Proc. Natl. Acad. Sci. USA
Vol. 94, pp. 10803-10808, September 1997
Genetics

Noninfectious virus-like particles produced by Moloney murine
leukemia virus-based retrovirus packaging cells deficient in
viral envelope become infectious in the presence

of lipofection reagents

SANJAI SHARMA, FUKASHI MURAT*, ATSUSHI MIYANOHARA, AND THEODORE FRIEDMANNT

Department of Pediatrics, Center for Molecular Genetics, University of California at San Diego, La Jolla, California 92093-0634

Communicated by Morris E. Friedkin, University of California at San Diego, La Jolla, CA, July 25, 1997 (received for review May 23, 1997)

ABSTRACT Retrovirus packaging cell lines expressing
the Moloney murine leukemia virus gag and pol genes but
lacking virus envelope genes produce virus-like particles
constitutively, whether or not they express a transcript from
an integrated retroviral provirus. In the absence of a proviral
transcript, the assembled particles contain processed gag and
reverse transcriptase, and particles made by cells expressing
an integrated lacZ provirus also contain viral RNA. The
virus-like particles from both cell types are enveloped and are
secreted/budded into the extracellular space but are nonin-
fectious. Their physicochemical properties are similar to those
of mature retroviral particles. The noninfectious gag pol RNA
particles can readily be made infectious by the addition of
lipofection reagents to produce preparations with titers of up
to 10° colony-forming units per mL

The role in assembly of two retrovirus-encoded proteins, gag
and env, have been extensively studied and are reasonably well
understood. The retrovirus gag protein is central to the mech-
anisms of virus assembly because of its ability to interact with
both the viral RNA and with the virus envelope proteins. In the
case of the C-type retroviruses, as represented by Moloney
murine leukemia virus (MoMLYV), virion assembly and mat-
uration include intracellular oligomerization of gag, its asso-
ciation with viral RNA via a recognition of the packaging
signal ¥ on the RNA, and the subsequent specific interaction
of the resulting complex with plasma membrane-embedded
env protein. In addition to viral RNA, env, and gag, a number
of other viral components, including the virus-encoded pol
gene products protease, reverse transcriptase (RT), and inte-
grase, participate in the full assembly of mature fully packaged
and infectious virus particles.

The assembly of virus-like particles, however, does not
require the presence of all these components. Retroviral gag
protein alone can oligomerize and assemble into virus-like
particles, both in vitro and in vivo (1-9), even in the absence of
genomic RNA, RT, viral protease, or envelope (10-20).
Similarly, gag particle assembly can occur not only intracellu-
larly but even in an in vitro translation system (2). In addition,
expression of HIV gag and pol genes results in the production
of virus-like particles that contain gag protein and RT activity
and that associate with virus RNA molecules, even in the
absence of virus env (4). The role, if any, that these particles
play in the final assembly of mature virus particles is unknown.

In addition to virus assembly, the env protein performs at least
two other important viral functions: a receptor recognition
function that allows the specific binding of the virus to a cell
surface receptor required for uptake into an endosome and a
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fusion function that permits the release of the uncoated virus core
and the viral RNA from the endosome into the cytoplasm.
Through its interaction with specific cellular receptors, the env
glycoprotein of each retrovirus defines the tropism of the virus.
Recently, a number of groups have shown that the envelope
component of one retrovirus can be substituted by the envelope
of another virus to produce “pseudotyped” virus particles that
exhibit a cell tropism specified by the new env component (21-24).
These kinds of envelope modifications have been further ex-
tended to the development of targetable retrovirus vectors
through the insertion of tissue-specific ligands into the env
molecule (25-27).

Recently, a number of packaging cells capable of producing
high-titer retrovirus vectors have been developed that very
efficiently express the gag and pol genes but express no virus
envelope. Because they are such efficient factories for the
overexpression of retroviral proteins, these cells provide prac-
tical reagents not only for the production of virus vectors but
also potentially for the study of mechanisms of virus assembly
and of the virus—cell membrane fusion events required for
virus infection. In the present studies, we have characterized
noninfectious virus-like particles produced constitutively by
packaging cell lines derived from the human embryonal kidney
cell line 293 that expresses the MOMLYV gag and pol genes in
the absence of MoMLYV envelope. We demonstrate that such
particles are produced constitutively in large amounts, that
they can associate with viral RNA, and strikingly, that they can
be made infectious by the addition of lipofection reagents.

