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Human immunodeficiency virus type 1 (HIV-1) infection of individuals carrying the two alleles of the
CCR5A32 mutation (CCR57/7) has rarely been reported, but how the virus overcomes the CCR5A32 protective
effect in these cases has not been delineated. We have investigated this in 6 infected (HIV*) and 25 HIV™
CCR57/~ individuals. CD4* T lymphocytes isolated from HIV™ CCR5™~/~ peripheral blood mononuclear cells
(PBMCs) showed lower levels of CXCR4 expression that correlated with lower X4 Env-mediated fusion.
Endogenous CCR5A32 protein was detected in all HIV™ CCR5~'~ PBMC samples (z = 25) but not in four of
six unrelated HIV* CCR5~/~ PBMC samples. Low levels were detected in another two HIV* CCR5~/~ PBMC
samples. The expression of adenovirus 5 (Ad5)-encoded CCR5A32 protein restored the protective effect in
PBMCs from three HIV* CCR5™/~ individuals but failed to restore the protective effect in PBMCs isolated
from another three HIV® CCR5 '~ individuals. In the latter samples, pulse-chase analyses demonstrated the
disappearance of endogenous Ad5-encoded CCR5A32 protein and the accumulation of Ad5-encoded CCR5
during the chase periods. PBMCs isolated from CCR5~'~ individuals showed resistance to primary X4 but
were readily infected by a lab-adapted X4 strain. Low levels of Ad5-encoded CCR5A32 protein conferred
resistance to primary X4 but not to lab-adapted X4 virus. These data provide strong support for the hypothesis

that the CCR5A32 protein actively confers resistance to HIV-1 in vivo and suggest that the loss or reduction

of CCR5A32 protein expression may account for HIV-1 infection of CCR5™

/= individuals. The results also

suggest that other cellular or virally induced factors may be involved in the stability of CCR5A32 protein.

Infection by human immunodeficiency virus type 1 (HIV-1)
occurs by the binding of the viral envelope protein gp120 to
two proteins on the surfaces of target cells, CD4 and a co-
receptor. The coreceptor is almost always a chemokine recep-
tor, typically either CCRS or CXCR4 (4, 14, 17-20). CCRS and
CXCR4 belong to a large family of seven transmembrane
G-protein-coupled receptors. These receptors are character-
ized by the presence of seven transmembrane domains, four
extracellular domains, and four intracellular domains. HIV-1
strains are classified (8) into three major groups based on their
coreceptor usage: RS (CCRS5-tropic), X4 (CXCR4-tropic), and
R5/X4 (able to use either CCRS5 or CXCR4).

A naturally occurring 32-bp deletion in the human CCR5
gene is highly associated with resistance to HIV-1 infection
(11, 16, 18, 19, 40). CCR5A32 encodes a truncated protein that
is not detected on the cell surface and, therefore, is not func-
tional as a coreceptor (11, 16, 18, 19, 40). CCR5A32 is common
among Caucasians (~10% allele frequency in North America)
but is absent in native African and Asian populations (11, 16,
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18, 40). Approximately 1% of Caucasians are homozygous for
the mutant CCR5A32 allele (30).

The majority of individuals carrying the two alleles of the
CCR5A32 mutation (CCR5 /") are highly protected against
HIV-1 infection (reviewed in reference 34). Individuals who
are heterozygous for the mutant allele (CCR5" ") are not
protected against infection, but once infected, their progres-
sion to AIDS is delayed (11, 16, 18, 31, 38, 40), indicating that
partial resistance can occur in the presence of a single copy of
CCR5A32. In rare cases, CCR5A32 homozygosity was associ-
ated with HIV-1 infection (6, 9, 23, 29, 32, 35, 37, 38) but, in
these cases, the mechanism of infection has not been defined.
In most cases, exclusive use of CXCR4 by virus isolates or the
presence of env sequences typical of X4 viruses was observed.
The isolation of dual-tropic (R5/X4) HIV-1 from infected in-
dividuals homozygous for the CCR5A32 allele has also been
reported (23, 24, 33).

Our previous work suggested that HIV resistance in CCR5A32
homozygotes may result from both genetic loss of CCRS on the
cell surface and active downregulation of CXCR4 expression by
the mutant CCR5A32 protein. We and others have demonstrated
that the CCR5A32 protein may form heterodimers with wild-type
CCRS and CXCR4 which are retained in the endoplasmic retic-
ulum and result in reduced cell surface expression of the core-
ceptors (2, 7, 12, 39). We have previously demonstrated
the absence of detectable CCRS5A32 protein in two infected
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TABLE 1. List of PBMC samples used in this study”

PBMC sample CCRS genotype HIV status Route of transmission Virus isolated CD4” counts Reference
Patient 1 —/= HIV™ Homosexual activity R5/X4 440 33

Shep 164 —/— HIV* Homosexual activity X4 221 37
SEROCO 1 —/= HIV™ Homosexual activity ND 170 This study
SEROCO 2 —/— HIV* Homosexual activity X4 60 38
SEROCO 3 —/= HIV™ Homosexual activity ND 486 This study
MACS 1 —/— HIV* Homosexual activity R5/X4 525 23

MACS 2-26 =/- HIV™ NA NA NA MACS
MACS 27-47 +/— HIV™ NA NA NA MACS
Patient 2 =/- HIV™ NA NA 950 33

“ ND, not determined; NA, not applicable.
® CD4 counts at the time of sample collection.

