JOURNAL OF VIROLOGY, Sept. 2001, p. 8864-8867
0022-538X/01/$04.00+0 DOI: 10.1128/JV1.75.18.8864-8867.2001

Vol. 75, No. 18

Copyright © 2001, American Society for Microbiology. All Rights Reserved.

Jaagsiekte Sheep Retrovirus Env Protein Stabilizes Retrovirus Vectors
against Inactivation by Lung Surfactant, Centrifugation,
and Freeze-Thaw Cycling
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Jaagsiekte sheep retrovirus (JSRYV) replicates in the lungs of sheep and causes the secretion of copious lung
fluid containing the virus. Adaptation of JSRV to infection and replication in the lung and its apparent
resistance to the denaturing activity of lung fluid suggest that vectors based on JSRV would be useful for gene
therapy targeted to the lung. We show here that a retrovirus vector bearing the JSRV Env is stable during
treatment with lung surfactant while an otherwise identical vector bearing an amphotropic Env is inactivated.
Furthermore, the JSRV vector was stable during centrifugation, allowing facile vector concentration, and
showed no loss of activity after six freeze-thaw cycles. However, the JSRV vector was inactivated by standard
disinfectants, indicating that JSRYV vectors pose no unusual safety risk related to their improved stability under

other conditions.

Much effort has been devoted to the development of gene
therapy for the treatment of lung disease (1). A major target is
cystic fibrosis, which affects 1 in 3,000 Caucasian births and is
caused by a defect in the cystic fibrosis transmembrane regu-
lator chloride ion channel (3, 17). Early attempts to treat cystic
fibrosis involved vectors derived from adenovirus, but the util-
ity of these vectors was limited by immune responses against
viral proteins encoded by these vectors, the lack of vector
integration, and short-lived transgene expression (8). Vectors
based on various serotypes of adeno-associated virus can me-
diate relatively high gene transfer rates in the lung and can
integrate into the genome of target cells to promote long-term
gene expression (2, 7), but these vectors have a capacity of only
~4.6 kb, and it has proven difficult to accommodate the
4.44-kb cystic fibrosis transmembrane regulator coding region
with suitable promoter, enhancer, and transcription termina-
tion signals in an adeno-associated virus vector. Vectors based
on simple retroviruses have also been considered for transfer
of genes to the airway, but transfer rates in intact airways of
animals have been low and may be related to the sensitivity of
these vectors to surfactants and proteases present in lung fluid
(18). Alternatively, a lentiviral vector provided higher rates of
gene transduction but required disruption of airway epithelial
cells to allow vector transduction through the basal aspect of
these cells (6). Lipid-mediated transfer of DNA has been used
to treat cystic fibrosis. However, this technique is limited by
low transduction rates and transient gene expression (1), and
gene transfer can be inhibited by lung surfactant (5).

Jaagsiekte sheep retrovirus (JSRV) is the causative agent of
a contagious lung cancer of sheep called ovine pulmonary
carcinoma or sheep pulmonary adenomatosis (12). Late stages
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of the disease are accompanied by the secretion of copious
lung fluid containing the virus, and while this pathological lung
fluid may have somewhat different properties than normal lung
fluid, this finding indicates that the virus is resistant to inacti-
vation by the surfactants and proteases in normal lung fluid
that have been shown to inactivate other retroviruses (18).
These observations suggest that retrovirus vectors made by
using components from JSRV, especially the envelope protein
(Env), might prove useful for gene transfer to the lung. As a
first step in the development of gene therapy vectors based on
JSRYV, a retrovirus packaging line that expressed the Gag and
Pol proteins from Moloney murine leukemia virus (MoMLV)
and the Env protein of JSRV was developed, and it was shown
that MoMLV-based vectors could be produced from this line
at relatively high titers (13). Importantly, from the standpoint
of gene therapy vector development, the host range of these
vectors included human cells (13).

