Cell surface CCR5 density determines the postentry
efficiency of R5 HIV-1 infection
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We have recently reported that the mean number of CCR5 corecep-
tors at the surface of CD4* T cells (CCR5 density) correlates with viral
load and disease progression in HIV-1-infected persons. Here, we
definitively establish that CCR5 density determines the level of virus
production and identify the stages of HIV-1 replicative cycle modu-
lated by this effect. We show, by transducing the CCR5 gene into
CCR5* cells, that CCR5 overexpression resulted in an HIV-1 overin-
fectability. We sorted HOS-CD4+-CCR5* cells into two subpopula-
tions, HOShigh and HOS'°w, the former expressing seven times more
cell surface CCR5 molecules than the latter. Virus production was
30-80 times higher in HOSigh cells than in HOS'°W cells after a single
round of infection. In contrast, only twice as many viral particles
entered the cytosol of HOShigh cells as compared with the cytosol of
HOS'°w cells. Yet, seven times as many early, and 24 times as many
late, reverse transcription products were found in HOShigh cells as
compared with HOS'°W cells. Moreover, a 24- to 30-fold difference in
the number of copies of integrated HIV-1 DNA was observed. No
difference in HIV-1 LTR activation between the two cell lines was
evident. Finally, we show that the higher virus production observed
in HOShigh cells is inhibited by pertussis toxin, a Gai protein inhibitor.
Thus, CCR5 density mainly modulates postentry steps of the virus life
cycle, particularly the reverse transcription. These data explain why
CCR5 density influences HIV-1 disease progression and underline the
therapeutic interest of lowering CCR5 expression.
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here is a large interindividual variability in viral load among

HIV-1-infected persons. As HIV RNA plasma level is a
major predictive indicator of bioclinical outcome (1), it is
important to identify the host factors responsible for this vari-
ability. The C-C chemokine receptor CCRS plays a key role
during HIV-1 infection. It is used in addition to CD4 as a
coreceptor by HIV-1 strains isolated from the blood of infected
persons from the beginning of the infection at least until AIDS
develops (2). The importance of CCRS in the physiopathology
of HI'V-1 infection is illustrated by the effect of a 32-bp deletion
in the CCRS gene, resulting in a mutant gene, A32CCRS,
encoding a truncated CCRS molecule that is not expressed at the
cell surface. Homozygotes for this A32 deletion are usually
resistant to the infection, and heterozygotes progress slowly in
the infection (3, 4). We have recently shown that one of the
factors determining the level of viral load in HIV-1-infected
persons is the density of CCRS coreceptors at the single CD4*
T cell level (5). Thus, persons exhibiting high CCRS expression
exhibit high viral loads and persons exhibiting low CCRS ex-
pression exhibit low viral loads. Interestingly, the correlation
between CCRS expression and viremia is logarithmic, a small
difference in CCRS5 density resulting in a marked difference in
HIV RNA plasma levels. As a consequence, we have also
established that in infected persons CCRS cell surface density
correlates with disease progression (6). The aim of the present
study was to analyze the molecular mechanisms responsible for
this correlation. In vitro, CCRS cell surface density has already
been involved in the infectability and/or productivity of mac-
rophages (7-9), thymocytes (10, 11), and cell lines (12). By
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contrast, Vicenzi et al. (13) have shown similar RS replication in
Th1 and Th2 cell lines, although these cell lines express different
CCRS cell surface densities. The mechanisms accounting for the
correlation between CCRS cell surface density and HIV infect-
ability, and particularly the reasons for its logarithmic nature,
have not been addressed. The simplest explanation would be that
CCRS density determines viral entry. Here, we show that the
facilitation of viral entry is in fact a minor effect of high CCRS
expression, whereas a major effect is exerted postentry.

Materials and Methods

Cells. HOS-CD4*-CCR5™ cells (AIDS Reagent Program, Rock-
ville, MD) and simian virus 40 T antigen-transformed human
embryonic kidney 293T cells (Genethon) were grown in DMEM
supplemented with 10% FCS and antibiotics.

