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We have studied the extent of genetic and phenotypic diversification of human immunodeficiency virus type
1 (HIV-1) upon 15 serial passages of clonal viral populations in MT-4 cell cultures. Several genetic and
phenotypic modifications previously noted during evolution of HIV-1 in infected humans were also observed
upon passages of the virus in cell culture. Notably, the transition from non-syncytium-inducing to syncytium-
inducing phenotype (previously observed during disease progression) and fixation of amino acid substitutions
at the main antigenic loop V3 of gpl20 were observed in the course of replication of the virus in MT-4 cell
cultures in the absence of immune selection. Interestingly, most genetic and phenotypic alterations occurred
upon passage of the virus at a low multiplicity of infection (0.001 infectious particles per cell) rather than at a
higher multiplicity of infection (0.1 infectious particles per cell). The degree of genetic diversification attained
by HIV-1, estimated by the RNase A mismatch cleavage method and by nucleotide sequencing, is of about
0.03% of genomic sites mutated after 15 serial passages. This value is not significantly different from previous
estimates for foot-and-mouth disease virus when subjected to a similar process and analysis. We conclude that
several genetic and phenotypic modifications of HIV-1 previously observed in vivo occur also in the constant
environment provided by a cell culture system. Dilute passage promotes in a highly significant way the
expression of deviant HIV-1 genomes.

An extensive genetic and antigenic variability has been
documented for retroviruses generally (7, 8) and particularly
for human immunodeficiency virus type 1 (HIV-1) (3, 6, 7,
23, 30, 32, 38, 39, 42, 48), the causative agent of AIDS.
HIV-1 populations, like those of other RNA viruses, are
composed of swarms of related genomes termed viral qua-
sispecies (14, 17, 25, 26, 32, 45). Genetic heterogeneity is a
consequence of the high mutation rates operating during
replication of HIV-1 which dictate that in any HIV-1 popu-
lation, many different phenotypic variants with altered rep-
licative and cytopathic properties may coexist (19, 22).
Shifts between viral subpopulations sequentially found in
infected individuals (32) may be triggered by selective forces
acting on certain genomes; alternatively, they may result
from the random sampling of genomes that become domi-
nant irrespective of any biological features that they might
display. Wain-Hobson and colleagues have suggested that
HIV-1 variants initially present as a minority in the popula-
tion may be amplified from proviruses by any antigenic
stimulation of lymphocytes and other lymphoid cells, leading
to modifications of HIV-1 quasispecies independent of the
actual competitive fitness of the variants involved (9, 45).
Other factors that modulate the evolution of viral popula-
tions are sampling events (47) and repeated bottleneck
transmissions (5, 16).

Differences in replicative capacities of HIV-1 isolates have
been described (for a review, see reference 19). Viruses able
to replicate in T-lymphoid and monocytoid cell lines and able
to form syncytia in peripheral blood mononuclear cell
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(PBMC) cultures are isolated from patients with severe
immunodeficiency. In contrast, viruses isolated from indi-
viduals with no or mild symptoms of HIV-1 infection usually
lack these properties. Increase in replicative capacity and
emergence of syncytium-inducing (SI) virus appears to be
linked to HIV-1 pathogenesis, inasmuch as the transition
from dominance of slowly replicating, non-syncytium-induc-
ing (NSI) viruses to dominance of high-replicating, SI vari-
ants correlates with disease progression (1, 6, 43). It has
been suggested that selection of variants that are more
pathogenic and show altered cell tropism may be concomi-
tant with the gradual decrease in the number of CD4+ T cells
and the weakening of the immune response in infected
individuals (43).
The objective of this study was to analyze and quantitate

the genetic and phenotypic diversification of carefully iso-
lated clones of HIV-1 in cell culture, without many of the
perturbations unavoidable in infected organisms. Following
previous designs of experiments on clonal heterogeneity of
serially passaged phage (15) and animal virus populations
(40), we have analyzed the extent of genetic and phenotypic
diversification of clonal populations of HIV-1 serially pas-
saged in MT-4 cell cultures but at two different multiplicities
of infection (MOIs). Interestingly, several of the variant
phenotypes previously described in isolates from AIDS
patients, as well as transitions between distinct phenotypes,
were readily observed upon passage of HIV-1 under the
controlled environment provided by this cell culture system.
The viral clones analyzed were derived from HIV-1-61, an

