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Polyethylene glycol was used to induce polykaryon formation among U-937 cell subclones carrying defective
human immunodeficiency virus (HIV) type 1 proviral DNA. Fusion of cells which produced gp120-defective
virions (UHC15.7) with cells unable to generate reverse transcriptase (RT) activity (UHC8 and UHC18) yielded
polykaryons which made infectious viral progeny that showed normal protein profiles. Southern blot analysis
of proviral DNA of cells infected with such fusion-derived virus revealed a restriction map identical to that of
cells harboring infectious parental-type HIV type 1 (U-937/UHC1). These results suggest that repair
mechanisms involving genetic recombination(s) play a role in the generation of infectious virus after fusion of

cells which harbor defective HIV.

The replicative machinery of human immunodeficiency
virus type 1 (HIV-1) is responsible for the generation of
variants which differ in tropism, virulence, or infectivity (5).
Along with other retroviruses, HIV-1 is characterized by the
production of defective viral particles. The biological rele-
vance of these defective viruses has, however, not yet been
established.

HIV-1 mutations, many of which can affect infectious-
ness, have been commonly observed in the env gene, the
most variable region of which is characterized by high levels
of genetic diversity (11, 19). Mutations in other genes such as
pol may affect viral enzyme activity and also generate
particles lacking infectivity (10, 15). The point mutations,
deletions, and repetitions which account for retroviral de-
fectiveness are due, at least in part, to the error-prone
activity of viral reverse transcriptase (RT) (20).

It would be useful to have a rapid, reproducible procedure
to test whether complementation among different HIV rep-
lication-incompetent cell lines is possible. Accordingly, we
wished to determine whether fusion of different cells, each of
which harbored defective HIV-1, could give rise to infec-
tious progeny. We relied on a number of clonal derivatives of
chronically HIV-1-infected U-937 cells (4) which did not
themselves produce infectious viruses. Two of these clones
produced particles which apparently lacked RT activity,
while a third produced particles devoid of surface gp120. The
use of polyethylene glycol to fuse cells carrying these
defective yet complementary phenotypes (RT™ and gp1207)
yielded hybrid cells that generated infectious virus.

HIV-1-infected U-937 clones (UHC) carrying defective
HIV-1 were previously generated in our laboratory (4) and
were used in the current experiments. They can be distin-
guished by the amount of RT produced in the supernatant,
the infectivity potential of the virus synthesized in these
cultures, and the ability to induce syncytium formation in
vitro by coculture with MT-4 indicator cells (Table 1). Of the
two RT ™ virus-producing cell lines used in this study, UHCS8
is characterized by an inability to produce virus with a fully
mature core, a phenotype characteristic of viruses lacking a
functional protease (15) or grown in the presence of protease
inhibitors (1). In addition to a possible defect in protease
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activity, no RT (complex of p66 and p51) protein or endo-
nuclease (p33) could be detected by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) (4). Pel-
leted virus showed large amounts of the p55%“¢ precursor but
undetectable amounts of cleaved p24 and p17 subunits. The
other RT~ virus produced by clone UHC18 was found to
process the p55%“¢ precursor into p24 and pl7. In contrast to
UHCI18, clone UHC8 was unable to induce syncytium
formation in vitro despite the presence of normal levels of
gp120 on the viruses themselves. Clone UHC15.7 produced
noninfectious viral structures devoid of gp120 because of an
inability to cleave the envelope precursor protein, gp160 (4).
Chronically infected U-937 cells that possessed typical im-
munoblot patterns for HIV-1 proteins and produced fully
infectious HIV-1 (U-937/UHC-1) served as a positive control
4).

Five million UHC15.7 cells were mixed at a 1:1 ratio either
with parental U-937 cells or with cells of clone UHC8 or
UHCI18. The mixtures were washed twice by centrifugation
in serum-free RPMI 1640 medium and gently resuspended in
0.7 ml of prewarmed polyethylene glycol 1500 diluted 1:1 in
medium. The cells were mixed for 60 s with large-bore
transfer pipettes, and then the polyethylene glycol 1500 was
sequentially diluted in stepwise fashion by adding double
amounts of medium. After this treatment, the cells were
washed by centrifugation, resuspended, and aliquoted in
fresh medium in a 24-well plate. After 24 h, the culture fluids
were harvested, clarified, and assessed for infectiousness.

