment.

When viral constructs were pseudotyped with the
VSV-G or the FV envelope, supplementation of SEVI
did not lead to a significant increase of the efficiency
of gene transfer in any tested cell line, although the
efficiency of gene transfer was even reduced in most of
the cases in the presence of SEVI (Figure 2A). However,
using SEVI and gammaretroviral constructs, which were
pseudotyped with GALV or RD114, a marked increase
of the efficiency of gene transfer was observed in HeLa
cells (Figure 2B). The lentiviral vector pseudotyped with
the GALV or RD114 envelope showed a significant
increase as a result of SEVI treatment on K562 cells;
the increase was up to 2.5-fold for RD114 (p = 0.02)
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Figure 2. Influence of the SEVI treatment on the gene transfer
rate for GALV and RD114 pseudotyped retroviruses on two
different human cell lines. Gammaretroviral and lentiviral
vectors were pseudotyped with VSV-G, FV envelope, GALV and
RD114, respectively. The transduction was performed with SEVI
or without SEVI. Differences in the gene transfer rate are
described as the fold increase compared to untreated cells
(n = 3). (A) The increase of the gene transfer rate by the
SEVI treatment is significant for lentiviral vectors pseudotyped
with GALV and RD114 (p = 0.0011 and p = 0.02) on K562
cells. (B) On HeLa cells, the increase was significant not only
for GALV and RD114 pseudotyped lentiviruses but also for
gammaretroviruses (lentiviral vector: p = 0.0002 and p = 0.001;
gammretroviral vector: p = 0.0005 and p = 0.0003)

and 3.5-fold for GALV (p = 0.0011). The highest increase
of the efficiency of gene transfer was reached on HeLa
cells with the lentiviral vector and GALV envelope
(Figure 2B). Here, the efficiency of gene transfer was
significantly elevated up to 15-fold compared to cells
without SEVI (p = 0.0002). The efficiency of gene transfer
of the same lentiviral vector pseudotyped with RD114
increased seven-fold compared to cells transduced in the
absence of SEVI (p = 0.001; Figure 2B). Furthermore, the
gammaretroviral vector systems pseudotyped with GALV
or RD114 showed a significant increase of the efficiency
of gene transfer compared to the SEVI untreated cells
(p = 0.005 and p = 0.0003).

Taken together, SEVI is able to enhance the efficiency
of gene transfer for other virus constructs than HIV and
this enhancement is independent of the vector packaging
system.

Figure 3. The influence on the efficiency of gene transfer by SEVI
protein treatment is compared with treatments using protamine
sulfate or Polybrene. A lentiviral vector was pseudotyped
with VSV-G, FV envelope, GALV and RD114, respectively.
The transductions were performed with protamine sulfate or
Polybrene, with an 8 µg/ml concentration each time, and
the SEVI protein was used at a concentration of 50 µg/ml.
Differences in the efficiency of gene transfer are described as the
fold increase compared to untreated cells (n = 3). A significant
increase of the gene transfer rate was induced by the SEVI
treatment for the GALV and RD114 pseudotyped viruses on
K562 cells (A) (p = 0.005 and p = 0.0001) and also on HeLa
cells (B) (p = 0.05 and p = 0.04). (B) The gene transfer rate of
the GALV pseudotyped virus was also significantly increased by
Polybrene treatment (p = 0.05)

The efficiency of SEVI in comparison
with cationic agents to increase the
efficiency of gene transfer

The study also aimed to determine the enhancement of
the gene transfer rate by SEVI in comparison with cationic
agents such as protamine sulfate and Polybrene, which
are widely used to enhance gene transfer.

The experiments were also performed in the human
cell lines K562 and HeLa. The lentiviral vector system was
pseudotyped with all four envelopes. The increase of the
efficiency of gene transfer was normalized to the value
reached by ‘untreated’ cells, which were transduced in the
absence of SEVI or cationic agents.