isolate obtained in 1989 from a 4-year-old boy in Madrid,
Spain, who manifested symptoms at stage P2CD2 (Centers
for Disease Control classification). HIV-1-61 was isolated by
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FIG. 1. Scheme of five consecutive plaque-t
and 15 serial passages of clonal populations of
natant from the coculture of HIV-1-61 with PI
directly infect MT-4 cells. The resulting virus pre
either serially passaged in MT-4 cells or diluted
isolation of individual plaques as described prn
some modifications. Briefly, an appropriate dilul
containing progeny virus was plated on MT-4 cel
a 1-h adsorption period at 37°C, the inoculum wa
agarose (SeaPlaque; Marine Colloid Corp.) oa
Following a 3-day incubation at 37°C in 5% CO2
overlay was added, and upon an additional inca
days, plaques were visible without staining. Vin
five well-isolated plaques (A, B, D, E, and F)
diluted, and further subjected to a total of five
isolations. Clone C was derived from the penult
tion from series B. Plaque assays to determine
MOIs were carried out in triplicate. After the la:
plaqued viruses were amplified by infection of MI
preparations AO, BO, CO, DO, EO, and FO. Then e
S61 were serially passaged 15 times by infecl
suspension at an MOI of 0.001 PFU per cell (in
103 PFU was used to infect 5 x 106 cells) and/or
x 105 PFU to 5 x 106 cells). Viral populations a
the letter corresponding to the initial clone, fo
number and the logarithm of the MOI used; i.
population resulting from 15 serial passages of c
of 0.001 PFU per cell. The initial and final viru
subjected to several analyses described in the te

standard coculture procedures. The mediur
(positive for p24 antigen) was used directl
cells to yield S61, the initial viral populat
(Fig. 1). Then biological clones were obtE
plaque purification (24) from the global
differentiated by RNase A digestion patte
clone representative of each genomic patt
AO, BO, DO, EO, and FO) and in addition
derived as a subline of B (Fig. 1), were cl

studies. Viruses were titrated in the MT-4 plaque assay, and
passages in cell cultures were performed at an MOI of 0.1 or
0.001 PFU per cell. Infections were monitored by cytopathic
effect (CPE), determination of cell viability, or indirect

0
o immunofluorescence using a pool of human sera positive for

HIV-1 and, when necessary, by p24 antigen determination.
F Infections were also monitored by measuring the reverse

(03) transcriptase (RT) activity of virus in the culture medium as
previously described (46).
The viral clones obtained by plaque purification and the

populations resulting from 15 serial passages of clones on
MT-4 cells were characterized for replication in primary
cells (PBMC and monocyte/macrophages) as well as in cell
lines (HuT-78 and U937 clone 2) (20). PBMC from normal

F blood donors were separated on Ficoll-Paque (Pharmacia)
and stimulated with 2.5 mg of phytohemagglutinin (PHA-P;

F o S61 0 Difco) per ml for 3 days prior to infection. Monocyte/
/ \ / \ macrophage cultures were prepared as previously described
7) '4)P) (4) (44). In short, 2.5 x 107 PBMC were seeded into 25-cm2
l I Is plastic culture flasks in RPMI medium supplemented with

l l l l 10% heat-inactivated pooled HIV-1-negative human serum
and 20% fetal calf serum (FCS) and incubated for 5 days at
37°C. Cultures were then washed extensively with phos-
phate-buffered saline to remove nonadherent cells and main-
tained in RPMI medium containing 20% FCS. Cell lines were

l I I grown in RPMI 1640 medium (GIBCO) supplemented with
I I I I 10% FCS, 2 mg of Polybrene per ml, and antibiotics. In

Wn FIRS3' Sl15ttl S1153JJ addition, PBMC cultures were supplemented with 5 U of
recombinant interleukin-2 (Amersham) per ml. Supernatants

o-plaque isolations of infected cultures were tested for virus production by the
HIV-1. The super- RT assay and p24 antigen enzyme-linked immunosorbent

-paration, S61, was assay (ELISA) (41) twice a week for 4 weeks.
Iand plated for the Total RNA was extracted from the infected cells and
eviously (24), with analyzed by the RNase A mismatch cleavage method (29, 30)
tion of the medium (Fig. 2). The RNase A mismatch cleavage method was
1lmonolayers; after applied to the following genomic segments: GAG (positions
is removed, and an 1259 to 1645), 5'-end domain of RT (positions 2202 to 2562,
verlay was added. designated RT5'); 3'-end domain of RT (positions 2559 to
2, a second agarose 2884, designated RT3'); VIF-VPR (4704 to 5372), and ENV
abation period of 6 (7199 to 7723) [numbering according to that of Ratner et al.