Viral protein preparations were prepared as follows. Four
hundred milliliters of infected cell culture medium was first
clarified by centrifugation at 2,000 X g for 30 min and then
centrifuged at 65,000 X g for 60 min. The resulting viral
pellet was resuspended in 2 ml of TNE buffer (10 mM
Tris-HCI [pH 7.4], 100 mM NaCl, 1 mM EDTA) and further
purified by centrifugation onto a sucrose cushion. A viral
lysate was obtained by resuspending this virus in TNE buffer
containing 1% Triton X-100 and various protease inhibitors
and incubating the virus suspension for 30 min at 37°C with
frequent agitation. Immunoblotting and visualization of rel-
evant bands were performed on electrophoresed material (20
ng per sample) as previously described (4). Southern blot
analysis of integrated HIV-1 provirus, using the PBH-10
plasmid (kindly provided by R. C. Gallo, National Cancer
Institute, Bethesda, Md.), was carried out with high-molec-
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TABLE 1. Properties of viral isolates derived from UHC
clonal derivatives

RT Syneytium Infectious- Observed
A L Syneytium- s of deficit(s) in
Cell type activity’ p24 |ndyg|ng culture viral protein
(cpm/ml) activity® fluids production
U-937/UHC1 >10° Yes Yes Yes
UHC8 0 Yes No No p66, p33, p24,
pl7
UHC15.7 >10° Yes No No gpl120
UHC18 0 Yes Yes No p66

“ RT activity, p24 antigen capture, and syncytium-inducing activity were
determined as described previously (4).

ular-weight DNA according to a previously described pro-
cedure (4).

When polyethylene glycol was used to fuse cells of the
RT™ phenotype (UHC8 and UHC18) in a 1:1 ratio with clone
UHC15.7, large polymorphonuclear cells were seen within 1
min of contact, indicating that fusion had occurred. The cells
were gently washed by centrifugation and seeded into 24-
well plates. The infectiousness of the supernatants was
tested 24 h later with a variety of target cell types (Table 2).
Only clarified culture fluids derived from the various hybrid
cell preparations (UHC8 x UHC15.7 and UHC18 x
UHC15.7) were able to infect all of the following types of
cells: MT-4 cells, H-9 cells, and peripheral blood mononu-
clear cells. The viruses thus generated could subsequently
be passaged onto U-937 cells as well as on each of the two
lymphocyte cell lines and peripheral blood mononuclear
cells. In contrast, virus particles derived from the fusion of
UHCS8 and UHC18 were not infectious, indicating that the
deficits in each of these clones were not complementary. As
a further control to ensure that the cell fusion process was
itself not inducing UHC15.7 cells to produce infectious
progeny, we prepared hybrids of UHC15.7 and uninfected
parental U-937 cells. No infectious viruses were recovered

TABLE 2. Infectiousness of viral particles present in culture
fluids of fused and parental cells

) Infectiousness of second-pas-
Amt of virus sage virus on indicated cells”

recovered in

Cell type culture fluids Peripheral
(TCIDsy/ml)* H-9  blood mono- U937

nuclear
U-937/HIV-1¢ >10° + + +
U-937/UHC1 >10° + + +
UHCS8 0 - — —
UHC15.7 0 — - —
UHC18 0 - — _
UHCS8 x UHC15.7 10423 + + +
UHC18 x UHCI15.7 10°° + + +
U-937 x UHC15.7 0 - - -
UHCS8 x UHC18 0 - - —

“ Clarified culture fluid (100 pl) was seeded in quadruplicate into 96-well
culture plates containing 10° MT-4 cells. After 4 h, the cells were washed and
fresh medium was added. Cytopathic effect, syncytium formation, and p24
immunofluorescence were studied to monitor wells in which infection had
occurred. Infectious U-937 and U-937/UHC]1 culture fluids served as positive
controls. TCIDsq, 50% tissue culture infective doses.