In K562 cells, Polybrene and protamine sulfate
enhanced the gene transfer rate only for RD114
pseudotyped virus (Figure 3A). The efficiency of gene
transfer of GALV or RD114 pseudotyped viruses was
increased by the cationic agents in HeLa cells (Figure 3B).
The highest increase was detected when Polybrene and
GALV pseudotyped vectors were combined (p = 0.05).

However, SEVI significantly increased the efficiency of
gene transfer for retroviruses pseudotyped with GALV
or RD114 envelopes in each cell line tested (K562:
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p = 0.0045 and p = 0.0001; HeLa: p = 0.05 and p =
0.036; Figure 3). The highest increase of the transduction
efficiency was 9.5-fold, as detected in HeLa cells with
the GALV vector system. Neither the VSV-G nor the FV
pseudotyped vector systems showed a significant increase
of the efficiency of gene transfer as a result of treatment
with cationic agents or SEVI.

SEVI in mouse fibroblasts

Phagocytosis of SEVI fibrils by different target cells
was previously shown by electron microscopy in the
supplementary data to a study by Münch et al. [17].
If SEVI were able to bind to a virus particle and enter the
cell together with the attached virus, this would result in
a gene transfer without the necessity of the virus to bind
to a cellular receptor, allowing removal of an envelope’s
tropism restriction. We therefore tested the possibility of
overcoming the species barrier by the use of SEVI.

Mouse cells have no receptor for GALV and RD114,
resulting in a virus pseudotyped with GALV and RD114
envelopes not being able to enter mouse cells. By contrast,
VSV-G and FV envelope show no tissue tropism because
the need for any specific receptor is missing.

Experiments similar to those performed with the
human cell lines were also performed on NIH-3T3 mouse
fibroblast cells. The lentiviral vector was pseudotyped
with each of the four different envelopes. The evaluation
of the increase of the efficiency of gene transfer was
compared with ‘untreated’ NIH-3T3 cells, which were
transduced in the absence of SEVI.

GALV and RD114 pseudotyped vectors were unable to
infect the cells, even in the presence of SEVI (Figure 4).
The virus with the FV envelope showed no significant
influence on the efficiency of gene transfer by the
SEVI treatment. The efficiency of gene transfer of VSV-
G pseudotyped viruses was increased five-fold when
SEVI was added and this effect was highly significant
(p = 0.025; Figure 4).

In conclusion, the use of SEVI does not enable the
species barrier to be overcome.

Analysis of different PAP variants

The analysis of peptide libraries from human sperm
revealed different PAP variants, and it was shown that
some of these variants are able to increase the infection
rate of HIV. In addition, some of these peptides were
artificially modified to enhance the SEVI effect.

The hypothesis of these experiments was that not only
is SEVI itself able to enhance the efficiency of gene transfer
rates, but also other PAP variants. A further study aim was
to examine whether these PAP variants work as efficiently
as SEVI with different envelopes.

Overall, five PAP variants were examined in the present
study with the lentiviral vector system pseudotyped with
VSV-G, FV envelope, GALV or RD114. The increase of

Figure 4. A comparison of the influence of the SEVI protein
on the gene transfer rate in NHI-3T3 cells, a mouse cell line.
Cells were transduced with a lentiviral vector, pseudotyped with
VSV-G, FV, GALV and RD114 envelopes, respectively. Differences
in the gene transfer rate between the SEVI-treated and the
untreated cells are described as the fold increase compared to
untreated cells (n = 3). In the marked field (*), no gene transfer
was detectable in untreated or SEVI-treated cells. The increase
of the VSV-G pseudotyped construct was highly significant
(p = 0.025)

the transduction efficiency was calculated to the value
obtained by ‘untreated’ cells, which were transduced with
the virus supernatant without any kind of PAP.

SEVI, the variant PAP 253–285 and the variant
247–286 enhanced the gene transfer rate of GALV and
RD114 pseudotyped viruses on K562 and HeLa cells
(Figure 5). They enhanced the transduction rate between
two- and seven-fold. For the PAP variants 247–282 and
the 8x Ala variant, a significant increase of the gene
transfer rate was not seen. Moreover, for the VSV-G and
the FV envelope, no increase of the gene transfer rate
by any of the tested PAP variants was observed. The
opposite was detected for the FV envelope, where, in
some cases, the gene transfer rate was reduced by the
protein treatment.