chosen at random (35) for HIV-1 (IIIB)]. The analysis was carried out as
successive plaque previously described (29, 30). For polymerase chain reaction
imate plaque isola- amplification of the genomic RNA region encoding the V3
PFU titers for the domain of gpl2O, primers corresponding to positions 6642 to
st cloning step, the 6665 (35) and complementary to positions 6913 to 6893 (35)
r-4 cells to produce were used to amplify cDNA. The products were sequenced
ach viral clone and by dideoxynucleotide chain termination with T7 DNA poly-
ting MT-4 cells in merase (27). The primers for amplification and polymerase
each passage, 5 x chain reaction sequencing (37) of the proviral DNA sequence
0.1 PFU per cell (5 surrounding the cleavage site and the fusion domain of gp4l
allowed by passage corresponded to positions 7229 to 7250 (35) and positions
.e., F15(-3) is the 7919 to 7941 (35).
lone FO at an MOI Genetic differences among HIV-1 clones. Initially, five
s populations were plaque-purified clones were subjected to five plaque-to-
"xt. plaque passages (Fig. 1); then six viral clones were selected

according to variance in the RNase A mismatch cleavage
method (29). Five of them could be readily differentiated

m of such culture according to their digestion patterns; the exception, clone C,
ly to infect MT-4 was studied despite being indistinguishable from clone B.
ion of this study Clones AO, BO, and CO showed a common pattern with all of
ained by agarose the probes except that clone AO differed specifically in the
population and profile given by the RT 3' probe (Fig. 2). Clones DO and EO

rn (29, 30). One displayed two different digestion patterns in the GAG probe.
tern (populations Clone FO was distinguished by additional bands with use of
i CO, which was the VIF-VPR probe. All of these differences are highlighted
hosen for further by arrowheads in Fig. 2. The five genomic probes used (30)
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FIG. 2. Genetic characterization of uncloned and cloned viral populations
derived from HIV-1-61. The origins of the viral populations and the genomic
segments (GAG, RT3', RT5', VIF-VPR, and ENV) spanned by each riboprobe are
indicated in the text and in Fig. 1. 32P-labeled riboprobes were prepared by in vitro
transcription from plasmids derived from SP64 and Bluescript (Stratagene) contain-
ing genomic DNA fragments corresponding to HIV-1 (IIIB) that were described
previously (30). Riboprobes were hybridized to total RNA from MT-4 cells infected
with HIV-1 from the population indicated above each lane. Hybrids were digested
by RNase A; protected fragments separated by denaturing polyacrylamide gel

-- electrophoresis and visualized by autoradiography. Hybridization and RNase A
digestion conditions have been previously described (29, 30). In each panel, P

__,,,,,^ represents the corresponding intact riboprobe and IIIB represents the result of the
P mismatch cleavage of each riboprobe with RNA from cells infected with the

homologous HIV-1 (IIIB) strain. Stars indicate background bands produced in such
eUsg a homologous digestion, and the presence of these bands in digestion of the

remaining viral RNAs has not been considered in the estimates of genetic
divergence. Sizes of RNA fragments were calculated by using the products of
digestion of iX174 replicative-form DNA with HaeIII as markers (indicated by M).
Arrowheads point to unique changes (a band absent or present) in the initial
populations (before passage). Arrows indicate modifications of passaged popula-
tions relative to the corresponding parental populations. The two arrows shown in
lane E15(-3) of the ENV panel show unique band alterations for this sample, which
are presumably the result of a single mutation and as such have been considered in

# < the estimates of heterogeneity (see text).
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TABLE 1. Summary of changes occurring in the global viral
population and individual clones during in vitro cultivation

Change at an MOI of a:

0.1 PFU/cell 0.001 PFU/cell
Virus

Mismatchd
(Replication)b CPEc Replication V3

RT5' ENV sequencee

S61 +++ +
A +
B
C .++
D + NM ND ND ND ND
E ND + + +
F NSI-*SI +

a +, change;. no change.
b Alterations observed in the RT replication assay (46).
c Variations in the type of CPE observed in MT-4 cells (NSI or SI).
d Differences in the RNase A digestion patterns using riboprobes corre-

sponding to RT5' and Env, the only ones in which differences were detected;
each plus sign represents a band difference (see Fig. 2).
ePopulations in which an amino acid substitution was found in the principal

neutralizing epitope V3.
f ND, not done.

in this analysis sampled a total of 2,263 nucleotides, repre-
senting about 25% of the genome length.