JSRYV is a simple retrovirus with typical gag, pol, and env
genes. In newborn sheep, purified virus induces multifocal
tumors in as little as 10 days (15), suggesting the role of a viral
oncogene rather than insertional activation of cellular onco-
genes, and it has recently been shown that expression of the
Env protein alone can induce transformation in cultured ro-
dent cell lines (9, 14). This raises a concern regarding the
development of vectors for gene therapy and the safety of
recombinant viruses made with JSRV Env in the laboratory.
While vectors bearing JSRV Env protein should not be onco-
genic since the vector genome does not contain or express the
env gene, recombination events might generate viruses that
express the JSRV env gene and that might be oncogenic in
humans.

Here we have examined the properties of JSRV vectors in
relation to possible use for gene therapy and from the stand-
point of safety. We first tested whether JSRV vectors were
resistant to treatment with Survanta, a clinical-grade bovine-
derived lung surfactant which contains ~25 mg of phospho-
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FIG. 1. JSRV pseudotype vector transduction rate is not decreased
by prior incubation with Survanta. SSF and HT-1080 cells were plated
at 10° cells per 3.5-cm-diameter well of six-well plates. Both cell types
were grown in Dulbecco’s modified Eagle medium with 10% fetal
bovine serum in a 10% CO,-air atmosphere. One day later, LAPSN
vectors produced from PJ4 (JSRV pseudotype) or PA317 (ampho-
tropic pseudotype) packaging cells were incubated with various con-
centrations of Survanta for 30 min at room temperature. The target
cells were fed 2 ml of medium containing 5 pg of Polybrene per ml, and
portions of the vector-Survanta mixtures were added. SSF cells were
used as targets for JSRV vector transduction, and HT-1080 cells were
used for the amphotropic vector. At the dilutions used, Survanta had
no apparent effect on the health or growth rate of the cells. Three days
after vector exposure, the cells were fixed and stained for alkaline
phosphatase-positive foci. Means and standard deviations are shown
from four experiments for the JSRV vector and from two experiments
for the amphotropic vector.

lipid per ml (including 13 mg of dipalmitoylphosphatidylcho-
line per ml), 1.2 mg of triglycerides per ml, 2.5 mg of free fatty
acid per ml, and 0.6 mg of protein (surfactant proteins B and
C) per ml in 0.9% sodium chloride. This preparation is used as
a lung surfactant replacement to aid breathing in premature
human infants who do not yet secrete surfactant. Vector viri-
ons contained a vector that encodes human placental alkaline
phosphatase and neomycin phosphotransferase (LAPSN) (11),
the Gag and Pol proteins from MoMLYV, and the Env protein
from either JSRV or amphotropic retrovirus 4070A. These
vectors were made using PJ4 (JSRV pseudotype) (13) or
PA317 (amphotropic pseudotype) (10) retrovirus packaging
cell lines. Vector stocks were incubated with various amounts
of Survanta for 30 min at room temperature, and the vector
titers were determined using primary sheep skin fibroblasts
(SSF-123; gift from William Osborne, University of Washing-
ton, Seattle) and HT-1080 human fibrosarcoma cells (Ameri-
can Type Culture Collection cell line CCL-121) as targets for
infection (Fig. 1). If anything, the titer of the JSRV vector
increased after incubation at the highest concentration of Sur-
vanta (20 mg of phospholipid per ml; the normal level in the
lung is estimated to be 25 mg/ml), whereas the titer of the
amphotropic vector decreased by ~80% compared with the
value found after incubation without Survanta. Furthermore,
the titer of the JSRV vector did not change during a 30-min
incubation at room temperature without Survanta, while that
of the amphotropic vector decreased by ~30% (data not
shown). Thus, the presence of the JSRV Env protein confers
resistance to inactivation by lung surfactant and also stabilizes
the vector against inactivation during incubation at room tem-
perature.
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Measurement of the vector titer described above was per-
formed in the presence of Polybrene (hexadimethrine bro-
mide), as is typically done to improve infection by many ret-
roviruses. Polybrene is polycationic and is thought to act by
neutralizing negative charges on the surfaces of cells and viri-
ons to promote virus attachment and entry (16). We measured
the effects of Polybrene on transduction by the JSRV vector
and explored whether Survanta at a similar concentration
might affect transduction rates (Table 1). Polybrene increased
the apparent titer of the JSRV vector 38-fold and that of an
amphotropic vector 9-fold. In contrast, Survanta at a concen-
tration of 10 pg/ml had little effect on vector titer measured in
the presence or absence of Polybrene.