” The infectiousness of virus obtained after amplification on MT-4 cells was
further assessed with H-9 cells, peripheral blood mononuclear cells, and
U-937 cells.

< U-937/HIV-1, parental U-937 cells chronically infected with HIV-1.
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FIG. 1. Immunoblot of purified concentrated virus from infec-
tious U-937/UHC1 cells, UHC clones, and virus derived from
UHC8 x UHCI15.7 [UHC(8x%15.7)] and UHC18 x UHCI15.7
[UHC(18%15.7)] hybrids. Lysates (see text) containing 20 pg of
total protein were electrophoresed on SDS-12% polyacrylamide
gels and immunoblotted with pooled sera from HIV-1-infected
individuals.

from the culture fluids of such fused cells, suggesting that the
block in gpl120 maturation characteristic of UHC15.7 was
not a cell-dependent phenomenon.

To show that complementation had occurred, hybrid
viruses grown on U-937 cells were banded by sucrose
gradient and analyzed by SDS-PAGE. As shown in Fig. 1,
the viruses generated by the hybrid cells (UHC8 x UHC15.7
and UHC18 x UHC15.7) possessed protein profiles similar
to those of wild-type viruses produced by infected U-937
parental cells (Fig. 1, lane U-937/UHC1). The absence of
gpl20 in UHCI15.7-derived virus and deficits in reverse
transcriptase activity in viruses derived from UHCS8 and
UHCI18 were all reversed in the recombinant isolates ob-
tained from these hybrids.

To compare our various isolates, total DNA was extracted
from cells and digested with enzymes recognizing one re-
striction site each in gag (Pstl), pol (Bcll), and env (BamH]I);
in one case, an enzyme cutting at two restriction sites
(EcoRI) was employed. The three defective clones (UHCS,
UHC15.7, and UHC18) each contained a distinct proviral
DNA pattern which could further be distinguished from that
of the parental, HIV-1-infected U-937 cells. In contrast,
DNA obtained from U-937 cells infected with the recombi-
nant viruses, UHC8 x UHC15.7 and UHC18 x UHC15.7,
showed patterns identical to that of DNA obtained from
wild-type HIV-1-infected U-937 cells (Fig. 2).

The defective producers chosen for this study were se-
lected because they possessed a complementary phenotype.
Hybrid cells obtained by fusion of RT™ and gpl120~ cells
yielded fully infectious virus with a wild-type protein profile.
The likelihood of a genetic recombination in our system is
suggested by Southern blot reaction digest experiments on
the various progeny as well as the fact that these viruses
could be propagated over several generations.

The relatively short time period between polyethylene
glycol 1500-induced cell fusion and production of infectious
viral progeny argues for a two-stage process in the events
described. The initial infectious particles produced by the
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FIG. 2. Southern blot analysis of viral genomic DNA. Twenty
micrograms of DNA isolated from U-937 cells infected with infec-
tious HIV-1 (U-937/UHC1) and U-937 cells infected with virus
derived from fused cells, i.e., UHC8 x UHC15.7 [UHC(8x15.7)]
and UHC18 x UHC15.7 [UHC(18x%15.7)], and 30 ug of DNA each
from UHC8, UHC15.7, and UHC18 cells were cleaved with Bcll,
Pstl, BamHI, and EcoRIl. The DNA was hybridized with PBH-10
and washed as described in the text, and blotted onto nitrocellulose
filters. The nitrocellulose filters were exposed for 72 h. HindlIII-
cleaved lambda DNA fragments were used as molecular size mark-
ers, as indicated on the left.

fused cells may have contained different cRNA molecules
within the same viral package. This complementation step
may have been followed by genetic recombination during
subsequent viral replication. The precise mechanism of
recombination is still under investigation and will necessitate
knowing how many copies of proviral DNA are present in
each of the cloned cell lines.