Flow Cytometry. For antibody staining, 10° cells were incubated with
the anti-CCRS mAb 2D7 (PharMingen), the anti-CD4 mAb 13B8-2
(Beckman Coulter), or an isotype control (Beckman Coulter) for
1 h on ice at final concentration of 10 pug/ml. After washing, cells
were incubated with a 1:50 dilution of FITC-conjugated F(ab’),
fragment goat anti-mouse IgG (H+L, Jackson ImmunoResearch)
for 1 h on ice. Cells were then washed, fixed in paraformaldehyde,
and analyzed on a FACSCalibur flow cytometer (Becton Dickin-
son). For quantitative determination of the mean number of CCRS
molecules at the surface of each CD4* T cell, fluorescence intensity
was converted into antibody-binding capacity by using populations
of standard microbeads coated with different quantities of mAb
molecules (Dako QIFIKIT) as described (5).

Vector Construction. The BamHI-Xhol fragment of the pHR-
CMVlacZ plasmid (14) containing the lacZ gene was replaced with
the linker gatccgtcgacacgegtectaggactagtce, creating Sall and Spel
cloning sites 3’ of the cytomegalovirus promoter (plasmid pHR-
BX). The Notl site of pEGFP-N1 (CLONTECH) was destroyed by
a linker introducing an Spel site (plasmid pEGFP-N1S). The WT
CCRS gene and the A32CCR5 gene were obtained by PCR ampli-
fication of the cDNA with the oligomers 5'-CGTCGACTCTC-
CCCGGGTGGAACAA-3" and 5'-TGGATCCAAGCCCACAG-
ATATTTCCTGC-3" or 5'-TGGATCCCTGTATGGAAAATG-
AGAGCT-3', by using Expand High Fidelity polymerase (Roche
Molecular Biochemicals). The PCR products were cloned in
pGEMT-easy (Promega). The plasmids were sequenced, and as
only a silent mutation was detected at amino acid 163 (GGA for
GGQG) for CCRS, the Sall-BamHI fragments were cloned into
pEGFP-NI1S to generate the CCR5-EGFP (enhanced GFP) and
A32-EGFP fusion genes. These fusion genes were inserted into the
lentiviral vector pHR-BX after a Sall-Spel digestion (plasmids
Veccersecrp and VA32/EGFP)- We checked that the CCR5/EGFP
fusion protein was functional as an HIV-1 coreceptor by transduc-
ing CD4*CCRS5™ cells with Vcrs/egre and infecting them with an
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RS HIV-1 strain (data not shown). The Sa/I-Spel fragment from
pEGFP-NI1S was introduced into pHR-BX to generate the Vggrp
control vector.

Transduction. Four million 293T cells were plated into 75-cm?
flasks. To produce HIV vectors, VCCRS/EGFP, VASZ/EGFP, or
VEegrp were cotransfected with pMD.G, encoding the vesicular
stomatitis virus (VSV) envelope glycoprotein and the HIV
packaging plasmid p8.2 (14) by the calcium phosphate method.
Supernatants were collected at day 2 and concentrated 100 times
by ultracentrifugation at 17,000 rpm for 2 h. HOS"Y cells (8 X
10* per well) were plated in 24-well plates. They were transduced
with 300 ng of p24 equivalents of Vccrsecrp, Vasyecrp, OF
VEgrp virions in 8 ug/ml polybrene for 16 h. The cells were
amplified and controlled for CCR5/EGFP expression.

Infection Assays. HOS cells were plated in 24-well plates at 8§ X
10* cells per well. They were infected in duplicate with 2 ng of
p24 equivalent of the primary RS strain CON overnight, washed,
and cultured for 14 days. Virus production was monitored by
measuring p24 gag concentration in the cell supernatant by using
a commercial ELISA kit (Beckman).