SEVI increases the efficiency of gene
transfer on primary hematopoietic
cells

Next, we wanted to test the possibility of enhancing the
gene transfer rate in primary hematopoietic cells such as
T cells (Figures 6 and 7) and hematopoietic progenitor
cells from human and mice (Figures 8 and 9) and to rule
out any negative influence of SEVI treatment on these
sensitive primary cells, which are often the target of gene
therapy.

Lentiviral constructs pseudotyped with each of the
four different envelopes were used. To evaluate the
efficiency of gene transfer, the value of SEVI-treated cells
was compared with that of untreated cells, which had
been prestimulated and transduced in the same way but
without SEVI.
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Figure 5. A comparison of the efficiency of gene transfer between
SEVI-treated cells and cells treated with other PAP variants.
All PAP variants were used at a concentration of 50 µg/ml.
Cells were transduced with a lentiviral vector, pseudotyped with
VSV-G, FV, GALV and RD114 envelopes, respectively. Differences
in the efficiency of gene transfer are described as the fold
increase compared to untreated cells (n = 3). The effect of the
PAP treatment was tested on the human cell lines K562 (A) and
on HeLa cells (B)

Figure 6. Influence on the efficiency of gene transfer by
a SEVI protein treatment in human T cells. Two days
before transduction, T cells were pre-stimulated with IL-2
plus a αCD3/CD28 bead. T cells were transduced with a
lentiviral vector, pseudotyped with VSV-G, FV, GALV and RD114
envelopes, respectively. The efficiency of SEVI treatment was
compared to an untreated transduction. Differences in the
efficiency of gene transfer are described as the fold increase
compared to untreated cells (n = 3)

At first, the effect of SEVI on the transduction rate of
primary human T cells and human CD34+ progenitors
was examined.

The efficiency of gene transfer for T cells were
increased up to 22-fold for the combination of SEVI
protein treatment and RD114 pseudotyped virus (p =
0.04; Figure 6). The transduction efficiency of the GALV
pseudotyped vector was increased up to 13-fold, when
SEVI was applied (Figure 6). The dot plots obtained by
flow cytometry from T cells of one of the T cell donors are
shown (Figure 7).

On human CD34+ cells, which were cultivated in liquid
media, SEVI increased the efficiency of gene transfer of all
four different envelopes. A maximum increase of almost
ten-fold was detected for the RD114 envelope (Figure 8).
The transduction efficiency of the FV envelope improved
up to 7.8-fold. Furthermore, the efficiency of gene transfer
of the VSV-G and the GALV pseudotyped viruses increased
by 3.5- and three-fold, respectively.

In addition, the effect of SEVI on the transduction of
murine progenitor cells was tested. Both VSV-G and the FV
envelope were tested on murine Lin− cells. A significant
six-fold increase on the efficiency of gene transfer as a
result of SEVI treatment was observed in combination
with the FV envelope (p = 0.0001; Figure 9). Again, no
effect on the growth rate of these murine hematopoietic
stem and progenitor cells as a result of SEVI treatment
was observed.

Discussion

In the present study, we demonstrated that SEVI enhances
the gene transfer rate not only for HIV, but also for other
retroviruses packaged with different envelope proteins.
The magnitude of enhancement varies with different
envelopes and cell types. Importantly, with all the tested
cell types, in particular with hematopoietic progenitor
cells, no major toxic effect of the protein was detected.

The first step was to evaluate the effect on the cell
viability by measuring the metabolic activity of cells after
treatment with different SEVI protein concentrations. As
depicted in Figure 1, we did not observe a decrease of
metabolic activity in K562, human T cells and human
CD34+ and only observed a mild reduction of metabolic
activity for the adherent cells (HeLa and MEF). These data
are consistent with the results obtained by Münch et al.
[17] who demonstrated in their supplementary data that
SEVI does not have serious effects one cell viabilities of
various cells. Taken together, these results indicate that
SEVI is safely applicable to various cell lines, particularly
to blood cells.