MATERIALS AND METHODS

Producer Cell Lines and Plasmid Constructs. The 208F
cells and HT'1080 cells were obtained from the American Type
Culture Collection. The previously described retrovirus pack-
aging cell line 293GP expressing the Moloney gag and pol genes
(28), its derivative containing an integrated LZRNL provirus
(LTR-lacZ-RSV-neoR-LTR) (29), and the amphotropic pro-
ducer cell line 293GP-LZRNL/amphotropic expressing the
Moloney amphotropic envelope from a stably transfected
amphotropic envelope expression plasmid have been reported
from our laboratory (30). For production of vesicular stoma-
titis virus (VSV)-G pseudotyped virus, 293GP-LZRNL cells
were transfected with the expression plasmid pCMV-VSV-G,
as described (31).

Preparation of gag pol, gag pol RNA Particles and Fully
Assembled Virus Particles. For all preparations of particles,
200 ml of conditioned medium from 60—80% confluent 293GP
and 293GP/LZRNL cells, respectively, was collected, filtered
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Table 1. RT activity in conditioned medium from packaging cell lines

RT in supernatant

RT in pellet, after centrifugation,
Cell Total RT, dpm % of total RT % of total RT
293GP 3.8 X 107 50 1.8
293GP (mock transfection) 3.9 x 107 25 22
293GP LZRNL (mock transfection) 4.4 x 107 36 0.3
293GP LZRNL (amphotropic env) 4.7 x 107 53 2.3
293GP LZRNL (VSV-G env) 5.8 X 107 33 2.9

Total RT in sample before pelleting is expressed in dpm units. RT in pellet is the percent of total RT

recovered in the pellet after centrifugation.

through a 0.45-um (pore size) filter, and centrifuged at 25,000
rpm, 4°C, in an SW28 rotor for 2 h. The pellets were washed
once with DMEM, recentrifuged as above, resuspended in 500
wul of DMEM, and stored at —70°C. Particles from 293GP cells
are designated gag pol particles, and those from 293GP-
LZRNL cells are designated gag pol RNA particles. Ampho-
tropic virus and VSV-G pseudotyped virus were also concen-
trated by centrifugation as described above. The pellets were
resuspended in 500 ul of DMEM and were assayed, along with
unconcentrated conditioned medium, for RT activity as de-
scribed below.

RT Activity. The RT activity of virus particles and sucrose
gradient fractions was assayed by established methods (32). A
reaction volume of 100 wl of RT reaction mixture contained 50
mM Tris'HCl (pH 8.3), 10 mM dithiothreitol, 1 mM MnCl,, 60
mM NaCl, 20 uM dTTP, 2.5 uCi of [*H]dTTP (1 Ci = 37
GBq), 0.25% Nonidet P-40, and 0.04 unit of poly(rA)-(dT).
The reaction mixture was incubated at 37°C for 30 min, spotted
onto filter paper disks, and air-dried. The filter discs were
washed with 5% Na,HPO,4 and then with water, rinsed with
ethanol, and dried, and radioactivity was measured in a
scintillation counter.

Metabolic Labeling of Virus Particles and SDS/PAGE
Analysis. The 293GP, 293GP-LZRNL, and 293GP-LZRNL/
amphotropic envelope producer cells were grown to subcon-
fluency in 10-cm dishes. Cells were washed once with methi-
onine-free medium and incubated with methionine-free me-
dium supplemented with 5% fetal bovine serum for 1 h.
[3*S]Methionine was added to a final concentration of 100 pCi
per ml of medium in a total volume of 5 ml. After labeling for
18 h, the conditioned medium was collected, filtered through
a 0.45-um filter, centrifuged twice at 25,000 rpm in a SW28
rotor at 4°C, washed, and repelleted as described above. The
pellet was suspended in 100 ul of DMEM, and equal numbers
of counts were loaded onto a 12.5% SDS/PAGE gel. Elec-
trophoresis was carried out at 150 V constant voltage, after
which the gel was fixed in acetic acid/methanol/water,
10:20:70 (vol/vol) for 30 min, dried on a slab-gel dryer, and
exposed to x-ray film.