One-Round Infection Assay. To produce replication-defective HIV
virions, 293T cells were cotransfected with the pNL4.3-env—-luc
(AIDS Reagent Program) plasmid on one hand, and with the
pCMV.ADS-Env plasmid encoding the RS envelope of HIV-1
prototype AD8 (15) or the pMD.G plasmid (14) at a molecular ratio
of 2:1 on the other hand. For the one-round infection assay, 8 X 10*
HOSPigh or HOS'Y cells were plated per well in a 24-well plate.
They were exposed to ADS8-pseudotyped or VSV-pseudotyped
defective virions for 18 h, washed, and cultured for 72 h. Luciferase
activity was measured by luminometry at the end of the culture, by
using the Luciferase Assay System (Promega). To study the effect
of pertussis toxin (PTX) on HIV-1 cell cycle, the toxin was added
to the cells 18 h before the infection and throughout the assay.

Viral Entry Assay. Ten million HOS cells in a 75-cm? flask were
exposed to an HIV-1 suspension (ADS8, NL4.3, or the primary
HIV-1 RS strain CON) containing 200 ng of p24 gag antigen in
culture medium. After 3 h at 37°C, cells were washed three times
in ice-cold Dulbecco’s PBS and treated for 10 min at 4°C with
1 ml of ice-cold DMEM containing pronase (7 mg/ml, Sigma).
Cells were washed once in DMEM supplemented with 10% FCS
and three times in ice-cold PBS to eliminate pronase and
resuspended in 2 ml of swelling buffer (10 mM Tris-HCL, pH 8/10
mM KCI/1 mM EDTA) for 15 min at 4°C. Cells were disrupted
by Dounce homogenization (15 strokes, 7-ml B pestles), and
nuclei and cell debris were pelleted by centrifugation (3,000 rpm
for 3 min). The resulting postnuclear extracts were ultracentri-
fuged at 60,000 rpm for 10 min at 4°C in a Beckman TL100
centrifuge. The supernatant representing the cytosolic fraction
was adjusted to 0.5% Triton X-100, while the pellet was resus-
pended in lysis buffer (20 mM Hepes/0.5% Triton X-100/150
mM NaCl) to obtain the vesicular fraction. The amount of p24
was measured in both fractions.

Real-Time PCR. Virions were treated with 100 units/ml RNase-
free DNase 1 h at 37°C with 10 mM MgCl,. HOS'* and HOShigh
cells were cultured at 10° cells per 100-mm dish and infected with
or without (first negative control) various quantities of virus in
3 ml of fresh medium under agitation at 37 or 4°C (second
negative control). Two hours later, cells were rinsed three times
with cold PBS, collected with a cell lifter, and centrifuged at
2,000 rpm to remove the cell supernatant. Cells were then
resuspended in lysis buffer (10 mM Tris, pH 8/0.5 mM EDTA/
0.0001% SDS/0.001% Triton/100 wg/ml Proteinase K), incu-
bated 3 h at 50°C and 10 min at 95°C, and frozen/thawed three
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times. Cellular debris were removed by centrifugation, and DNA
concentration was normalized by dilution in lysis buffer. DNA
was amplified with the oligomers 5'-GCTCTCTGGCTAAC-
TAGGGAAC-3" and 5'-TGACTAAAAGGGTCTGAGG-
GAT-3" (strong stop) or 5'-GCTCTCTGGCTAACTAGG-
GAAC-3" and 5-CTCTGGCTTTACTTTCGCTTTC-3" at
65°C in a LightCycler (Roche Diagnostics) with SYBR green
following the manufacturer’s recommendations. Amplified
products were analyzed by denaturation/renaturation to verify
the specific Tpn, analyzed on agarose gel and sequenced. Stan-
dard curve was established by analyzing serial dilution of a
positive control plasmid. The yield was ~1. The PCR cycle at
which the amplification signal entered the exponential range was
used to quantify the cellular DNA.