CCR5 /™ individuals (2). Here, we have examined the mecha-
nism of the failure of the CCR5A32 protective genotype in six
HIV-infected CCR5 /" individuals. In particular, we have exam-
ined expression of the CCR5A32 and CXCR4 proteins in six
HIV* CCR5/~ individuals and analyzed the effect of providing
intracellular recombinant CCR5A32 protein on HIV-1 Env-me-
diated fusion and virus infection. The results suggest that the
expression and stability of the CCR5A32 protein are critical for
resistance to HIV-1 infection.

MATERIALS AND METHODS

Cells and viruses. All the cell lines used in the present study were purchased
from the American Type Culture Collection (Rockville, MD). The cells were
cultured in Dulbecco’s modified Eagle’s medium (DMEM) (Quality Biologicals,
Gaithersburg, MD) containing 10% fetal bovine serum (FBS) (HyClone, Logan,
UT), 2 mM L-glutamine, and antibiotics. Peripheral blood mononuclear cells
(PBMCs) from all donors were activated with phytohemagglutinin (PHA) (10
pg/ml) (Sigma Chemicals, St. Louis) for 3 days before any experiment. All HIV
viruses were obtained from the AIDS Reagent Program, NIAID.

PBMC samples. A list of the PBMC samples utilized in the present study is
summarized in Table 1. The clinical profile of patient 1 has been described
previously (9, 33). Patient 2 and patient 1 are two CCR5 /™ individuals. Patient
2 is uninfected, while patient 1 is infected and the mode of infection appears to
be via homosexual intercourse. The three HIV" SEROCO samples are all from
CCR5 ™/~ homozygous individuals who are homosexuals. Two of the SEROCO
samples have not been described previously. SEROCO sample 2 (SEROCO 2)
has been previously reported (38). The Shep 164 sample has been previously
documented (37) and examined in our previous study (2). The Multicenter AIDS
Cohort Study (MACS)-infected CCR5™/~ homozygous sample (identification
no. 20705) has been described previously (23). The other HIV™ CCR57/~,
CCR5*%/~, and CCR5*/* samples were obtained from MACS.

FACS analysis. Cells were washed twice in fluorescence-activated cell sorter
(FACS) buffer (supplemented with 0.5% FBS and 0.02% sodium azide), resus-
pended in 100 wl FACS buffer at 107/ml, and incubated with a 1:200 dilution of
monoclonal antibodies (purchased from Pharmingen, Inc., San Diego, CA)
raised against the different receptors (CD4, CCRS5, and CXCR4) at 4°C for 30
min. The cells were first stained with phycoerythrin (PE)-conjugated anti-CCR5
(catalog no. 556042), washed, restained with fluorescein isothiocyanate (FITC)-
conjugated anti-CD4 (catalog no. 555346), washed, and finally restained with
allophycocyanin (APC)-labeled anti-CXCR4 monoclonal antibodies (catalog no.
555976). Finally, cells were washed twice with phosphate-buffered saline (PBS),
resuspended in 500 pl ice-cold FACS buffer, and analyzed in a FACScan cytom-
eter (Becton Dickinson, San Jose, CA).

HIV-1 Env-mediated cell fusion. The basic features of the fusion assay were
developed by using the HIV-1 glycoprotein (Env)-CD4 interaction of two dif-
ferent populations of cells, one expressing CD4 and the other expressing the
HIV-Env (3). Target PBMCs (endogenous CD4) were infected with vCB-21R
(encoding LacZ under T7 promoter) or Ad5pT7-lacZ. HeLa cells coinfected
with vIF7-3 and one of the HIV-1 Envs served as effector cells. After mixing of
the effectors and target cell populations and incubation at 37°C for 2.5 h, fusion
specificity was measured by B-galactosidase production in a colorimetric lysate
assay as described previously (3).

Western blotting. Cell lines or PBMCs either uninfected or infected with
adenovirus type 5 (Ad5)/A32 were subjected to immunoblotting to verify the
expression of either endogenous or Ad5-encoded CCR5A32 protein. Cell lysates
were prepared, fractionated on 12.5% sodium dodecyl sulfate (SDS)-polyacryl-
amide gel electrophoresis gels, and immunoblotted onto polyvinylidene difluo-
ride membranes (Millipore). After blocking, the membranes were reacted with
the A32-specific antibodies at 1/100 dilution (2), washed, and incubated with
horseradish peroxidase-conjugated secondary antibodies. Protein bands were
detected by the addition of substrate.