Sucrose Density Gradient Centrifugation. Equilibrium cen-
trifugation was carried out on a 15-40% (wt/wt) continuous
sucrose gradient in PBS. Particles pelleted as above were
centrifuged in a SW41 rotor at 30,000 rpm at 4°C for 18 h.
Aliquots of 500 ul each were collected from the top and
analyzed for sucrose density and for RT activity. Velocity
centrifugation was carried out in a SW41 rotor with a 5-30%
(wt/wt) continuous sucrose gradient. The gradient was cen-
trifuged at 30,000 rpm in a SW41 rotor for 30 min at 4°C and
analyzed as described above.

Particle Morphology by Electron Microscopy. Concen-
trated gag pol and gag pol RNA particles were diluted in PBS
and 20 ul was placed on a pure carbon film substrate on a
300-mesh copper grid that had previously been glow-
discharged. After 1 min, several drops of 1% aqueous uranyl
acetate were added, excess stain was removed, and the sample
was allowed to air dry. The samples were examined in a JEOL
100cx or 2000fx electron microscope operating at 80 kev. For

thin-section electron microscopy, producer cells were grown
on a Mat Tek culture plate and fixed with 2% glutaraldehyde
in 0.1 M sodium cacodylate buffer for 20 min. Cells were
washed in buffer for 10 min and postfixed in 1% osmium
tetroxide for 30 min. The cells were washed with distilled
water, dehydrated in ethanol, and infiltrated with Durcupan
ACM resin (Electron Microscopy Sciences, Fort Washington,
PA). After polymerization at 60°C for 24 h, the coverslip was
removed, and 70-nm-thick sections were cut with a diamond
knife (Diatome, Fort Washington, PA) and viewed at 80 kev
with a JEOL 100cx electron microscope.

Infectivity of Particles. Pelleted gag pol RNA particles
prepared as described above were suspended in 300 ul of
serum-free optiMEM medium (GIBCO/BRL) containing 8 ul
of a stock solution (1 mg/ml) of Cellfectin, Lipofectin, Lipo-
fectamine, or Transfectamine (all from GIBCO/BRL). These
mixtures were incubated at room temperature for 15 min and
then added to subconfluent monolayers of 293GP, HT1080, or
208F cells in six-well dishes containing 2 ml of medium per
well. Alternatively, the concentrated gag pol or gag pol RNA
particles were added to cells grown as described above imme-
diately after the lipofection agents (8 wl) had been added
directly to the cell monolayers. In all cases, G418 was added
24 h after infection to a final concentration of 400 wg/ml, and

gag pol
gag pol RNA
amphotropic virus

36kd —
26kd —»

FiG. 1. Autoradiograph of 3S-methionine-labeled virus particles
from producer cells. The 293GP, 293GP-LZRNL, and 293GP-
LZRNL/amphotropic cells were labeled and the conditioned medium
from each was concentrated. Samples were electrophoresed in a
SDS/PAGE gel and exposed. Two bands seen in each lane represent
fully processed p30 and p15 gag proteins. The closed arrows indicate
the position of the 36-kDa and 26-kDa molecular mass markers
(prestained markers, Sigma).
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Table 2. Infectivity on HT1080 cells of pelleted gag pol
RNA particles™

G418-resistant

Experiment colonies, no./ml

gag pol RNA onlyt 0

gag pol RNA + Polybrenet 0

gag pol RNA + Lipofectin$ 3.6 X 10°
gag pol RNA + Lipofectin + Polybrene 1.5 X 10°
gag pol RNA + RNase + Lipofectin® 3.2 %X 10°
gag pol RNA + DNase + Lipofectinf 3.5 X 10°
Lipofectin on cells + gag pol RNA! 2.0 X 10*

*In a number of experiments, the unpelleted conditioned medium
from 293GP-LZRNL cells in the presence of Lipofectin contained
100-400 G418-resistant colony-forming units/ml.

fgag pol RNA particles used in this experiment are from 293GP-
LZRNL cells and were concentrated as described in the text.

#Polybrene was used at 8 pg/ml (final concentration).