LTR Activation. HOS"g cells were seeded at 5 X 10° cells/well in
6-well plates. They were transfected with 2 pg/well of (Igk)3-
conaluc plasmid or HIV-1 LTR-luc by using the calcium-
phosphate method. (Igk)3-conaluc contains three copies of the
Ig k chain enhancer kB site upstream of the minimal conalbumin
promoter fused to the firefly luciferase reporter gene (16). The
TK-RL plasmid (Promega), encoding the Renilla luciferase re-
porter gene, was cotransfected in each well to normalize the
transfection efficiency. Two micrograms of pCMV-tat was co-
transfected with HIV-1 LTR-luc in one experimental group as
a positive control. Eighteen hours posttransfection, the culture
media were changed to fresh DMEM with 10% FCS. The
transfected cells were then treated with or without 100 ng/ml
tumor necrosis factor « in (Igk)3-conaluc-transfected cells or 100
ng p24 of Ada-M virus in both groups for 6 h. Luciferase activity
was then analyzed immediately after the treatment by using the
Dual luciferase assay kit (Promega).

Results

CCR5 Cell Surface Density Determines HIV-1 Production. To demon-
strate that CCRS cell surface density determines viral production,
we derived two cell sublines expressing different membrane CCRS
densities from a single cell line. For this purpose, we sorted
HOS-CD4"-CCR5* cells to obtain two sublines, HOSgh and
HOS'"*¥, that display a similar number of surface CD4 molecules but
different numbers of CCR5 molecules. Indeed, HOShg" cells
express seven times more CCRS, as illustrated in Fig. 1. When we
exposed both cell lines to the R5 HIV-1 strain ADS, we observed
that virus production was earlier and higher in HOS"e" cells than
in HOS™Y cells (Fig. 24). To definitively establish that the differ-
ence in CCRS5 density between both cell lines was responsible for
this difference in infectability, we prepared HI'V-1 vectors harbor-
ing the WT CCR5 gene fused to the EGFP gene (Vccrsecep) and
negative control HIV-1 vectors harboring either the A32-CCRS
mutant gene, encoding a nonfunctional coreceptor, fused to EGFP
(Vaszecrp), or the EGFP gene alone (Vegrp) as represented in Fig.
2B, and transduced them into HOS™ cells. CCR35 density at the
surface of Vccrsegrp-transduced HOSY cells was similar to
CCRS5 density at the surface of nontransduced HOSMe" cells. In
contrast, transduction of HOS™Y cells with Vas/egrp Or Vigr did
not modify their CCRS5 expression (data not shown). These differ-
ent cell lines were exposed to the HIV-1 strain ADS, and viral
production was monitored over time. Fig. 24 shows that the
increase in CCR5 expression in HOS' cells transduced with the
CCR5 gene resulted in an increase in the capacity of these cells to
produce virions. On the other hand, HOS'®¥ cells transduced with
the negative control vectors Vasyecrp and Vegrp displayed no
increase in their viral productivity, which remained below 2.5 and
5 ng of p24 antigen per ml, respectively. Thus, the level of CCRS
expression at the surface of a target cell determines its potential for
HIV-1 production.
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Fig. 1. CCR5 (A and B) and CD4 (C and D) expression on HOS'*Y (A and C)

and HOSMigh (B and D) cells. Cells were exposed to an anti-CCR5 or anti-CD4
antibody (full line) or to a negative control antibody (dotted line), labeled
with an FITC-conjugated anti-mouse Ig probe, and analyzed by flow
cytometry.