Pulse-chase analysis. Pulse-chase experiments were performed with CCR5 ™/~
PBMCs to analyze the expression of endogenous and AdS-encoded CCR5A32
protein. For an analysis of expressed proteins, the CCR5~/~ PBMCs were infected
with AdSCCRS5 or Ad5 CCR5A32 at 30 PFU/cell and incubated for 48 h to allow
expression of the recombinant proteins. At the appropriate times after infection,
supernatant medium was removed and replaced, sequentially, with methionine-free/
cysteine-free DMEM without radiolabel for 30 min and methionine-free/cysteine-
free DMEM containing 200 wCi of [**S]methionine and 200 nCi of [**S]cysteine
(Amersham Corp.) for 30 min and cells were washed three times with complete
DMEM and then reincubated with standard methionine- and cysteine-containing
DMEM without radiolabel for 1 or 2 h. Following the chase period of 1 or 2 h, the
cells were lysed in radioimmunoprecipitation assay (RIPA) buffer (0.15 M sodium
chloride, 1% [wt/vol] deoxycholic acid, 1% [vol/vol] Triton X-100, 0.1% [wt/vol] SDS,
0.01 M Tris-hydrochloride, pH 7.4, 1 mM methionine, 1 mM cysteine, and 10 pg/ml
aprotinin containing 0.1% bovine serum albumin [BSA]). The cell lysates were
cleared from cell debris by centrifugation and then used for immunoprecipitation
with the appropriate antibody. The CCR5 protein was immunoprecipitated using
CTC-6 monoclonal antibodies purchased from R&D. The CCR5A32 protein was
immunoprecipitated by using a previously described polyclonal antibody raised
against the last 31 frameshift amino acids in the CCR5A32 protein (2).

Following incubation with the antibodies for 2 h on ice, the resulting immune
complexes were reacted with protein A-Sepharose beads (Pharmacia) at 4°C for
1 h and then washed three times with RIPA buffer containing 0.1% BSA and one
last time with RIPA buffer without BSA. The immunoprecipitated protein sam-
ples were suspended in electrophoresis sample buffer and heated for 1 min at
90°C before analysis by SDS-polyacrylamide gel electrophoresis. The gel was
then dried and exposed to an X-ray film.

Productive HIV-1 infection assays. PHA-activated PBMCs isolated from indi-
viduals with different CCRS genotypes were infected with either Ad5, AdS5/A32, or
Ad5/CCRS virus vectors at a multiplicity of infection (MOI) of 50 PFU/cell. Infected
PBMCs were incubated for 2 days to allow expression of recombinant proteins
(CCRS or CCR5A32 protein) and then infected with either IIIB (X4) or Ba-L (RS5).
The HIV-1 virus was adsorbed for 2 h, and cells were washed three times with PBS
and maintained in RPMI 1640 supplemented with 10% FBS and PHA plus inter-
leukin-2. Culture fluid (50 wl) was harvested after cell resuspension every 3 days and
replaced with fresh medium. The amount of p24 antigen in the cell-containing
supernatants was measured using an enzyme-linked immunosorbent assay (ELISA)
kit purchased from DuPont (Wilmington, DE).

RESULTS

CXCR4 surface expression correlates with X4 Env-mediated
cell fusion. To analyze cell surface expression of the HIV
coreceptors in PBMCs, we performed three-color staining
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FIG. 1. Analysis of coreceptor expression and Env-mediated fusion
of PHA-activated PBMCs isolated from CCR5*/* (+/4), CCR5"/~
(+/-), or CCR5/~ (—/—) individuals (n = 25/genotype). The PBMC
samples were washed twice with PBS and then sequentially stained
with PE-conjugated anti-CCR5 monoclonal antibody (3A9) or its iso-
type-matched control; washed and then stained with FITC-conjugated
anti-CD4 monoclonal antibody or its isotype-matched control; and
washed and then stained with APC-labeled anti-CXCR4 monoclonal
antibody or its isotype-matched control. The MFIs of CCRS and
CXCR4 expression were measured by gating on the CD4* population
(A and B). The coreceptor expression index represents the MFI of the
coreceptor staining divided by the MFI value obtained with the isotype
control. (C and D) HIV-1 Env-mediated fusion with PBMC samples
stained for the analysis shown in panels A and B. PHA-activated
PBMC:s expressing T7-lacZ were mixed with Env-expressing cells con-
taining T7 RNA polymerase and incubated for 2.5 h at 37°C. The
ability of the PBMCs to undergo cell fusion with R5 (C) or X4 (D) Env
was quantified by measuring 3-galactosidase (B-gal) produced. The
broken line indicates the average background value obtained with the
uncleaved Env (Unc) control. The indicated P values were calculated
using the Student ¢ test. The identities of the HIV® CCR5 ™/~ samples
are indicated on the right side.