The generation of defective viral particles occurs widely
among retroviruses and has been studied in detail with a
number of animal systems. In some cases, defective parti-
cles themselves may be responsible for pathophysiologic
phenomena and severe immunosuppression, which are char-
acteristic of human AIDS, as has been observed in mice
injected with gag-defective strains of murine leukemia virus
(2, 6). In one study, HIV-1 recovered from asymptomatic
men was shown to contain relatively little gp120, p24, and
p55 (3), suggesting that defective strains of HIV-1 occur
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naturally. A large portion of these isolates carried a unique
BgllI restriction site in the gag region. The isolation of a
tat-defective strain of HIV-1 has also been reported (12).
HIV-1 isolates may also differ in virulence (5, 10), host range
(8), and susceptibility to antiviral drugs (13, 16), suggesting
extensive heterogeneity at a variety of genetic loci.

Homologous recombination may be used to generate
infectious HIV-1 from replication- or infection-defective
material. One group of researchers obtained infectious virus
after transfection into HeLa cells of two exogenous pieces of
HIV DNA (18). Similar data were obtained after transfection
of A3.01 cells, which carry only a single copy of defective
HIV provirus, with a complementary plasmid (7).

The recombination capacity of defective proviruses may
also have clinical relevance, in view of the finding that
quiescent or defective proviruses or both may be present at
high frequency in infected cells that do not express viral
antigens (17, 22). In tissue culture, fusion between HIV-
infected and noninfected cells has been commonly observed
and is attributable to CD4-gp120 interactions (9). In contrast,
virus-mediated formation of syncytia does not seem to occur
with high frequency in circulating cells but may be more
common at the level of certain organs, such as lymph nodes.
Fusion may also occur independently of viral antigen expres-
sion, and both interleukin-4 in mouse cells (14) and gamma
interferon in human cells (21) have been reported to induce
polykaryon formation among monocytes/macrophages.
Since these cells harbor large quantities of virus, it is
conceivable that genetic mixing may occur in hybrid cells,
leading to the formation of viral hybrids with novel proper-
ties.

(This research was carried out by Frangois Boulerice in
partial fulfillment of the requirements for a Ph.D. degree,
Faculty of Graduate Studies and Research, McGill Univer-
sity, Montreal, Quebec, Canada.)
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We thank both Health and Welfare Canada and the Medical
Research Council of Canada for grant support.

REFERENCES

1. Ashorn, P., T. J. McQuade, S. Thaisrivongs, A. G. Tomasselli,
W. G. Tarpley, and B. Moss. 1990. An inhibitor of the protease
blocks maturation of human and simian immunodeficiency vi-
ruses and spread of infection. Proc. Natl. Acad. Sci. USA
87:7472-7476.

2. Aziz, D. C., Z. Hanna, and P. Jolicoeur. 1989. Severe immuno-
deficiency disease induced by a defective murine leukaemia
virus. Nature (London) 338:505-508.

3. Balachandran, R., P. Thampatty, A. Enrico, C. Rinaldo, and P.
Gupta. 1991. Human immunodeficiency virus isolates from
asymptomatic men and from AIDS patients have distinct bio-
logic and genetic properties. Virology 180:229-238.

4. Boulerice, F., S. Bour, R. Geleziunas, A. Lvovich, and M. A.
Wainberg. 1990. High frequency of isolation of defective human
immunodeficiency virus type 1 and heterogeneity of viral gene
expression in clones of infected U-937 cells. J. Virol. 64:1745—
1755.

5. Cheng-Mayer, C., D. Seto, M. Tateno, and J. A. Levy. 1988.
Biologic features of HIV-1 that correlate with virulence in the
host. Science 240:80-82.

6. Cheung, S. C., S. K. Chattopadhyay, H. C. Morse III, and P. M.
Pitha. 1991. Expression of defective virus and cytokine genes in
murine AIDS. J. Virol. 65:823-828.

7. Clavel, F., M. D. Hoggan, R. L. Willey, K. Strebel, M. A.
Martin, and R. Repaske. 1989. Genetic recombination of human
immunodeficiency virus. J. Virol. 63:1455-1459.

8. Cordonnier, A., L. Montagnier, and M. Emerman. 1989. Single
amino-acid changes in HIV envelope affect viral tropism and



5592

10.

11.

12.

13.

14.

15.

16.

NOTES

receptor binding. Nature (London) 340:571-574.

. Dalgleish, A. G., P. C. L. Beverley, P. R. Clapham, D. H.