CCR5 Cell Surface Density Determines the Efficiency of HIV-1 Infection
at a Postentry Step. Next, we analyzed the stages of the HIV-1 life
cycle that may be modulated by CCRS5 density. First, we wanted to
determine the effect of membrane CCRS5 density on viral produc-
tion after a single round of infection. For this purpose, we exposed
HOSPigh and HOS'"¥ cells to defective virions obtained by cotrans-
fecting 293T cells with a plasmid encoding the R5 envelope of ADS
and another plasmid containing the entire HIV-1 genome deleted
in the envelope gene and harboring a luciferase reporter gene fused
to nef. Fig. 34 shows that after a single replication cycle the amount
of virus produced, as evaluated by measuring luciferase activity, is
30-80 times lower in HOS'Y cells than in HOS"&h cells. We also
compared the efficiency of one round of infection in HOSh" and
HOS!Y cells with Aenv-defective viruses containing the luciferase
gene as described above, pseudotyped with the G protein of the
VSV. Contrary to ADS8-enveloped virions, G protein-enveloped
virions were as infectious in HOS'¥ cells as in HOSPgh cells. This
finding was observed either by using the same viral inocula (Fig. 3B)
or 150-fold lower viral inocula (Fig. 3C) to normalize viral copy
number entering the cells, because HIV entry was 150-fold more
efficient with a G protein envelope as compared with an R5
envelope (data not shown). Thus, the difference in the infectability
of HOS™ and HOSMg" cells with RS viruses is R5 envelope-
dependent. The simplest hypothesis to account for this phenome-
non is that high CCRS density facilitates virus entry, and thereby
virus production. To test this hypothesis, we measured the quantity
of viral particles that productively entered HOS'Y and HOShigh
cells after 3 h of exposure to the virus. Maréchal et al. (17) have
shown that cytosolic uptake leads to productive infection, whereas
a nonspecific vesicular uptake of HIV-1 particles is a dead end.
Therefore, we measured the cytosolic and endosomic uptake of p24
from the RS HIV-1 strain ADS in both cell lines. Table 1 shows a
representative experiment where 40 and 78 pg of AD8 p24 entered
the cytosol of HOS'*% and HOSg" cells, respectively. In contrast,
the amount of p24 found in the nonproductive vesicular pathway
was roughly the same (163 and 191 pg of p24, respectively). The
same result was obtained with the primary RS strain CON with a
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Fig. 2. (A) Effect of CCR5 overexpression on HIV-1 R5 production. HOShigh
cells (»), HOS'*W cells either nontransduced () or transduced with Vccrs/egrp
(®), Vazzearp (O), or Vegrp (m), were exposed to the HIV-1 R5 strain AD8 and
cultured. Infection was monitored by measuring p24 concentration in the cell
supernatant. (B) Structure of the HIV-1 vectors used for gene transfer.

50% reduction in the amount of p24 found in the cytosol of HOS"Y
cells as compared with the cytosol of HOSMe" cells. As a negative
control we used the X4 strain NL4-3 that exclusively entered the
vesicular pathway. Preincubation with the anti-CCR5 mAb 2D7,
which maps at the gp20 binding site, inhibited cytosol uptake (data
not shown). Fig. 4 shows a dose-dependent experiment with the RS
HIV-1 strain Ada-M. The amount of virus entering the cytosol of
HOS cells increased linearly with viral input, and the difference in
efficiency between the entry in HOSeh and HOS™Y cells (twice to
thrice) remained constant. Thus, the ratio between the productive
entry of R5 HIV-1 strains into HOS'Y cells and HOSM¢" cells is
only 1:2 to 1:3 and cannot account for the 1:30 to 1:80 ratio between
the viral production of HOS'* cells and HOSMeh cells observed
after a single round of replication.