SEVI highly significantly increased gene transfer
efficiency for different experimental set-ups. The results
obtained strongly depend on the envelope and the target
cell line used for transduction. The envelopes GALV and
RD114 showed a significant increase of the transduction
efficiency by the use of SEVI in all human cell lines
examined compared to those cells transduced without
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Figure 7. Flow cytometry plots from a reprensentative human T cell experiment are shown. T cells were pre-stimulated 2 days before
transduction with IL-2 and αCD3/CD28 Beads. The effect of SEVI protein treatment is compared with an untreated transduction. T
cells were transduced with a lentiviral vector, pseudotyped with VSV-G, FV, GALV and RD114 envelopes, respectively. For the flow
cytometry analyses, cells were labeled with a CD3-PE antibody. The GFP positive parts of the whole CD3 positive cell fraction are
shown

Figure 8. SEVI enhances transduction of human CD34+ cells.
CD34+ cells from three patients were transduced with the
indicated vectors. The effect of the SEVI treatment is compared
with an untreated transduction. The average fold increase
in transduction efficiency as determined by enhanced GFP
expression 4 days after vector exposure is indicated. For all
vectors, SEVI increased the transduction efficiency. The standard
error of the mean is shown for each vector

SEVI. These two envelopes are both characterized by
binding to a specific receptor of the target cell [24,25].
These findings are in line with the results obtained by
Münch et al. [17], who observed a high enhancement of
the HIV-1 infectivity by SEVI treatment. Notably, HIV-
1 also uses a specific receptor, the CD4 receptor, for
viral entry into the target cell. By contrast, our results
from the FV and VSV-G envelope, for which the receptor
interaction partners are less well understood, did not
show an increased gene transfer efficiency. Currently,
the mechanism of SEVI peptide leading to an increased
infection rate of HIV is considered to be based on binding
of the SEVI fibrils to the virus directly with basic residues
of the protein [19]. It is noteworthy that SEVI proteins
enter the cell membrane when the virus is attached to
the protein, as demonstrated by electron microscopy
[17]. A specificity of this physical conjunction may be
responsible for the contrasting results obtained when
using different envelopes. It was also suggested that

Figure 9. A comparison of the efficiency of gene transfer in
SEVI-treated murine Lin− cells and untreated Lin− cells. Lin−
cells were cultivated in Stem span media with the cytokines
human Flt-3 ligand and IL-11 and the mouse cytokines stem
cell factor and IL-3. Cells were expanded for 2 days before
transduction. A lentiviral vector pseudotyped with either VSV-G
or FV envelope was used. Differences in the efficiency of gene
transfer between SEVI-treated and untreated cells are described
as the fold increase compared to untreated cells (n = 3).
The increase of the gene transfer rate was highly significant
(p = 0.0001) for the FV pseudotyped virus construct

only the envelope and not the vector system is mainly
responsible for the SEVI effect. These results are consistent
with those obtained in other studies, which only focused
on the infectivity of the vector systems and also concluded
that the vector system does not influence infectivity [26].
However, by comparing lenti- and gammaretroviral vector
systems pseudotyped with the same envelope proteins,
we provide consistent evidence indicating that the vector
itself also has an influence on the SEVI-mediated increased
gene transfer rates. In our hands, the enhancement of the
gene transfer rate is lower for the gammaretroviral vector
than for the lentiviral vector, pseudotyped with the same
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envelope. One reason for this observation might be that
not only virus entry, but also viral gene expression can
be enhanced by SEVI to various extents. This issue has
previously been discussed by Münch et al. [17], who noted
that SEVI enhance the gene expression of the lentiviral
genome. However, the underlying mechanism remains
unknown and, at present, we can only assume that it is
less efficiently (if at all) working for the gammaretroviral
vector.