(FITC-CD4, PE-CCRS, and APC-CXCR4) using PHA-acti-
vated PBMC:s isolated from individuals with different CCRS
genotypes. Individuals homozygous for the wild-type CCRS are
referred to as CCR5™/", those homozygous for the CCR5A32
deletion as CCR5 /" to indicate the lack of CCRS expression,
and those heterozygous for CCR5 are designated CCR5™/~ to
indicate the presence of one allele of wild-type CCRS. We
measured the mean fluorescence intensity (MFI) of CXCR4
and CCRS5 expression in the CD4" gated population. Cell
surface expression was evaluated as the MFI of CCRS or
CXCR4 expression divided by the MFI value obtained with the
corresponding isotype-matched control. The results, expressed
as the CCRS or CXCR4 index, demonstrate efficient expres-
sion of CCR5 in CCR5*/* and CCR5"~ PBMCs and a lack of
CCRS5 expression in CCR5 ™/~ samples (Fig. 1A). Consistent
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with the previous data in the literature (reviewed in reference
1), we found that CCRS5 expression levels in heterozygous
PBMCs were lower than those in PBMCs homozygous for
wild-type CCRS. The average value (n = 25) of the CCRS
index was significantly lower in CCR5*/~ than in CCR5*/*
samples (Fig. 1A). The CCRS index calculated for CCR5 ™/~
PBMC:s served as a negative control for the background stain-
ing in this three-color staining (Fig. 1A).

The CXCR4 index calculated for the different samples indi-
cated that all samples tested positive for CXCR4 expression.
However, the calculated CXCR4 indexes for CCR5™/~ and
CCRS5*/~ samples were significantly lower than those observed
with the CCR5"/" PBMCs (Fig. 1B). The CXCR4 index for
the six infected CCR5 /" individuals was relatively higher than
that for uninfected CCR5~/~ or CCR5"/~ PBMCs (Fig. 1B).

To determine whether the coreceptor expression index cor-
relates with the susceptibility of PBMCs to Env-mediated fu-
sion, we utilized a cell fusion assay that has been described
previously (3). The fusion assay represents the first step in viral
infection, where the envelope glycoprotein of the virus inter-
acts with the host cell receptor/coreceptor, resulting in mem-
brane fusion and viral entry. This assay is dependent on cell
fusion between two cell populations, one expressing CD4/co-
receptor and T7 RNA polymerase, the other expressing HIV-1
Env and lacZ under the T7 promoter; cell fusion activates the
production of B-galactosidase. A significant RS Env-mediated
fusion with CCR5~/~ PBMCs was never observed in our assays
(Fig. 1C). In contrast, CCR5*'* and CCR5"/~ PBMCs were
similarly susceptible to RS Env-mediated fusion (Fig. 1C) but
were significantly more susceptible to X4 Env-mediated cell
fusion than were CCR5™/~ samples (Fig. 1D). All the HIV™"
CCR5 "/~ samples showed higher X4 fusion values than did
uninfected CCR5/~ samples (Fig. 1D). These experiments
demonstrated that the potency of X4 but not R5 Env-mediated
fusion correlated with the coreceptor expression index.

Expression levels of endogenous CCRS5A32 protein in
CCR5'~ PBMCs correlate with resistance to HIV-1. To in-
vestigate the potential reasons for the rare loss of the protec-
tive effect by the CCR5A32 mutation, we examined endoge-
nous expression of CCR5A32 protein in PBMCs from six
HIV* CCR5A32 homozygous individuals, using HIV™
CCR5A32 homozygous PBMCs as controls. We first confirmed
the HIV status of these individuals by amplification of Gag
sequences and verified the CCRS5 genotype by PCR analysis of
genomic DNA (data not shown). To examine CCR5A32 pro-
tein expression, we used a polyclonal antiserum raised against
the 31 frameshift amino acid residues found in CCR5A32 but
not in CCRS (2). High-level expression of the CCR5A32 pro-
tein was detected in PBMCs from all HIV™ CCR5 /™ individ-
uals, and lower levels of expression were detected in two
CCR5™~ individuals tested (Fig. 2A and C). We examined 25
HIV~ CCR5/~ samples (results for 15 are shown in Fig. 2,
and results for 10 other samples are not shown) and detected
high levels of CCR5A32 protein. In contrast, the CCR5A32
protein was not detectable in PBMCs from three HIV*
CCR5 /" individuals and was expressed at reduced levels in
PBMCs from two HIV™ CCR5 /" individuals (Fig. 2A). We
previously reported the absence of the CCR5A32 protein in
another unrelated individual (2). Taken together, the number
of HIV*® CCR5/~ PBMC samples in which the CCR5A32
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FIG. 2. Expression analysis of CCR5A32 protein in infected and
uninfected CCR5/~ individuals. (A) Immunodetection of native
CCR5A32 protein in PBMCs isolated from individuals homozygous
(—/—) and heterozygous (+/—) for the CCR5A32 mutant allele. The
Western blot was probed with antibodies generated against the novel
frameshift amino acids that specifically detect CCR5A32 protein.
(B) The blot in panel A was stripped and reprobed with monoclonal
antibodies to GAPDH to control for gel loading. (C) Immunodetec-
tion (same procedure as described for panel A) of native CCR5A32
protein in 11 CCR5 ™/~ and 1 (+/—) PBMC samples obtained from the
MACS. (D) The blot in panel C was stripped and reprobed with
GAPDH antibodies. The numbers above each lane represent MACS
sample numbers. PT 2, patient 2.

protein could not be detected is now four. To determine
whether the absence of CCR5A32 protein in these infected
individuals was due to the quality of the loaded samples, the
same blot was stripped and reprobed with GAPDH (glyceral-
dehyde-3-phosphate dehydrogenase) (Fig. 2B and D). These
experiments demonstrated that all uninfected CCR5 ™/~ sam-
ples express endogenous CCR5A32 protein and suggest that
reduced CCR5A32 protein expression or a lack of CCR5A32
protein expression in HIV" CCR5™/~ individuals might ex-
plain the loss of the protective effect.