SLipofectin (GIBCO/BRL) was used (8 ug; 8 ul of 1 mg/ml) for
infecting cells in 2 ml of medium.

9eag pol RNA particles were treated with RNase and DNase at a final
concentration of 10 ug/ml and were incubated at 37°C for 30 min.

ILipofectin and gag pol RNA particles were added separately to the
cells without preincubation.

resulting G418-resistant colonies were counted 2 weeks later.
Infection of cells with amphotropic and VSV-G-pseudotyped
virus preparations was carried out in the presence of Polybrene
(8 mg/ml) as described (19).

LacZ expression in transduced cells was determined by flow
cytometric analysis of infected cells. The fluorescent lacZ
substrate from Molecular Probes (fluorescein D-galactopyrano-
side) was used to identify LacZ-expressing cells by a protocol

293GP HT1080
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described by the manufacturer, using a FACScan (Becton
Dickinson) instrument.

RESULTS

RT Activity and gag Subunits in Particles from Conditioned
Medium. Table 1 summarizes the levels of RT activity in
untransfected and transfected preparations of 293GP and
293GP-LZRNL cells. Indistinguishable levels of total RT
activity were present in undiluted medium from cells deficient
in envelope protein expression as well as from cells expressing
either the amphotropic envelope or the VSV-G protein,
indicating that the release of RT into the medium is consti-
tutive and does not require full assembly of intact infectious
virus particles. The yield of RT activity in the pellet was
variable, ranging from 25% to 53% of starting material.

Fig. 1 presents results of an SDS/PAGE analysis of pellets
from conditioned medium from 293GP, 293GP-LZRNL, and
293GP-LZRNL/amphotropic cells labeled with [**S]methi-
onine. Pellets from all three cell types contained the gag-
derived p30 and p15 gag proteins in approximately equal ratios,
indicating that the appropriately processed gag proteins were
present in the form of sedimentable particles.

Infectivity of gag pol RNA Particles. Table 2 summarizes the
infectivity assays of the gag pol RNA particles on HT1080 cells.
Because the 239GP cells contain no viral RNA, the assembled
gag pol particles did not generate any G418-resistant colonies
in the exposed HT1080 cells. Similarly, infection with gag pol
RNA particles failed to produce G418-resistant colonies in the
presence or absence of Polybrene. However, in the presence of
Lipofectin, the gag pol RNA particles became infectious, as
indicated by the appearance of large numbers of G418-

number of cells

., » .

AN y

208F
“\
\\ Control
/ DNA transfection with
pLZRNL
Infection with gag pol
RNA particles from 293GP/
el LZRNL producer cells
af Infection with VSV-G pseud-
k : -otyped virus from 293GP/
LZRNL producer cells
My

Lac Z staining intensity

F1G. 2. Flow cytometry analysis of lacZ expression in 293GP, HT1080, or 208F cells transfected by (i) Lipofectin-mediated gene transfer with
pLZRNL DNA, (i) infected with gag pol RNA particles from cell line 293GP-LZRNL in the presence of Lipofectin, or (iii) infected with VSV-G
pseudotyped retrovirus prepared from the packaging cell line 293GP-LZRNL. Infected and transfected cells selected by growth in G418 were pooled
and assayed for lacZ activity by flow cytometry analysis. In each case, 10,000 live cells were analyzed. The ordinate represents cell numbers and

the abscissa represents arbitrary fluorescence emission intensity units.
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Fic. 3. RT activity (OJ) in fractions from equilibrium sucrose
density gradients of pelleted gag pol particles, gag pol RNA particles,
amphotropic virus, and VSV-G pseudotyped virus. The gag pol RNA
figure also shows the infectivity of the fractions, as measured by the
generation of G418-resistant colonies [colony-forming units (cfu)/ml]
after infection of HT1080 cells with aliquots of the gradient fraction
and Lipofectin (M). ®, Density of sucrose from gradient fractions in the
gag pol figure.