CCR5 Cell Surface Density Influences the Efficiency of Early Postentry
Stages of HIV-1 Replicative Cycle. Our data suggest that CCRS5 cell
surface density influences postentry stages of the HIV replicative
cycle. Therefore, we compared the efficiency of HIV-1 RNA
reverse transcription, HIV-1 DNA integration, and LTR activation
in HOS" and HOS"Me" cells exposed to Aenv-defective viruses
containing the luciferase gene. First, we quantified the amount of
early products of reverse transcription in HOS cells after 3 h of
exposure to the virus by quantitative PCR, by using LTR R/U5
primers. We detected six to eight times as many early reverse
transcripts in HOSPigh cells as compared with HOS™Y cells at
various viral inputs (Fig. 5). Thus, the difference in early reverse
transcription efficiency between HOS'% and HOSPgh cells is higher
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Fig. 3. Efficiency of one round of HIV-1 R5 infection correlates with CCR5
density on the target cell. HOS'*" (m) and HOShi9" (@) cells were exposed to
env-defective HIV-1 R5 virus harboring the /uciferase marker gene and
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Fig. 4. Efficiency of HIV-1 R5 entry into HOS'*¥ (m) and HOShis" (@) cells.
HOS'ow and HOShigh cells were exposed to various amounts of R5 HIV-1 strains
for 3 h. Cytosolic and endosomic fractions were then prepared, and p24
concentration was measured in each fraction.

than the difference in the amount of virions that entered the
cytosol, suggesting that cell surface CCRS5 density modulated early
reverse transcription efficiency. We also measured the amount of
late products of reverse transcription in HOS cells 48 h after
exposure to the virus, by using LTR and gag primers. We detected
21-26 times as many late reverse transcripts in HOSMe" cells as
compared with HOS'¥ cells. A representative experiment is shown
in Table 2. Second, we measured with the LTR R/US primers the
number of HIV-1 DNA copies in HOS cells 15 days after viral
exposure, a stage at which all HIV-1 DNA copies are integrated
(18). In independent experiments, we observed a 1:24 to 1:30 ratio
between the number of HIV-1 DNA copies integrated in HOS"Y
cells and the number of HIV-1 DNA copies integrated in HOSPigh
cells. One of these experiments is represented in Table 2. In this
experiment, virus production was also evaluated at day 15 by
measuring luciferase activity. The ratio between virus production in
HOS" " cells and virus production in HOS" cells was 1:33. Thus,
the difference in HIV-1 DNA integration (1:24) accounted almost
entirely for the difference in virus production (1:33). Consequently,
cell surface CCRS density appeared to modulate HIV production
mostly by interfering with early stages of the virus replicative cycle,
rather than with late stages of the virus replicative cycle, including
LTR activation. To confirm this observation, we looked for a
potential effect of virus binding to the target cell on LTR activation.
As NF-«B plays a key role in LTR activation, we first tested the
hypothesis that virus-cell interaction could modulate NF-kB-
mediated gene activation in the course of the virus life cycle. For
this purpose, we transfected HOSPgh cells with the luciferase marker
gene driven by three NF-«B sites upstream of a minimal conalbu-
min promoter and analyzed the effect of HIV-1 RS exposure on the
marker gene expression. As a positive control, we used tumor
necrosis factor a exposure. Fig. 64 shows that tumor necrosis factor
a, but not virus exposure, induced NF-«kB-dependent luciferase
gene expression. Because additional factors are involved in LTR
activation, apart from NF-«kB, we repeated the experiment with the

Table 1. Correlation between HIV-1 R5 entry and CCR5 density on the target cell surface

Endosomic p24,

Cytosolic p24, Cytosolic fraction,

Virus Cell pg/mi pg/ml %
CON (primary R5) HOShigh 3,750 1,140 23
HOSlow 4,895 555 10
ADS8 (laboratory R5) HQOShigh 191 78 29
HQSlow 163 40 20
NL4-3 (laboratory X4) HOShigh 386 0 0
HQSlow 380 0 0

HOS'*w and HOShigh cells were exposed to R5 or X4 HIV-1 strains for 3 h. Cytosolic and endosomic fractions were
then prepared, and p24 concentration was measured in each fraction. Comparable results were obtained in three

independent experiments.
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Fig. 5. Efficiency of HIV-1 R5 early reverse transcription in HOS!°W (m) and
HOShigh (@) cells. HOS'" and HOShigh cells were exposed to various amounts of
HIV-1 R5 for 3 h, and the quantity of early transcripts was determined by
quantitative PCR.

luciferase gene under the control of the HIV-1 LTR. A tat-
expressing plasmid was cotransfected as a positive control. Fig. 68
shows that virus exposure also had no effect on the LTR-driven
marker gene expression.