Rescue of the CCR5A32 protective effect in HIV® CCR5~/~
PBMCs. To test whether the absence or the reduced levels of
endogenous CCR5A32 protein in HIVY CCR5/~ PBMCs
could be rescued by the expression of recombinant CCR5A32
protein, we performed a series of experiments using Ad5-
encoded CCR5A32 protein (2). We hypothesized that the ex-
pression of recombinant CCR5A32 protein may render these
PBMC:s resistant to IIIB infection. We used the X4 IIIB in-
fection as a model since, in our hands, all CCR5~/~ PBMCs
showed more efficient productive infection with this lab-
adapted strain of HIV-1.

As a negative control for the CCR5A32 effect, we used a
recombinant Ad5 encoding the homologous wild-type CCRS
protein. To control the effects of the Ad5-encoded proteins, we
included cells infected with wild-type AdS5. The results show
that the expression of Ad5-encoded CCR5A32 protein but not
CCRS5 protein in CCR5*/* PBMCs conferred resistance to R5
(data not shown) as well as X4 (IIIB) strains of HIV-1 (Fig.
3A). Moreover, we found that the expression of CCRS in
HIV™ samples restored RS infection, indicating that CCRS is

J. VIROL.
e HIV-CCR5+/+] ““[B HIV-CCR5-/-
E
=2
£
=
o
3 6 9 12
rRoco#Z [g #164
= 30 3
E
2 201
b
o 104
0%
3 6 9 123010 3 & 1
MAGCS#1 H PT 1
: 201 20
£, E
g
= 10] 10| r
o~
n 1
03 B 9 12 3 6 9 12 0 3 & 9 12
Days Days Days

FIG. 3. Rescue of the protective effect of CCR5A32 by Ad5-en-
coded CCR5A32 protein. The indicated PBMC samples (A to H) were
infected with either Ad5 (¢), Ad5/CCRS (A), or Ad5/A32 (@) at 50
pfu/cell for each virus, incubated for 2 days to allow protein expression,
and then infected with the X4 ITIIB. Culture fluids were harvested after
cell suspension every 3 days and replaced with fresh medium. The
amount of p24 antigen in the cell-containing supernatants was mea-
sured using an ELISA kit purchased from DuPont. The zidovudine
control infection resulted in p24 values below 1 ng/ml (data not
shown). Panels C to H show HIV® CCR5~~ PBMCs. Error bars
indicate standard deviations. PT 1, patient 1.

the major determinant of R5 infection (data not shown). The
HIV~ CCR5~/~ PBMC sample expressing either endogenous
or Ad5-encoded CCR5A32 (Ad5/D32) but not wild-type CCRS
(Ad5/CCRY) protein showed efficient resistance to X4 (IIIB)
infection (Fig. 3B).

The restoration of the CCR5A32 protective effect by the
Ad5-encoded CCR5A32 protein was accomplished in three
HIV*™ CCR5/~ PBMCs. Significant resistance to X4 infec-
tion was observed in these samples expressing Ad5-encoded
CCR5A32 protein (Fig. 3C, D, and E). In contrast, this
protective effect (resistance to X4) was not observed in the
other three HIV' CCR5/~ PBMCs (Fig. 3F, G, and H).
Reverse transcription-PCR analysis demonstrated similar
efficiencies of CCR5A32 RNA transcription by the Ad5 vec-
tor in all PBMC samples (data not shown). The results
demonstrate that the expression of recombinant CCR5A32
protein in some HIV"™ CCR5 /= PBMCs can restore the
protective effect.

Pulse-chase analysis of CCR5A32 protein expressed in
CCR5™/~ PBMCs. Since the CCR5A32 effect could not be
restored in some HIV"™ CCR5 /= PBMCs, we decided to
perform pulse-chase analysis of the CCRS5SA32 protein in all
HIV~ CCR5 /" samples. In order to analyze the stability of
CCRS5A32 protein, we first performed pulse-chase experiments
on endogenous protein expressed in some CCR5™/~ PBMC
samples. The number of cells limited our pulse-chase analysis
of the endogenous protein to those samples that had larger
numbers of cells available. The results demonstrate the accu-
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FIG. 4. Pulse-chase analysis of CCRS5A32 protein stability in
CCR5/~ PBMCs. PHA-stimulated cells were pulse labeled with
[**S]methionine and [**S]cysteine for 30 min in methionine- and cys-
teine-free medium DMEM containing 200 wCi of [**S]methionine and
200 wCi of [**S]cysteine per milliliter. Following the pulse, the cells
were washed with FBS and reincubated in complete DMEM without
radioactive label for 1 and 2 h before lysis and immunoprecipitation
with rabbit antisera directed against the unique 31 amino acids of the
CCR5A32 protein. The immunoprecipitated protein samples were an-
alyzed on a 12.5% SDS-polyacrylamide gel. The dried gel was exposed
to X-ray film and developed after 24 h. PT 1, patient 1; hr, hour.