resistant colonies. Particles mixed with Cellfectin gave rise to
more G418-resistant colonies than Lipofectin, but Lipo-
fectamine gave rise to a low colony count (data not shown). In
the presence of Lipofectin, the unconcentrated conditioned
medium from 293GP-LZRNL cells produced 1-4 X 10?> G418-
resistant colonies per ml. After concentrating the particles
approximately 400-fold by centrifugation and after exposure to
Lipofectin, the gag pol RNA particles demonstrated titers of
colony-forming units exceeding 10° G418-resistant colonies per
ml, representing complete recovery of the infectious particles
present in the unconcentrated medium. Exposure of the cells
to gag pol RNA particles and Lipofectin without preincubation
reduced the efficiency of infection by approximately 10-fold.
Pretreatment of the particles with DNase or RNase had no
significant effect on the efficiency of gene transfer, suggesting
that the viral RNA present in the assembled particles is largely
inaccessible to the enzymes and, therefore, apparently not
present merely in loose nonspecific complexes with the assem-
bled gag proteins. Infectivity with Lipofectin-treated particles
was approximately 10-fold less efficient than with authentic
amphotropic vector and 100-fold less efficient than
pseudotyped LZRNL virus, all produced in the same 293GP
packaging cell line and normalized to identical RT levels (data
not shown).

To characterize further the mechanism of gene transfer by
the Lipofectin-treated gag pol RNA particles, we examined the
expression pattern of lacZ in HT1080, 208F, and 293GP cells
transfected with the pLZRNL retrovirus plasmid, infected as
described above, or infected with mature VSV-G pseudotyped
LZRNL virus obtained from the same producer cell line (28).
Pooled G418-resistant cells were analyzed for lacZ expression
by flow cytometry by using the flourescent lacZ substrate assay.
In Fig. 2, the pattern of lacZ expression as indicated by the level
of gene expression and the number of lacZ-positive cells is very
similar to that of cells infected with authentic LZRNL virus and
markedly different from that of cells transfected with the
pLZRNL plasmid. The majority of cells exposed to infectious
gag pol RNA particles express the lacZ transgene at the same
intensity as retrovirally infected cells, whereas cells transfected
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FiG. 4. RT activity (0OJ) of fractions from velocity gradient sedi-
mentation analysis of pelleted gag pol particles, gag pol RNA particles,
amphotropic virus, and VSV-G pseudotyped virus. For each sample,
RT values represent the percentage fraction of total RT loaded onto
the gradient. The arrows indicate the approximate position of the 580S
major peak. For the pseudotyped particles, the slower sedimenting
material with a sedimentation coefficient of approximately 370S was
not present in all preparations of VSV-G pseudotyped virus.

with pLZRNL DNA demonstrate a much smaller percentage
of G418-resistant cells expressing lacZ.

Physicochemical Properties of Virus-Like Particles. We
further examined the structure of the assembled gag pol
particles, gag pol RNA particles, amphotropic virus, and
VSV-G pseudotyped particles by equilibrium and velocity
sedimentation centrifugation. In parallel equilibrium sucrose
gradients, fractions were analyzed for sucrose density and for
RT activity. Fig. 3 demonstrates that the peak RT activity of
both gag pol and gag pol RNA preparations corresponds to a
density of 1.15-1.16 g/ml, similar to that previously reported
for MoMLYV (33). No significant amounts of RT activity were
detected at other positions in the gradient, either in nonsed-
imentable form at the top of the gradients or as aggregates at
or near the bottom of the gradients. Recovery of RT activity
was nearly complete (data not shown). Interestingly, the peak
RT activities of both gag pol and gag pol RNA particles were
indistinguishable from each other and from that of mature
fully packaged MoMLYV, indicating either that the viral
genomic RNA present in the gag pol RNA particles or in intact
virus makes very little contribution to the particle density or
that the particles produced by 293GP cells may encapsidate
cellular RNAs (see Discussion). Fig. 3 also indicates that the
Lipofectin-induced particle infectivity in HT1080 cells cosedi-
ments with the RT activity. As expected, the majority of
infectious pseudotyped viral particles (>90%) also cosediment
with the major RT peak.

An overall structural similarity between assembled gag pol
and gag pol RNA particles is further indicated by their similar
sedimentation by velocity gradient centrifugation (Fig. 4).
Both kinds of particles exhibit a major RT peak at approxi-
mately 580S with a large leading edge, presumably containing
larger or aggregated material. Authentic VSV-G pseudotyped
virus also demonstrated a somewhat heterogeneous particle
distribution as assayed by RT activity, with a major peak at
approximately 580S and an inconsistent minor peak sediment-
ing at approximately 370S.

