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By using immunofluorescence microscopy to observe and analyze freshly made HIV-1 virions adsorbed onto
cells, we found that they are inherently highly infectious, rather than predominantly defective as previously
suggested. Surprisingly, polycations enhance titers 20- to 30-fold by stabilizing adsorption and preventing a
previously undescribed process of rapid dissociation, strongly implying that infectivity assays for many viruses
are limited not only by inefficient virus diffusion onto cells but also by a postattachment race between entry and
dissociation. This kinetic competition underlies inhibitory effects of CCRS antagonists and explains why
adaptive HIV-1 mutations overcome many cell entry limitations by accelerating entry.

It is widely believed that retroviruses, including HIV-1, are
predominantly defective, with fewer than 0.1% in plasma or
culture media being infectious (4, 23, 24, 30, 45). However,
other evidence indicates that diffusion severely limits virion
contact with cultured cells and that forcing virions onto cells by
spinoculation or magnetic methods greatly increases titers (6,
17, 25, 36, 45). Additionally, polycations, including DEAE-
dextran and polybrene, substantially increase titers (5, 12, 13,
20, 25, 47). Reverse transcription is also somewhat inefficient,
depending on the virus isolate and cells used. To reconcile
these observations and more accurately measure infectivities,
we adsorbed HIV-1 onto highly susceptible JC.53 cells (33, 42)
at 4°C by spinoculation or brief incubation with concentrated
virus, and we analyzed cell-attached virions by immunofluores-
cence and deconvolution microscopy (29, 39).

Figure 1A shows fields of adsorbed HIV-1. Cells were fixed
for 10 min with 3.7% paraformaldehyde in phosphate-buffered
saline (PBS) containing 2% sucrose and then rinsed and incu-
bated for 10 min in 0.5% NP-40 in PBS containing 10% su-
crose, and virions were stained using anti-p24 Gag mouse hy-
bridoma 183 (from the NIH AIDS Research and Reference
Reagent Program; provided by B. Chesebro). The Z-stack of
deconvoluted images was compressed to show all virions. The
fluorescent foci had similar intensities, implying that they were
single virions. Accordingly, their staining required extraction of
lipids with NP-40 (Fig. 1A, lower panels), and the numbers of
foci were directly proportional to virus concentrations in the
media (Fig. 1A, inset). Similar results were obtained using
HIV-1 labeled with Vpr-green fluorescent protein (GFP), and
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correlative electron microscopy confirmed that these fluores-
cent foci were single virions (results not shown).

We measured the infectivities of cell-attached HIV-1 follow-
ing spinoculation (4°C, 30 min, 188 X g) onto cultures pre-
treated with DEAE-dextran and a subsequent rinsing of the
cultures (Table 1) (8). We analyzed molecularly cloned iso-
lates, mostly R5 HIV-1; s, although comparisons were done
with RS HIV-1,, X4 HIV-1xg5, and HIV-1; 45. Virus
stocks were produced by transfection of 293T cells with a
subsequent expansion in JC.53 cells, followed by filtering virus-
containing supernatants and storing aliquots at —80°C. JC.53
cells were inoculated with these viruses, and virion-containing
media were harvested 2 days later, 5 h or 24 h after media had
been changed. Infectivities of adsorbed virions were surpris-
ingly high, especially those for HIV-1;;csr, which were
~0.42 = 0.09 focus-forming unit (FFU)/virion (n = 4). Virions
in 5-h harvests were generally more infectious than were viri-
ons that had accumulated in media for 24 h. HIV-1,,_,, HIV-
In1a3, and HIV-1,,x5; were significantly less infectious, but
even in those cases, titers were generally ~0.05 to 0.08 FFU/
virion. Notably, JC.53 cells express high concentrations of CD4
and CCRS that are optimal for RS viruses but contain only the
endogenous CXCR4 naturally present in HeLa cells (42). Con-
sequently, other cells might be more efficiently infected by X4
viruses. Although we stained the foci of infection 72 h after
warming the cultures to 37°C, which conceivably might have
allowed secondary infections to occur, this was not a problem,
because entry inhibitors added 20 h after warming did not
significantly reduce the numbers of infected foci (Table 1 and
Fig. 1B).