mulation of endogenous CCR5A32 protein in HIV™ CCR5™/~
PBMCs (V13 and MACS 2) (Fig. 4A) and the disappearance
of a faint protein band detected in CCR5™/~ HIV* PBMCs
(SEROCO 3 and MACS 1) (Fig. 4A). To further analyze
CCRS5A32 protein stability, we infected the PBMC samples
with Ad5/A32 and performed the same pulse-chase experi-
ments. The results revealed that the AdS-encoded CCR5A32
protein accumulated in PBMCs isolated from some HIV™
CCR57/~ PBMCs and diminished in three other HIV™
CCR5/~ samples during the chase period (Fig. 4B). The
results suggest that instability of the CCRS5A32 protein in
PBMCs isolated from three HIV" CCR5 /" individuals might
explain the loss of the CCR5A32 protective effect. This iden-
tifies two different categories of HIV® CCR5/~ individuals,
one where the protective effect can be restored due to the
stability of the CCR5A32 protein and another where the in-
ability to restore the protective effect correlated with the in-
stability of the CCR5A32 protein.

Expression of AdS-encoded CCRS5 protein in HIV*
CCR5~/~ PBMCs restored R5 Env-mediated fusion. In order
to confirm that the failure to restore the CCRS5A32 protein
protective effect is due to intracellular protein instability, we
examined the intracellular stability of expressed CCR5 (Ad5
encoded) in the two HIV' CCR5 "/~ PBMC samples. The
PBMC samples were coinfected with AdSCCRS and the re-
porter Ad5pT7-lacZ and used in pulse-chase and Env-medi-
ated fusion assays. The pulse-chase analysis of AdS-encoded
CCRS in these PBMC samples demonstrated the accumulation
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Pulse-chase analysis of CCRS protein encoded by AASCCRS. The cells
were coinfected with Ad5CCRS and Ad5pT7-lacZ and used for pulse
labeling. Cell lysates were prepared and immunoprecipitated with
CTC-6 monoclonal antibodies to CCR5 (R&D). (C and D) HIV-1
Env-mediated fusion with two HIV" CCR5~/~ PBMC samples ex-
pressing AdS5-encoded CCRS. The PBMCs were coinfected with
Ad5CCRS and Ad5pT7-lacZ reporter. The infected cells were incu-
bated for 48 h and then mixed with HeLa cells expressing T7 RNA
polymerase and one of the indicated HIV-1 Envs. Unc is a negative
Env control that has a mutation at the cleavage site and, therefore,
does not promote cell fusion. The results were evaluated by measuring
the B-galactosidase (B-gal) produced as a result of Env-mediated cell
fusion. The PBMC samples used were MACS 1 (A and C) and SEROCO
3 (B and D). hr, hour. Error bars indicate standard deviations.
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of recombinant CCRS5 protein after 2 h of chase (Fig. 5A and
B). To confirm that the recombinant CCRS protein is func-
tional as a fusion cofactor, we examined the PBMC samples in
the Env-mediated fusion assay. The results demonstrate an
efficient restoration of the ability of R5 Env-expressing cells to
fuse with these HIV*" CCR5~/~ PBMC samples. Both samples
expressing the Ad5-encoded CCRS showed efficient RS and
X4 Env fusion (Fig. 5C and D). These results demonstrated
intracellular stability of the Ad5-encoded CCRS protein effi-
ciently and the restoration of RS Env-mediated fusion in both
PBMC samples. These data support our hypothesis that intra-
cellular instability of CCR5A32 protein in some HIV*
CCR5/~ PBMCs might explain the loss of the protective
effect.