JSRYV packaging cells can produce JSRV pseudotype vectors
at up to 10° transducing units per ml measured on sheep skin
fibroblasts, but titers are ~10-fold lower when measured on
human cells (13). Given the stability imparted by JSRV Env to
inactivation by lung surfactant, we tested whether JSRV vec-
tors might be stable during concentration by centrifugation to
increase vector titer. We collected the LAPSN vector from the
JSRV packaging cells, centrifuged the virus at 700 X g for 7
min to remove cell debris, pelleted the virus by centrifugation
at 70,000 X g (using a Beckman SW-28 rotor at 23,000 rpm) for
1.5 h at 4°C, and resuspended the virus in a small amount of
medium. We were able to achieve a 43-fold increase in vector
titer with a 61% yield, showing that the vector could be effec-
tively concentrated by using a simple centrifugation step. This
finding parallels the observation that vesicular stomatitis virus
G protein can stabilize a retrovirus vector during centrifuga-
tion, while a similar vector with an amphotropic Env was un-
stable (4).

As a final test of the stability of the JSRV vector, we sub-
jected the JSRV pseudotype LAPSN vector to repeated cycles
of freezing to —80°C and thawing to 37°C. The titer of the
vector remained the same between one and six freeze-thaw
cycles (data not shown), further establishing the stability of the
vector. In parallel experiments, the titer of an amphotropic
pseudotype LAPSN vector decreased by 40% after six freeze-
thaw cycles (data not shown).

There is presently no evidence for disease induction by
JSRV in humans exposed to infected sheep. However, the
ability of vectors bearing the JSRV Env protein to infect hu-

TABLE 1. JSRV vector transduction rate is increased by
Polybrene but not by Survanta®

JSRV Amphotropic

Vector transduction . Fold . Fold
conditions V&Slt:(g /:nltle)r increase V:Iglt:% /:nltgr increase
No additions 8.1 X 10° 1 1.6 X 10* 1
Polybrene 3.1 x10° 38 1.4 X 10° 9
Survanta 9.7 X 10° 1.2 1.0 x 10* 0.6
Polybrene + Survanta 3.5 X 10° 43 7.9 x 10* 5

@ SSF and HT-1080 cells were plated at 10° cells per 3.5-cm-diameter well of
six-well plates. The following day the culture medium was removed and replaced
with either medium alone or medium containing 5 p.g of Polybrene per ml, 10 pg
of Survanta per ml, or both 5 ug of Polybrene and 10 wg of Survanta per ml.
JSRV [LAPSN(PJ4)] or amphotropic [LAPSN(PA317)] vectors were then added
to the SSF and HT-1080 cells, respectively, and the cells were fixed and stained
for alkaline phosphatase-positive foci 3 days later. Results are means from two to
three experiments. Titer determinations in separate experiments varied by less
than twofold.
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TABLE 2. JSRV and amphotropic vectors show similar levels
of sensitivity to ethanol inactivation®

JSRV vector inactivation
(%) after incubation with

Amphotropic vector

Ethanol concn inactivation (%) after

(%) ethanol for: incubation with ethanol for:
10's 1 min 10's 1 min
0 0 0 0 0
10 38 =14 56 = 11 39 =39 62 * 16
30 99.1 £ 0.8 >99.8 99.3 £0.9 >99.9
50 >99.7 >99.8 >99.9 >99.9
70 >99.7 >99.7 >99.9 >99.9

@ HT-1080 cells were plated at 7.5 X 10* cells per 3.5-cm-diameter well in
six-well plates on day 1. On day 2, the medium was replaced with 2 ml of medium
containing 4 pg of Polybrene per ml. JSRV [LAPSN(PJ4)] and amphotropic
[LAPSN(PA317)] vectors were treated with ethanol at the indicated concentra-
tions, and 1-, 5-, and 10-pl samples of the treated vectors were then added to the
cells either 10 s or 1 min after ethanol addition. At this dilution, the ethanol had
no apparent effect on the health or growth rate of the cells. Two days after
exposure to the vectors, the cells were fixed and stained for alkaline-phos-
phatase-positive foci. Means and standard deviations from three to four experi-
ments are shown.