Because the experiments whose results are shown in Table 1
employed spinoculation onto cultures preincubated with §
pg/ml DEAE-dextran, we analyzed these treatments. Spinocu-
lation increased adsorption but did not significantly change the
infectivity per adsorbed virion (Fig. 1B). In striking contrast,
while DEAE-dextran enhanced the numbers of HIV-1,cgp
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FIG. 1. Immunofluorescent visualization of HIV-1 virions ad-
sorbed onto HeLa-CD4/CCRS5 (clone JC.53) cells and effects of
DEAE-dextran and spinoculation on virion infectivity. (A) HIV-1 cell
surface visualization. The upper left panel shows a representative large
field image of cells containing adsorbed HIV-1y; 4.5. The upper right
panel shows control cells lacking adsorbed virions. The lower left panel
shows a higher-magnification image of two cells containing adsorbed
virions. The lower right panel is a replicate culture at the same mag-
nification that was stained without extracting the lipids. The inset
shows the effect of virus dilution on the numbers of fluorescent parti-
cles counted on the cells. The number of virions/cell was directly
proportional to the concentration of HIV-1y, 4 5. Fifty to 100 cells were
counted per dilution to obtain the average number of adsorbed virions
per cell; error bars represent the standard error of the mean (SEM).
(B) DEAE-dextran and spinoculation effects on HIV-1 infectivity.
Replicate cultures of target JC.53 cells were pretreated with 8 pg/ml
DEAE-dextran by incubation at 37°C for 20 min, followed by rinsing in
medium lacking DEAE, or were pretreated with medium alone and
then spinoculated with HIV-1;zcgp or incubated with virus without
centrifugation. One set of cultures was used to determine the number
of virions per cell. Other duplicate sets of cultures, one of which was
treated with an inhibitory dose of TAK779 20 h after virus incubation,
were used to determine virus titers. The small differences in infectivity/
adsorbed virion values in cultures subjected to TAK779 were not
significant or reproducible (e.g., see Table 1). Differences in infectivity/
virion values compared to those in Table 1 reflect the fact that these
experiments were performed independently, using different virus prep-
arations and different thawed JC.53 cell aliquots as targets. Averages
of the results for two independent experiments are shown, and error
bars represent the range. The different infection conditions resulted in
the following numbers of virions adsorbed to cells: + DEAE/+spin,
7.9 * 0.70; +DEAE/—spin, 2.7 = 0.10; —DEAE/+spin, 5.4 = 0.30;
—DEAE/—spin, 0.81 = 0.060.

that were present on the briefly rinsed cultures ~0.5- to 3-fold,
suggesting that it made the virions “stickier,” its major effect
was to increase the infectivities of cell-associated virions ~20-
to 30-fold (Fig. 1B).

This suggested that DEAE-dextran moderately increased
initial virus attachment or stabilized it during the brief rinsing
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that preceded further analyses. Additionally, it greatly en-
hanced the postattachment efficiency of infection. To analyze
this, we spinoculated HIV-1,;~sr onto HeLa-CD4/CCRS
(clone JC.53), HeLa-CD4 (clone HI-J), and control HeLa cells
in the presence or absence of DEAE-dextran and counted
cell-associated virions after briefly rinsing away unadsorbed
virions and warming to 37°C. With all three cell clones, the
virions remained visible much longer when DEAE-dextran was
present (Table 2). Rapid loss of virions from cells lacking
DEAE-dextran did not require CD4 or CCRS, suggesting that
it was not caused by viral fusion with cell membranes followed
by dispersal of virion cores in the cytosol. Moreover, neither
the extent of initial attachment nor the rate of virion loss was
significantly affected by CD4 or CCRS, consistent with previ-
ous results (29, 32, 39). Virion loss was not caused principally
by endocytosis and lysosomal degradation, because the lysoso-
mal inhibitor chloroquine at a concentration that blocked deg-
radation of endocytosed gp120 (21) had no effect (results not
shown). Moreover, fluorescent foci were lost in an all-or-noth-
ing manner rather than by gradually diminishing in intensity.
We conclude that DEAE-dextran does not influence initial
HIV-1 attachment onto cells but strongly stabilizes adsorption.
Shedding of cell-attached retrovirions was also recently dem-
onstrated by other methods (3, 10, 31, 37).