CCR5 Signaling Modulates the HIV-1 Replicative Cycle. Finally, we
tested the hypothesis that the facilitation of postentry steps of
HIV replicative cycle at high cell surface CCRS5 densities could
be mediated by CCRS signaling, secondary to the binding of the
virus to its coreceptor. For this purpose, we analyzed the
antiviral effects of various inhibitors of activation pathways
potentially involved in CCRS signaling, screening for compounds
able to inhibit the infection of WT RS virions ADS8 but not of
VSV-G pseudotyped virions in HOSheb cells. Among the various
inhibitors tested (wortmannin and LY294002, phosphatidylino-
sitol 3-kinase inhibitors; SB203580, p38-mitogen-activated pro-
tein kinase inhibitor; lovastatin, isoprenylation inhibitor;
genistein, tyrosine kinase inhibitor; okadaic acid, phosphatases
1A and 1B inhibitor; HA1004 and H7, phosphokinases inhibi-
tors; and PTX, Gai protein inhibitor), only PTX induced a
dose-dependent reduction of ADS infection without reducing
the infection by VSV-G pseudotyped viruses (Fig. 74). In
contrast, the other inhibitors tested, such as herbimycin A, a
tyrosine kinase inhibitor, had no effect (Fig. 7B).

Discussion

In the present study, we provide evidence that cell surface CCRS
density determines HI'V-1 production. Various authors, but not
all of them (13), had correlated CCRS expression in vitro (12)
and ex vivo (7-9, 19) with HIV-1 infectability, but the causality
was not demonstrated. Interestingly, in our study a moderate
difference in CCRS5 density (1:7) resulted in a strong difference
in the amount of virus produced after a single round of repli-
cation (1:30 to 1:80). This observation is consistent with the data
reported by Platt et al. (12) that below 20,000 CCR5 molecules

NFKkB induction (fold)

HOS"# cells HOS" cells

o

60
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HOS"# cells HOS™ cells

Fig. 6. Effect of exposure of HOS'°% and HOShig" cells to HIV-1 R5 on LTR
expression. (A) HOS'*" and HOSh9h cells were transfected with a Juciferase gene
driven by a minimal promoter containing three NF-«B boxes, and exposed or not
(empty bars) to 100 ng/ml tumor necrosis factor « (filled bars), or to 100 ng of p24
of the Ada-M strain (hashed bars). (B) HOS!*" and HOShigh cells were transfected
with an HIV-1 LTR-driven luciferase gene and exposed or not (empty bars) to 100
ng of p24 of the Ada-M strain (hatched bars); as a positive control, cells were
cotransfected with a tat-expressing plasmid (filled bars). Luciferase activity was
measured, and the induction of gene expression was calculated.

per cell the correlation between CCRS expression and cell
infectability is logarithmic. Moreover, this result explains the
logarithmic link we previously established in HIV-1-infected
persons between CCRS5 density on one hand and viral load (5)
or disease progression (6) on the other hand.

The simplest explanation for this phenomenon would have been
that CCRS density determined cell infectability by facilitating virus
entry. We show here that the difference in CCRS5 density results in
a small difference in virus entry that cannot account for the strong

Table 2. Efficiency of HIV-1 R5 reverse transcription and integration in HOS'*W and

HOShigh cells

Late transcripts day 2,

Integration day 15,

Virus production day 15,
arbitrary units of

Cells copies/ 106 cells copies/ 106 cells luciferase activity
HOSlow 238 + 65 189 = 133 3,154 = 1,276
HOShigh 6,292 + 1,879 4,464 + 997 103,220 *+ 24,043
HOShigh/HOS'ow 26 =7 24 =5 337