Genetic variation of HIV-1 upon 15 serial passages of clonal
viral populations. Band differences between RNA from viral
populations passaged 15 times and from the corresponding
initial clones (arrows in Fig. 2) were observed in the RT 5'
segment of clone C as well as in the env gene of S61 and of
clone E. All of these band differences (Fig. 2) occurred in
populations passaged at an MOI of 0.001 PFU per cell but
not in parallel passages at an MOI of 0.1 PFU per cell.
However, population E passaged at an MOI of 0.1 was not
examined. For quantification of the number of mutations
needed to account for the differences in the band patterns, it
must be considered that under the cleavage conditions used,
it has been estimated that about 60% of mismatches are
recognized and cleaved by RNase A (29, 34). Assuming that
the loss or gain of one band represents at least one point
mutation, the passaged populations must differ from each
respective parental clones on an average of at least 0.02% of
nucleotides.
To further quantitate the extent of genetic diversification,

we sequenced the RNA segments around the V3 domain of
gpl20 and the fusion domain of gp4l. No mutations were
found in 200 nucleotides of the DNA encoding the fusion
domain of gp4l in any of the clones or passaged populations.
In the V3 loop of gpl20, three nucleotides changes, each
giving rise to an amino acid substitution, were detected (data
not shown). The total number of mutations found in these
sequences amounts to 0.04% of nucleotides screened, a
value which is in good agreement with the results of the
RNase A mismatch cleavage method. Again, the replace-
ments occurred in populations passaged at a low MOI of
0.001 PFU per cell, and no genetic modifications were
observed at an MOI of 0.1 PFU per cell (Table 1).

Phenotypic differences and alterations upon serial passage
of clonal populations of HIV-1. The populations serially
passaged in cell culture were analyzed with regard to their
ability to form syncytia upon infection of MT-4 cells, repli-
cation rate, and ability to infect macrophages, PBMC, and
U937 clone 2 cells.

In MT-4 cells, the initial S61 population and clones AO,

BO, CO, DO, and EO induced the formation of syncytia (SI
phenotype). In contrast, FO produced CPE without syncy-
tium formation (NSI phenotype) (data not shown). How-
ever, serial passage of population FO (NSI) at a low MOI in
MT-4 resulted in a population, designated F15(-3), depict-
ing the SI phenotype. This phenotypic shift was reproduc-
ibly observed upon independent, repeated passages of FO.
The replication rates of the initial clones and of the

passaged viruses were quantified by measuring the RT
activity in the culture medium of MT-4 cells infected with a
normalized amount of the relevant viruses. Populations
D15(-1) and E15(-3) showed a 1-day delay in the appear-
ance of RT activity in the culture medium relative to their
respective parental clones DO and EO. The opposite effect,
that is, appearance of RT activity in advance of the parental
clone, was observed with population A15(-3) (data not
shown).

Clones AO to FO were similar to the original S61 isolate
with regard to their low level replication in PBMC and
monocyte/macrophage cultures and in the ability to induce
syncytia in PBMC, contrary to the result for MT-4 cells.
Interestingly, all viruses tested replicated 10-fold more effi-
ciently (as determined by the RT activity assay) in the U937
clone 2 cell line than in primary cells. Clones AO, CO, DO,
and FO did not replicate in the HuT-78 cell line, a result
unexpected for viral clones adapted to grow in T cells;
replication of clones BO and EO and of the initial isolate was
detectable only by using the p24 antigen test.

Serial passage in MT-4 cells resulted in only minor
changes in the replicative properties of the viral clones in the
other cell lines tested. For example, clone CO did not
replicate in HuT-78 cells, whereas after passage at either
MOI, a low-level replication could be demonstrated only by
p24 antigen ELISA. Similarly, upon passage of clone FO at a
low MOI (0.001 PFU per cell), the virus population acquired
the ability to replicate in HuT-78 cells, while replication in
primary monocyte/macrophage cultures became barely de-
tectable. A decrease in the ability to replicate in the mono-
cyte/macrophage primary cultures was also observed upon
serial passage of clone EO. Less pronounced differences in
the ability to replicate in HuT-78 cells were found among the
clones. Other modifications in the ability to replicate in
primary cultures or established cell lines were of a minor
nature.
Most genetic and phenotypic changes occur upon passage of