Although virions dissociated rapidly in the absence of DEAE-
dextran and were almost entirely gone after ~30 min at 37°C
(Table 2), a small fraction became stably adherent and re-
mained affixed for at least 2 h. This implies that the virions
attach onto cells lacking polycations with diverse affinities and
that a small proportion eventually becomes stably bound in a
manner independent of CD4 or CCRS.

These results substantiate evidence that infectivities of cell-
associated HIV-1 depend on kinetic competition between suc-
cessful entry and process(es) causing viral inactivation (22, 40,
41) and demonstrate that dissociation is the predominant com-
peting process in cultures lacking polycations. Because virion
diffusion is severely limiting in culture conditions, dissociated
virions would be unlikely to encounter another cell before
spontaneously inactivating in the medium (1, 9, 19, 34). More-

TABLE 1. Infectivities of adsorbed HIV-1 virions

Virus Condition(s)” Infection/virion”
JRCSF (n = 4) 5h 0.42 = 0.090
24 h 0.27 £ 0.034
NL4-3 (n = 2) 5h 0.071 = 0.0095
HXB3 (n = 2) 5h 0.083 = 0.0090
YU2 Expt 1, 5 h, —-TAK 0.033
Expt 1, 5 h, +TAK 0.039
Expt 2, 5 h, —-TAK 0.063
Expt 2, 5 h, +TAK 0.083

“Target cells were spinoculated with virus preparations that had been
harvested 5 h or 24 h after medium had been changed on producer cells. For
YU2, duplicate cultures were treated 20 h after initiation of infection with
(+) or without (—) addition of a completely inhibitory 15 pM TAK779
concentration. Expt, experiment.

b Virions were counted after spinoculating concentrated virions onto cells.
Appropriately diluted samples were spinoculated onto other cultures for focal
infectivity assays as described previously (8). This dilution approach was vali-
dated in the inset shown in Fig. 1. Infection/virion values were then obtained by
normalizing infections/cell values obtained from virus titers by virions/cell values
obtained by counting immunofluorescently stained virus particles adsorbed onto
cells.
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over, the large titer enhancements caused by polycations
(Fig. 1B) and other adherence factors (2, 11, 15, 44) suggest
that nearly all virions enter slowly compared to dissociation
(40, 43).

We tested these kinetic interpretations by measuring rates of
HIV-1,rcsp entry by using the CCRS antagonist TAK779 to
inactivate virions that had not completed the CCR5-dependent
steps of entry (40, 41). There were two kinetic phases, with
some virions entering rapidly within the ~30- to 60-min period
required for loosely adherent virions to dissociate and with
others entering slowly, taking ~1 to 20 h (Fig. 2A). In the
absence of polycations, approximately half the infections oc-
curred rapidly in competition with dissociation, and the re-
mainder were caused by the small number of stably adsorbed
virions that entered leisurely. In contrast, polycations stably
affixed all virions and greatly increased the number of virions
that were able to enter slowly.

TAK779 lowers the effective CCRS concentration and
thereby slows HIV-1 entry (40). Accordingly, DEAE-dextran
and polybrene substantially reduced inhibition of HIV-1,;csp
by TAK779 (Fig. 2B and C). The TAK779 inhibition curves
reproducibly had a biphasic shape, especially in the absence of
polycations. This is compatible with our evidence that there are
two categories of virions that infect JC.53 cells lacking polyca-
tions, one that is loosely bound and infects in competition with
dissociation and a second that is stably adsorbed and infects
more leisurely (Fig. 2A and Table 2). Low concentrations of
TAKT779 slow entry slightly and preferentially inactivate virions
that infect in competition with dissociation, whereas the stably
adsorbed virions are less inhibited because they remain on the
cells. Consequently, the = polycation curves are shifted ~10-
fold along the concentration axis at low TAK779 concentra-
tions, whereas they converge at higher concentrations. These
interpretations were supported by using diverse inhibitors that
slow entry and by using HeLa-CD4/CCRS5 cells with a limiting
amount of CCRS that are infected slowly (results not shown).