man cells and the ability of the viral Env protein to directly
transform rodent fibroblasts raise a concern regarding safe
handling of JSRV. In addition, while we have not detected
replication-competent virus in vector stocks prepared from
JSRV pseudotype retrovirus packaging cells, this possibility
exists and again raises concerns about the safety of these vec-
tors. In particular, given the relative stability of JSRV vectors
during treatment with lung surfactant, during concentration,
and during multiple freeze-thaw cycles, we wondered if these
vectors might be resistant to commonly used disinfectants as
well. To address this issue, we measured inactivation of a JSRV
vector and an otherwise identical vector with an amphotropic
Env protein using ethanol or a laboratory detergent, ES 7X
cleaning solution (ICN Biomedicals). ES 7X is composed of
water plus phosphonate, diethylene glycol monobutyl ether,
surfactants, and dioctyl sodium sulfosuccinate. Both the JSRV
and amphotropic vectors were inactivated by treatment with
ethanol at similar concentrations for 10 s or 1 min (Table 2).
Both vectors were completely inactivated by 10 s of treatment
with ethanol at concentrations of at least 50%. Similarly, both
vectors were inactivated by treatment with ES 7X detergent at
similar concentrations for 10 s or 1 min (Fig. 2). Both vectors
were completely inactivated by 10 s of treatment with ES 7X at
concentrations of at least 0.5%. Thus, the JSRV vector was as
sensitive to inactivation by common disinfectants as the am-
photropic vector was. Given the potential for evaporation of
ethanol during disinfection, treatment with ES 7X or similar
detergents at concentrations of 1 to 5% for at least 10 s appears
to provide adequate disinfection under typical laboratory con-
ditions.

In conclusion, we have found that incorporation of the JSRV
Env protein into virions containing an MoMLV-based retrovi-
rus vector and Gag and Pol components from MoMLYV confers
resistance to lung surfactant, centrifugation, and freeze-thaw
cycling in comparison to an otherwise identical vector bearing
the amphotropic murine leukemia virus Env. These are useful
properties for the application of JSRV vectors to gene therapy
in the lung. JSRV vectors do not transduce cells from mice,
rats, or hamsters; thus, gene transfer to the lung cannot be
tested in these accessible animal models. We are generating
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FIG. 2. JSRV and amphotropic vectors show similar levels of sen-
sitivity to inactivation by ES 7X cleaning solution. HT-1080 cells were
plated at 7.5 X 10* cells per 3.5-cm-diameter well of six-well plates.
One day later, the cells were fed 2 ml of medium containing 4 pg of
Polybrene per ml. LAPSN(PJ4) (A) and LAPSN(PA317) (B) vectors
were treated with ES 7X at the indicated concentrations for 10 s or 1
min, and 1-, 5-, and 10-pl samples of the treated vectors were then
added to the cells. At these dilutions, the ES 7X had no apparent effect
on the health or growth rate of the cells. Two days after exposure to the
vectors, the cells were fixed and stained for alkaline phosphatase-
positive foci. Means and standard deviations from three to four exper-
iments are shown. Data points on the x axes represent values below the
limit of detection: <0.4% for the JSRV vector and <0.14% for the
amphotropic vector.

transgenic mice expressing HYAL?2, the human cell surface
receptor for JSRV (14), to allow such testing. Given the on-
cogenic properties of the JSRV env gene, it is important that
vectors bearing the JSRV Env protein are as sensitive to inac-
tivation by standard disinfectants, ethanol and detergent, as
are vectors bearing the amphotropic Env protein. Thus, JSRV
vectors do not pose an unusual biohazard in this regard. In
addition, preliminary results indicate that the JSRV Env gene
can be modified to eliminate its transforming activity while
preserving its ability to facilitate gene transfer (S.-L. Liu and
A. D. Miller, unpublished results), which would further im-
prove the suitability of JSRV vectors for human use.
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