PBMCs from CCR5A32 homozygotes show resistance to in-
fection by primary X4 strains. To analyze the susceptibility of
CCR57/~ PBMCs to X4 infection, we compared productive
HIV-1 infection of the lab-adapted IIIB strain to that of three
primary X4 strains. The infection profiles show that PBMCs
isolated from CCR5"/* and HIV" CCR5 /" individuals pro-
duced higher amounts of p24 upon X4 infection (Fig. 6A to D).
HIV~ CCR5/~ PBMCs showed significant p24 production
with lab-adapted IIIB (Fig. 6A) but resisted productive infec-
tion by the three primary X4 isolates (Fig. 6B, C, and D).
These results were reproduced with nine other CCRS5™/~
PBMCs from the MACS cohort (Fig. 6E). Interestingly, all
HIV* CCR5 "/~ PBMC samples produced significantly higher
amounts of p24 than did HIV™ CCR5/~ PBMCs during the
course of infection with the primary X4 isolates (Fig. 6B to E).
These results suggest that the susceptibility of CCR5™/~ PB-
MCs to X4 is dependent on the HIV-1 strain used in the
infection assay.
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Lower levels of Ad5-encoded CCR5A32 protein induce re-
sistance to primary X4. To determine whether CCR5A32 pro-
tein levels correlate with the susceptibility to HIV-1, we carried
out a series of functional experiments using recombinant
CCRS5A32 protein encoded by an adenovirus system to provide
increasing levels of the protein. The replication-defective re-
combinant vectors designated Ad5/A32 and AdS5/CCRS were
used to infect CCR5™* PBMCs at increasing MOIs. We have
previously demonstrated that the CCRS protein encoded by
Ad5/CCRS is a functional HIV coreceptor (2). The HIV in-
fection assays demonstrated an increased inhibitory effect that
correlated with increased expression of intracellular CCR5A32
protein. Both RS (Fig. 7A) and X4 infection (Fig. 7B and C)
showed reduced susceptibilities that correlated with the in-
creased Ad5/A32 virus input and increased CCR5A32 protein
expression. Resistance to primary X4 was consistently ob-
served with cells expressing less CCR5A32 protein (3 PFU)
(Fig. 7C) compared to IIIB infection (27 PFU) (Fig. 7B). In
contrast, increased Ad5/CCRS virus input and CCRS protein
expression had no significant effect on either RS (Fig. 7D) or
X4 infection (Fig. 7E and F). The increased levels of CCR5A32
and CCRS proteins encoded by the adenoviral vectors were
confirmed by Western blot analysis of protein extracts of in-
fected PBMCs (Fig. 7G and H). These results demonstrate
that expression levels of CCR5A32 protein correlate with the
level of resistance to HIV-1 infection and suggest that infection
by primary and lab-adapted X4 strains may require different
coreceptor levels.

DISCUSSION

Our previous studies suggested that resistance to HIV-1
infection in CCR5A32 homozygotes may result from both ge-

netic loss of CCRS on the cell surface and active downregula-
tion of CXCR4 expression by the mutant CCR5A32 protein
(2). We have shown that the truncated CCR5A32 protein can
act as a negative regulator of wild-type CCRS5 and CXCR4.
The dominant negative activity of the mutant CCR5A32 pro-
tein correlated with its ability to reduce cell surface expression
of the major HIV coreceptors and to form heterodimeric com-
plexes with CCRS and CXCR4 (2). The present study was
designed to investigate the mechanism of failure of the pro-
tective effect observed in some rare cases of individuals ho-
mozygous for the CCR5A32 mutant allele. The restoration of
RS Env-mediated fusion and HIV-1 infection by Ad5-encoded
CCR5 in CCR5™/~ PBMCs demonstrated that CCRS is the
major coreceptor on PBMC:s utilized by RS isolates. Restora-
tion of the protective effect in three HIV' CCR5/~ PBMC
samples suggested that the expression and stability of the trun-
cated CCR5A32 protein is a critical determinant of resistance
to HIV-1 in vivo.

The baseline CXCR4 level was high in all six infected
homozygous individuals examined. The significantly higher
CXCR4 levels in these infected CCR5 ™/~ individuals may have
been a consequence of the absence or reduced expression of
CCR5A32 protein. We have previously demonstrated that
CCRS5A32 protein physically associates with CXCR4 and re-
duces its availability at the cell surface (2). It is possible that
the absence of CCR5A32 protein allows more CXCR4 mole-
cules to traffic to the cell surface. It is also possible that Tat
produced by the infecting viruses upregulated CXCR4 in all
these HIV" samples. Selective upregulation of CXCR4 ex-
pression by Tat has previously been reported (21).

Multiple factors might be involved in the observed absence
or reduced levels of CCR5A32 protein in HIV"™ CCR5 ™/~
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FIG. 7. Lower expression levels of Ad5-encoded CCR5A32 protein induce resistance to primary X4. Affinity-purified CD4" T lymphocytes
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patients. Modulation of the protein expression might have
been a consequence of HIV-1 infection. Two of these patients
had been infected with R5/X4 strains (23, 33). It has been
previously demonstrated that CCRS protein expression was
eliminated by chronic infection with R5 viruses (13). It is pos-
sible that a similar mechanism is responsible for the absence or
reduced levels of CCR5A32 protein in these two samples
(MACS 1 and patient 1) that harbored R5/X4 strains. How-
ever, this may not be the case in the samples that harbored X4
strains (SEROCO 2 and Shep 164). The pure X4 strains sig-
naling via CXCR4 may alter CCR5A32 protein turnover. Pre-
vious studies have demonstrated that both R5 and X4 enve-
lopes induce factors relevant to viral replication, including the
expression of genes involved in cell proliferation, cell cycle,
transcription factors, and mitogen-activated protein kinases
(15). Cicala et al. have also demonstrated that within each of
these categories, R5 and X4 envelopes induced different sub-
sets of genes. These differentially induced genes may influence
the expression levels of cellular proteins, including CCR5A32
protein (15).