HOS'*w and HOSMigh cells were exposed to 500 ng of p24 of env-defective HIV-1R5 virus harboring the luciferase
marker gene and analyzed at different times. The number of late transcripts was determined by LTR-gag
quantitative PCR at day 2. The number of integrated proviral DNA copies was determined by LTR-LTR quantitative
PCR at day 15. Virus production was also quantitated at day 15 by measuring luciferase activity.
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Fig.7. PTXreduces the efficiency of a single round of R5-enveloped, but not

VSV-pseudotyped, HIV-1 virions. HOSig" cells treated with PTX (A) or herbi-
mycin A (B) were exposed to R5-enveloped (m) or VSV-pseudotyped (®)
env-defective HIV-1 R5 virions harboring the luciferase marker gene, and
luciferase activity was measured in cell lysates 72 h later. Comparable results
were obtained in other experiments (n = 4).

difference in virus production observed. Moreover, the fact that the
differential between early reverse transcription efficiency (1:7) is
higher than the differential between entry (1:2 to 1:3) suggests that
CCRS density influences the efficiency of reverse transcription.
This observation is reinforced by the differential (1:21 to 1:26)
between late reverse transcription efficiency observed at day 2. Yet,
at day 2, reverse transcription and integration are mostly carried out
(18), and this differential may reflect differences in reverse tran-
scription as well as integration efficiency. Interestingly, the differ-
ence in the number of copies of virus DNA integrated in the
genome of HOS and HOSMe cells almost entirely accounts for
the difference in virus production observed. This finding is consis-
tent with the fact that we observed no effect of the exposure of the
cells to the virus on LTR activation. Therefore, CCRS density does
not seem to modulate HIV gene expression. Thus, CCRS5-
dependent virus-cell interaction seems to modulate HIV-1 entry,
reverse transcription, and possibly integration, but not HI'V-1 gene
expression.

Our observation that CCRS5 density influences a postentry step
of HIV-1 replicative cycle is consistent with previous reports. In
1993, Mori et al. (20) already noticed that the replication of the SIV
strain 239 in macrophages was restricted by env, although at a
postentry step. Likewise, the infection of human macrophages by
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X4 HIV-1 strains has been shown to be restricted at a postentry
level (21). Interestingly, Schmidtmayerova et al. (22) localized the
block at the reverse transcription stage. Moreover, Chackerian et al.
(23) reported that HIV-1 infection of macaques cells expressing
human CD4 was blocked at a preintegration level and that this block
was removed if the cells additionally expressed CCRS. Finally,
Fauci’s group (24) has shown a correlation between the capacities
of RS HIV-1 strains to signal through CCRS5 and replicate in
macrophages. They even showed that the productive infection of
macrophages by a low signaling RS strain can be rescued by
activating the macrophages with macrophage inflammatory
protein-1c. One explanation for theses observations might be that
the signaling induced by gp120-CCRS interaction (24-29) facilitates
various stages of the HI'V replicative cycle known to depend on the
state of cell activation, especially reverse transcription and integra-
tion. Recent reports by Alfano et al. (30, 31) are in agreement with
this hypothesis. Those authors showed that the B-oligomer of the
PTX specifically inhibits various stages of RS HIV-1 replication. A
signal induced by this B-oligomer was proposed by those authors to
be responsible for this effect, through heterogeneous desensitiza-
tion of CCRS. The reduction of HIV production by PTX we
observed in cells expressing high surface CCRS densities is an
argument for the involvement of Gai activation pathway in optimal
virus production.

The model we propose might explain why infection of mac-
rophages by some RS viruses is not productive. Furthermore, our
results might explain why persons exhibiting low CCRS densities,
including persons heterozygous for the A32 deletion in the CCRS
gene, exhibit low viral loads and progress slowly in the disease.
This study also emphasizes the potential interest of CCRS
density as a pronostic tool and strengthens the idea that lowering
this density may have a therapeutic relevance.
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