Presumably, the infectious virions that remain stably at-
tached to cells and sensitive to TAK779 after 60 min (Table 2
and Fig. 2A) might occur in endosomes. Indeed, TAK779 has
been reported to penetrate membranes (28). However, we
found that blocking endocytosis with dynasore (27) did not
alter virion adherence (results not shown). Moreover, the ki-
netics of HIV-1;; s escape from TAK779 and from the mem-
brane-impermeable peptide inhibitors T-20 and C34 that bind
irreversibly to a three-stranded coil (3SC) intermediate in the
gp41 refolding pathway (14) were not significantly different
(Fig. 2D and E). No infections occurred when the inhibitors
were present throughout the incubations, implying that viable
virions all form 3SCs on cell surfaces. Virions sensitive to
TAK779 after ~60 min were also sensitive to T-20 and C34,
confirming their presence on cell surfaces (Fig. 2D and E).
Thus, infectious HIV-1 virions form 3SCs and can remain on
cell surfaces for many hours before completing entry in a slow
stochastic manner. Although these data are compatible with
recent evidence that the final stage of HIV-1 entry may occur
in endosomes (31), we believe that the presumptive endocyto-
sis rate inferred in that work may have been substantially
overestimated due to an absence of polycations and analysis
only of virions that completed entry within 90 min.

In contrast to suggestions that polycations enhance titers of

N.D.

—DEAE-dextran
11 = 0.66
N.D
2.0 +0.25

HelLa

+DEAE-dextran
N.D
31+1.7

13 = 0.68
N.D

N.D.

—DEAE-dextran
3.9 +0.38

Average no. of virions per cell = SEM*
HI-J

N.D.
N.D.
6+ 1.7

TABLE 2. Effect of DEAE-dextran on stability of HIV-1 adsorption
+DEAE-dextran

—DEAE-dextran
16 1.3
7.2 +0.43
6.2 = 0.48
3.2+ 041

JC.53

+DEAE-dextran”
18 = 1.1
24 +1.2
19+13
23+1.3

b The target cells were treated with (+ DEAE-dextran) or without (—DEAE-dextran) 8 wg/ml DEAE-dextran prior to spinoculation. After spinoculation, cells were incubated at 37°C for the indicated times and then

“ HIV-1yg csp virions were adsorbed by spinoculation onto JC.53 cells, or HeLa cells expressing CD4, but not CCRS5 (HI-J), or HeLa cells that lack CD4 and CCRS. N.D., not done.
fixed and processed for anti-p24 immunofluorescence.
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FIG. 2. Effects of polycations on HIV-1 infection kinetics and on sensitivity to inhibition by the CCRS5 antagonist TAK779. (A) HIV-1 infection
time course in the absence and presence of DEAE-dextran. Viruses were pelleted by spinoculation at 4°C onto JC.53 cell cultures pretreated with
media that lacked or contained 8 pg/ml DEAE-dextran, followed by washing and warming at 37°C. At 0, 15, 30, 60, 120, 180, 240, and 1,200 min,
TAK779 was added to yield a completely inhibitory concentration. Foci of infection were stained 72 h after the initial 0-h time point. The inset
shows an expanded plot of the same data that includes only the 0- to 240-min time points. The averages of the results for two experiments
performed in triplicate are shown. Error bars represent the range. (B and C) Effects of polycations on HIV-1 TAK779 sensitivity. Cells were
pretreated with 8 pg/ml DEAE-dextran (B), 8 pg/ml polybrene (C), or medium lacking polycations, and then infected in the absence or presence
of serial 5-fold dilutions of TAK779. Virus titers measured at each TAK779 concentration were normalized to titers in the absence of TAK779
(fraction infectivity remaining) and were plotted versus TAK779 concentrations. The averages of the results for three to four experiments
performed in quadruplicate are shown. Error bars represent the SEM. (D and E) Kinetics of HIV-1;sp escape from TAK779 and T-20. Viruses
were pelleted by spinoculation at 4°C onto JC.53 cell cultures pretreated with medium that lacked or contained 8 wg/ml DEAE-dextran, followed
by washing and warming at 37°C. At 0, 10, 20, 40, 60, 120, 180, 240, and 300 min, TAK779 or T-20 was added to yield a completely inhibitory
concentration. Virus titers were normalized to the final 300-min time point (relative infectivity) and plotted versus the times of inhibitor addition.
The averages of the results for three experiments with two to six replicates per experiment are shown. Error bars represent the SEM. At the
300-min time point, virus titers in the absence of DEAE-dextran were approximately 10-fold lower than they were in the presence of DEAE-
dextran.
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