Posttranslational modification of the CCR5A32 protein may
also contribute to its stability in some infected individuals. The
observed faster migration of the CCR5A32 protein of the
MACS 1 sample might be due to different protein modification
in this PBMC sample. We have sequenced the cDNA clones
encoding the CCR5A32 protein from all PBMC samples and

did not detect any difference from the reported wild-type
amino acid sequence (data not shown). It is also possible that
some other genetic determinants impact CCR5A32 protein
expression, stability, or degradation. For example, polymor-
phisms in the promoter region of CCR5 may affect gene ex-
pression and result in the downmodulation of protein expres-
sion. We have detected some of these polymorphisms in the
promoter regions (data not shown); however, their potential
effect on gene expression has yet to be determined.

The ability to restore the CCR5A32 protein protective
effect was associated with stable expression and accumula-
tion during the chase period. It is not clear why the Ad5-
encoded CCR5A32 protein expressed in some HIV™
CCR5™/~ PBMCs also disappeared during the chase period.
It is possible that an unknown cellular factor(s) may con-
tribute to the stability of the CCR5A32 protein. Previous
studies demonstrated that CCRS is palmitoylated at its car-
boxyl-terminal tail and that palmitoylation is critical for
receptor trafficking and efficient activation of intracellular
signaling pathways (10, 36). It has been demonstrated that
interfering with this normal lipid modification promotes
rapid proteolytic degradation of CCR5 and decreases its
proper surface expression (36). The situation may be differ-
ent for the truncated CCR5A32 protein that lacks the car-
boxyl-terminal tail present in CCRS and instead contains 31
frameshift residues. Future work focusing on the potential
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posttranslational modifications of CCR5A32 protein and its
potential interaction with other cellular proteins may pro-
vide important insight regarding the intracellular activity
and stability of this biologically important protein.

It has previously been demonstrated that an optimal number
of coreceptor molecules are required for efficient HIV-1 infec-
tion (28). Other studies have suggested that susceptibility to
HIV-1 infection can be modulated by coreceptor expression
levels (22, 25). For example, Hladik et al. reported that ex-
posed seronegative individuals with a CCR5A32 heterozygous
genotype are resistant to sexual transmission due to significant
reduction in their CCRS expression (25). Another independent
study reported that low copy numbers of the CCL3L1 (MIP-
1aP) gene are associated with enhanced HIV/AIDS suscepti-
bility (22). CCL3L1 is a potent HIV-suppressive chemokine
and a ligand for CCRS. Gonzalez et al. demonstrated that an
increasing CCL3L1 copy number was positively associated with
CCL3/CCL3L1 secretion and negatively associated with the
proportion of CD4™ T cells that express CCR5 (22). Two
different mechanisms have been proposed for chemokine in-
hibition of HIV-1 infection, steric blockade and ligand-medi-
ated receptor internalization, both of which result in reduced
availability of the coreceptor at the cell surface (5).

Our previous studies proposed intracellular interaction of
CCRS5A32 protein with CCRS and CXCR4 to explain the re-
sistance of CCR5 ™/~ cells to HIV-1 (2). The present study
demonstrated that increased stable expression levels of
CCRS5A32 protein correlate with enhanced resistance to HIV-1
infection. Higher levels of expressed CCR5A32 protein have
always correlated with the detection of lower cell surface stain-
ing of both coreceptors (data not shown). Significantly higher
levels of Ad5-encoded CCR5A32 protein were required to
induce resistance to the lab-adapted IIIB isolate. The more
efficient resistance to primary X4 by the AdS5-encoded
CCRS5A32 protein may reflect different requirements of recep-
tor/coreceptor density. The optimal numbers of receptor/core-
ceptor molecules required for efficient HIV-1 infection are not
known. Previous in vitro studies using HeLa-CD4 cell clones
have demonstrated that R5 and X4 viral strains can have dif-
ferential requirements for CD4 and coreceptor levels (26, 27).
The studies by Kozak et al. implied that the stoichiometry of
receptor/coreceptor might play an important role in suscepti-
bility to HIV-1 infection (27). The results of this study suggest
that CCR5A32 protein expression in CCR5/~ individuals
causes the downmodulation of CXCR4 to levels that might
result in an unfavorable stoichiometry of the molecules in-
volved in HIV-1 entry. An analysis of the different require-
ments by primary versus lab-adapted HIV-1 strains will pro-
vide important insight into the mechanism of viral entry and
the design of entry inhibitors.

In summary, our findings highlight the complexity of the
CCRS5A32 protective effect, in which many cellular molecules,
including CCRS5 and CXCR4, could be involved. The instabil-
ity of CCR5A32 protein in PBMCs from some CCR5 /" indi-
viduals highlights the important role of this protein as an HIV
suppressive factor. Comprehensive analyses of the novel anti-
viral activity of CCR5A32 protein will be important to eluci-
date its mechanism of action. Ultimately, such studies not only
will lead to a better understanding of the host cell interaction

J. VIROL.

of HIV-1 but also might support the design of novel drugs that
mimic CCR5A32 protein activity.
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