Crawford, M. F. Greaves, and R. A. Weiss. 1984. The CD4 (T4)
antigen is an essential component of the receptor for the AIDS
retroviruses. Nature (London) 312:763-766.

Gendelman, H. E., T. S. Theodore, R. Willey, J. McCoy, A.
Adachi, R. J. Morris, S. Venkatesan, and M. A. Martin. 1987.
Molecular characterization of the polymerase mutant human
immunodeficiency virus. Virology 160:323-329.

Hahn, B. H., M. A. Gonda, G. M. Shaw, M. Popovic, J. A.
Hoxie, R. C. Gallo, and F. Wong-Staal. 1985. Genomic diversity
of the acquired immune deficiency syndrome virus HTLV-III:
different viruses exhibit greatest divergence in their envelope
genes. Proc. Natl. Acad. Sci. USA 82:4813-4817.

Huet, T., M.-C. Dazza, F. Brun-Vézinet, G. E. Roelants, and S.
Wain-Hobson. 1989. A highly defective HIV-1 strain from a
healthy Gabonese individual presenting an atypical western
blot. AIDS 3:707-715.

Larder, B. A., G. Darby, and D. D. Richman. 1989. HIV with
reduced sensitivity to zidovudine (AZT) isolated during pro-
longed therapy. Science 243:1731-1733.

Mclnnes, A., and D. M. Rennick. 1988. Interleukin-4 induces
cultured monocytes/macrophages to form giant multinucleated
cells. J. Exp. Med. 167:598-611.

Peng, C., K. H. Bao, T. W. Chang, and N. T. Chang. 1989. Role
of human immunodeficiency virus type 1-specific protease in
core protein maturation and viral infectivity. J. Virol. 63:2550~
2556.

Rooke, R., M. Tremblay, H. Soudeyns, L. DeStephano, X. J.
Yao, M. Fanning, J. S. G. Montaner, M. O’Shaughnessy, K.

17.

18.

19.

20.

21.

22.

J. VIROL.

Gelman, C. Tsoukas, J. Gill, J. Ruedy, and M. A. Wainberg.
1989. Isolation of drug-resistant variants of HIV-1 from patients
on long-term zidovudine (AZT) therapy. AIDS 3:411-415.
Simmonds, P., P. Balfe, J. F. Peutherer, C. A. Ludlam, J. O.
Bishop, and A. J. L. Brown. 1990. Human immunodeficiency
virus-infected individuals contain provirus in small numbers of
peripheral mononuclear cells and at low copy numbers. J. Virol.
64:864-872.

Srinivasan, A., D. York, R. Jannoun-Nasr, S. Kalyanaraman, D.
Swan, J. Benson, C. Bohan, P. A. Luciw, S. Schnoll, R. A.
Robinson, S. M. Desai, and S. G. Devare. 1989. Generation of
hybrid human immunodeficiency virus by homologous recom-
bination. Proc. Natl. Acad. Sci. USA 86:6388-6392.

Starcich, B. R., B. A. Hahn, G. M. Shaw, P. D. McNeely, S.
Meodrow, H. Wolf, E. S. Parks, W. P. Parks, S. F. Josephs, R. C.
Gallo, and F. Wong-Staal. 1986. Identification and characteriza-
tion of conserved and variable regions in the envelope gene of
HTLV-III/LAV, the retrovirus of AIDS. Cell 45:637-648.
Takeuchi, Y., T. Nagumo, and H. Hoshino. 1988. Low fidelity of
cell-free DNA synthesis by reverse transcriptase of human
immunodeficiency virus. J. Virol. 62:3900-3902.

Weinberg, J. B., M. M. Hobbs, and M. A. Misukonis. 1984.
Recombinant human gamma-interferon induces human mono-
cyte polykaryon formation. Proc. Natl. Acad. Sci. USA 81:
4554-4557.

Zack, J. A., S. J. Arrigo, S. R. Weitsman, A. S. Go, A. Haislip,
and I. S. Y. Chen. 1990. HIV-1 entry into quiescent primary
lymphocytes: molecular analysis reveals a labile, latent viral
structure. Cell 6:213-222.