Morphology by Electron Microscopy. Electron microscope
examination of gag pol particles from 293GP producer cells and
of gag pol RNA particles from 293GP-LZRNL cells (Fig. 54)
revealed large numbers of similar, apparently enveloped par-
ticles in centrifuged samples of conditioned medium. Most
particles were roughly spherical with a diameter of 80-100 nm



Genetics: Sharma et al.

Proc. Natl. Acad. Sci. USA 94 (1997) 10807

F1G.5. Electron micrographs of 293GP-LZRNL particles (4) and 293GP-LZRNL packaging cells (B). (4) Preparation of gag pol RNA particles
from 293GP/LZRNL cells negatively stained with uranyl acetate. (B) Virus particles at different stages of budding from the plasma membrane.

(Bar = 100 nm.)

and with an electron-dense core. Thin section electron micro-
graph examination of 293GP-LZRNL cells also revealed typ-
ical type C retrovirus particles in a variety of stages of budding
at the plasma membrane (Fig. 5B) and with no morphological
evidence of subvirus assembled complexes in the cytoplasm.

DISCUSSION

The striking finding in the present study is that the noninfec-
tious virus-like particles produced by provirus-expressing
packaging cell lines readily become infectious by addition of
lipofection reagents. The structural role of such reagents, if
any, in the particles is still unclear, and they may function
simply by replacing the fusogenic function of authentic enve-
lope constituents such as MOMLYV env or surrogate envelopes
such as VSV-G protein, thereby facilitating fusion of the virus
envelope with the plasma or endosomal membranes of the
infected cell. In contrast, we have recently found that the
VSV-G glycoprotein does form a complex with the noninfec-
tious virus-like gag pol particles and, therefore, may play a
structural role during the induction of infectivity during cell-
free modification of RNA particles (unpublished results).
The physical and hydrodynamic properties of gag pol RNA
particles closely resemble mature virus particles (Figs. 3 and 4).
By the criteria of RNase inaccessibility, the content of RT and
processed gag, and their similar buoyant densities, the particles
from 293GP-LZRNL cells closely resemble fully assembled
enveloped virus. Since the production and secretion of the
particles is equally efficient in 293GP cells and 293GP-LZRNL
cells, these studies suggest that the presence of a packagable
virus genome is not required for particle production. However,
it is possible that some of the particles, particularly those
derived from cells lacking an integrated LZRNL provirus, may
contain transcripts derived from such endogenous retrovirus-
like elements or may even contain other cellular RNAs. It has
recently been shown that MoMLV gag protein alone can
assemble intracellularly into capsid-like particles (34, 35).
Furthermore, because the 293GP-LZRNL cells contain both
gag pol and packagable viral RNA, it is not surprising that the

assembled particles should associate with viral RNA to pro-
duce particles that require only a reconstituted mechanism for
cell entry to become infectious.

Even with this demonstration of their potential infectivity,
the noninfectious virus-like particles made by the 293GP
packaging cell line and by 293GP-LZRNL producer cells
would be of much less potential interest if they were present in
small numbers or seemed to be structural dead ends. However,
evidence presented herein indicates not only that they are
potentially infectious but also that they are produced in large
amounts. Evidence for their abundance and constitutive pro-
duction in both cell types is provided by the identical levels of
RT activity in the conditioned medium from 293GP packaging
cells and from 293GP-LZRNL/ampho or 293GP-LZRNL
cells producing high titers of either amphotropic or VSV-G
pseudotyped virus (Table 1). The present studies suggest that
the large numbers of such noninfectious particles may consti-
tute a potentially useful store of “previrus” particles that can
become infectious by addition in vitro of an env surrogate able
to provide the needed fusiogenic function ordinarily provided
in a mature virus particle by a virus env protein. We anticipate
that the development of more efficient techniques for the
conversion in vitro of noninfectious particles into infectious
virus particles could be useful for studies of the mechanisms of
retrovirus assembly and cell entry and possibly for the high-
titer preparation of improved retrovirus vectors with modified
or surrogate envelopes.
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