The hypothesis that virus particles bind to the SEVI
and subsequently enter the cell membrane independently
of cellular receptors had to be negated. It was shown
that GALV and RD114 envelopes failed to result in any
appreciable gene transfer because both envelopes require
a receptor for cell entry, which is missing on the surface
of mouse cells, even in the presence of SEVI.

In addition, the effect of SEVI protein on the efficiency
of gene transfer was compared with protamine sulfate
and Polybrene. In our hands, Polybrene increased the
efficiency of gene transfer for the RD114 and GALV-
pseudotyped virus by 3.4- and 2.2-fold and protamine
sulfate demonstrated an increase for the VSV-G, the
GALV and the RD114 envelope of 3.2-, 1.9- and 1.8-fold,
respectively. In other studies, the transduction efficiency
in tumour cells was enhanced up to eight- to ten-fold by
using either protamine sulfate or Polybrene [27]. VSV-G-
pseudotyped vectors were tested on human neuronal cells
and the maximum increase was 1.4-fold for Polybrene
and 1.2-fold for protamine sulfate [28]. However, those
experiments differed regarding cell type, vector systems,
envelope, marker gene, experimental settings and other
components. Thus, it is difficult to directly compare the
effects of Polybrene and protamine sulfate from these
studies with respect to transduction efficiency against the
results obtained in the present study. Supplementation
of Polybrene or protamine sulfate became a standard
procedure in lentiviral gene transfer, leading to an
increase of the efficiency of gene transfer. In the present
study, we demonstrate that supplementation of SEVI also
leads to a consistent and, importantly, a higher increase of
the efficiency of gene transfer in a side-by-side comparison
with Polybrene and protamine sulfate.

The effects of five different variants of PAPs, either
isolated from human sperm or artificially modified,
were evaluated in the present study. Taken together, a
statistically significant increase of transduction efficiency
was detected only for SEVI. Depending on the cell type and
envelope employed, a smaller increase was also seen for
the PAP variants 247–286 and 253–285. Most variants
of PAP differ only by a few amino acids, although this
could be a reason for the significant differences by which
the protein influences the infectivity of virus particles. It
is possible that PAP variants such as 247–282, which do
not facilitate the virus infection, could partially protect
against HIV infection in a natural way by competing with
SEVI in virus binding.

Hematopoietic cells, including T cells and hematopoi-
etic stem and progenitor cells, are frequently targeted
for gene therapy studies. Polycations such as Polybrene

and protamine sulfate are agents frequently used to
enhance gene transfer but they are often toxic for pri-
mary cells [11]. Polybrene also inhibits proliferation of
human hematopoietic progenitor cells [29,30]. A signif-
icant increase of the efficiency of gene transfer by SEVI
was detected on human T cells.

The efficiency of gene transfer on human CD34+ cells
in liquid culture was increased for all viruses tested as a
result of SEVI treatment. No toxicity of the SEVI protein
was observed in sensitive cells such as human CD34+
cells. Both in liquid culture and in colony assays, the
cells showed a normal growth and differentiation rate.
Furthermore, no toxicity of SEVI was detected in murine
Lin− cells.

In conclusion, in the present study, we have shown that
the SEVI protein is a feasible and effective method for
enhancing the efficiency of gene transfer. The SEVI protein
is not toxic, even for sensitive cells such as hematopoietic
stem cells. Especially, the GALV and the RD114 envelope
show a clear improvement of transduction efficiency.
GALV has already been used in several gene therapy trials
[4,31] and RD114 is also a very promising alternative,
because this envelope is resistant to human complement
[21]. An improvement of lentiviral transduction facilitates
a reduction of virus production in large-scale production,
which is extremely complex and expensive. Moreover, this
artificially constructed protein can be produced relatively
simple according to good manufacturing practice and
would thus be available for clinical purposes.

Acknowledgements

These studies were supported in part by the Deutsche
Forschungsgemeinschaft (DFG, German Research Foundation)
for the Cluster of Excellence REBIRTH (From Regenerative
Biology to Reconstructive Therapy) and by the Else Kröner
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