HIV-1 clonal populations at a low MOI. Of a total of 13 clear
genetic or phenotypic alterations found among the passaged
HIV-1 populations (Table 1), 12 occurred in the course of
infections at an MOI of 0.001 PFU per cell, and only 1 (the
variation in replicative ability of clone D) occurred at an
MOI of 0.1 PFU per cell (Table 1). To test the significance of
this bias, we have applied the binominal distribution, which
yieldsP = 6.4 x 10- < <a = 0.05. Thus, the probability of
obtaining by chance 12 out of 13 variants upon passage of the
virus at 0.001 PFU per cell (rather than the expected 6 or 7
variants at each MOI) is lower than 0.1%. Also, use of a
contingency table to adjust the observed to the expected
ratio of variants yields x2 = 9.37 > X2O.O5, again indicating
that dilute passage promoted the dominance of HIV-1 vari-
ants in a highly significant way. (If additional, minor changes
in replicative ability in primary cultures or cell lines [see
above] are also considered in the calculations, the strong
bias in favor of expression of variations at low MOIs is
maintained.) This may be explained by a number of possible
mechanisms. It may be thought that since at the lower MOI
used, more replication cycles occurred, then more mutations
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accumulated. However, given the elevated mutation rates
and frequencies in HIV-1 and the continuous action of
negative selection (42), it is unlikely that the mere number of
replication rounds is the main contributor to genetic diver-
sification. It appears also unlikely that defective HIV-1
genomes can cause interference and increased variation at
the lower MOI used. In fact, the two passage conditions
(involving infections with less than 1 PFU per cell) were
chosen to minimize the generation of defective genomes
either by accumulation of point mutations or by recombina-
tion. An interesting possibility is the suppressive effect
exerted by highly populated quasispecies on variants with a
potential advantage included in their mutant spectra. This
important observation was predicted from simulation studies
on quasispecies (reviewed in reference 17) and experimen-
tally demonstrated by de la Torre and Holland (10). They
showed that a highly competitive clone of vesicular stoma-
titis virus could become dominant in an evolving population
only when seeded above the threshold level during passage.
Our results suggest that HIV-1 variants with distinct genetic
and phenotypic characteristics have been kept at low, unde-
tectable levels unless dilution diminished the suppressive
effects of a populated quasispecies, as suggested by de la
Torre and Holland (10). It appears that not only bottleneck-
ing (5, 16, 47) but also constrictions and expansions of
population size may be an important influence in RNA virus
heterogeneity and evolution by favoring and suppressing,
respectively, the dominance of variants initially hidden in
the quasispecies.

Phenotypic alterations of HIV-1 in vivo, are also observed in
cell culture. Phenotypic modifications of HIV-1 previously
identified in AIDS patients, such as syncytium-forming
ability, replication level, cell tropism, and substitutions at
the V3 loop of gpl20, were readily observed upon passage of
cloned virus in cell culture. Thus, such modifications are not
necessarily the result of any particular disease stage or of
immunological or physiological alterations in AIDS patients,
since they occur also in the constant environment provided
by a cell culture system. In particular, it is noteworthy that
a change from NSI to SI phenotype was observed in the
absence of any immunological selection. As previously
noticed for antigenic domains of other RNA viruses such as
foot-and-mouth disease virus (12, 13), rabies virus (2), influ-
enza virus (36), or the lentivirus equine infectious anemia
virus (4), amino acid substitutions were fixed at the main
antigenic loop V3 of gp120 (18, 21, 28, 31, 33) upon passage
of HIV-1 in the absence of antibodies. This domain has also
been related to other properties such replication capacity,
tropism, or CPE phenotype. The extent of genetic heteroge-
neity estimated considering the passaged populations ana-
lyzed (about 0.03% of the nucleotides screened, or an
average of three point mutations per genome) is very similar
to that found among individual clones of foot-and-mouth
disease virus derived from a cloned virus population pas-
saged in lytic or persistent infections in cell culture (9, 40).
This finding suggests that the extensive divergence and
heterogeneity attained by HIV-1 in vivo is probably influ-
enced by the long periods of infection, including multiple
sampling events, random activation of proviruses, and epi-
sodes of positive selection, rather than due to an increased
ability of HIV-1 (compared with other riboviruses and ret-
roviruses) to produce variants during replication.
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