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The genital mucosa is the main site of initial human immunodeficiency virus type 1 (HIV-1) contact with its
host. In spite of repeated sexual exposure, some individuals remain seronegative, and a small fraction of them
produce immunoglobulin G (IgG) and IgA autoantibodies directed against CCR5, which is probably the cause
of the CCR5-minus phenotype observed in the peripheral blood mononuclear cells of these subjects. These
antibodies recognize the 89-to-102 extracellular loop of CCR5 in its native conformation. The aim of this study
was to induce infection-preventing mucosal anti-CCR5 autoantibodies in individuals at high risk of HIV
infection. Thus, we generated chimeric immunogens containing the relevant CCR5 peptide in the context of the
capsid protein of Flock House virus, a presentation system in which it is possible to engineer conformationally
constrained peptide in a highly immunogenic form. Administered in mice via the systemic or mucosal route,
the immunogens elicited anti-CCR5 IgG and IgA (in sera and vaginal fluids). Analogous to exposed seroneg-
ative individuals, mice producing anti-CCR5 autoantibodies express significantly reduced levels of CCR5 on
the surfaces of CD4� cells from peripheral blood and vaginal washes. In vitro studies have shown that murine
IgG and IgA (i) specifically bind human and mouse CD4� lymphocytes and the CCR5-transfected U87 cell line,
(ii) down-regulate CCR5 expression of CD4� cells from both humans and untreated mice, (iii) inhibit Mip-1�
chemotaxis of CD4� CCR5� lymphocytes, and (iv) neutralize HIV R5 strains. These data suggest that immune
strategies aimed at generating anti-CCR5 antibodies at the level of the genital mucosa might be feasible and
represent a strategy to induce mucosal HIV-protective immunity.

More than 40 million people are currently human immuno-
deficiency virus (HIV) infected worldwide, with a high preva-
lence among women and children. Both horizontal and vertical
transmission of virus infection mainly occur by mucosal con-
tacts (sexual intercourse and baby delivery) (29, 33). There-
fore, in the majority of new HIV infections, the genital mucosa
is the environment where the first HIV-cell contacts take place
and the region where immune protective mechanisms should
be activated or promptly recruited (15).

Several studies have reported that a small fraction of sexual
partners of infected individuals and of newborns of HIV-in-
fected mothers escape horizontal or vertical HIV transmission
(21). Many different factors have been considered to explain
HIV resistance, such as mutations in coreceptor genes (14, 19),
local cytotoxic-T-lymphocyte activation and recruitment, cyto-
kine production, and a strong mucosal immune response (17,
20). Other humoral responses, such as high Mip-1�, Mip-1�,
and RANTES chemokine levels, have been reported (39).
Specific immunoglobulin G (IgG) and IgA antibodies (Abs)
able to neutralize HIV infectivity were also found (1, 2, 9, 25,
26). Similar to chemokines, some HIV-neutralizing antibodies
have been shown to exert their protective effects by specific

binding and down-regulation of CCR5 molecules on the cell
surface (22, 30, 39).

CCR5 is the main HIV coreceptor involved in virus entry
and cell-to-cell spread. Although not the only coreceptor used
by HIV, CCR5 undoubtedly mediates most initial contacts,
because CCR5-tropic HIV strains are generally those infecting
new hosts (37, 38). Hence, an anti-CCR5 humoral response at
mucosal sites could prove protective by preventing HIV bind-
ing and entry. The design and setting of new adjuvants and
immunogens aimed at eliciting both systemic and mucosal re-
sponses to limit HIV spread are highly desirable and antici-
pated goals worldwide. An immunization strategy aimed at
obtaining strong and long-lasting mucosal immunity could sig-
nificantly limit HIV spread, especially in sub-Saharan Africa,
East Asia, and other areas where sexually transmitted diseases
are heavy health and social burdens (16, 24).

This work reports the biological activities of anti-CCR5
antibodies elicited in mice by peptide and chimeric protein
immunogens via the systemic or mucosal immunization route.

MATERIALS AND METHODS

Synthesis of peptides and preparation of peptide-coupled beads. The
CCR589–102 peptide (kcgYAAAQWDFGNTMCQgk; lowercase letters repre-
sent extrasequence amino acids) (22) was synthesized by the solid-phase method
based on 9-fluorenyl-methoxycarbonyl amino acids (10), using Applied Biosys-
tems peptide synthesizer 433 A. After peptide assembly, resin-bound peptides
were deprotected as previously described (13) and purified to homogeneity by
overnight reverse-phase chromatography. In order to obtain the cyclic oxidized
form, the procedure was performed in the presence of a fivefold excess of
oxidized glutathione.
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Peptide coupling to tosyl-activated Dynabeads M280 (Dynal, Oslo, Norway)
was obtained following standard procedures. Briefly, 3 � 107 beads were incu-
bated overnight with 9 �g of peptide (amino acids 89 to 102) in 50 mM borate
buffer, pH 9.5, at 37°C. After four washes in phosphate-buffered saline (PBS) to
remove unbound peptides, the peptide-bound beads were ready to be used.

Cloning and expression of a chimeric FHV-CCR5 immunogen. The FHV
Epitope Presenting System (6, 7, 32, 35), based on a modified capsid precursor
protein of the Flock House virus (FHV), was obtained through the courtesy of
F. Baralle (ICGEB, Trieste, Italy). The system is composed of a set of five
modified capsid gene sequences (cloned in the expression vector pET-3 [Nova-
gen, Madison, WI]), in each of which the nucleotide sequence corresponding to
a peptide loop was replaced by a single Bsu36I restriction site to allow the
oriented insertion of a synthetic polynucleotide coding for a foreign epitope in
five distinct sites (L1, L2, L3, I2, and I3) (Fig. 1 shows the numbers of the original
amino acid residues, which are replaced by the epitope of choice). Each of
the corresponding DNA sequences has been deleted and replaced with a Bsu36I
site, which allows the directional insertion of an epitope-coding oligonucleo-
tide (32, 33). The two synthetic oligonucleotides (CCR5Se, 5�TGAGTGTTA
CGCTGCAGCTCAGTGGGATTTCGGTAACACTATGTGTCAGCC-3�, and
CCR5-As, 5�TCAGGCTGACACATAGTGTTACCGAAATCCCACTGAGCT
GCAGCGTAACAC-3�) were obtained from PRIMM (Milan, Italy), denatured
at 95°C, and reannealed by letting the temperature return to room temperature.
The resulting double-stranded molecules bear 5� overhangs suitable for ligation
into the Bsu36I restriction site. Inclusion bodies were purified from plasmid-
transformed BL21(DE3) bacteria (Novagen, Madison, WI) by enzymatic and
detergent-mediated lysis (12). Recombinant proteins were obtained by electro-
elution from sodium dodecyl sulfate-polyacrylamide gel electrophoresis (31).

Animal inoculation, collection of fluids, and estrous staging. BALB/c mice
were immunized by two different routes: systemic (intraperitoneal) and mucosal
(intranasal). Different groups of mice were immunized with wild-type FHV
capsid protein (FHV-WT; negative control) or with engineered CCR5-FHV
chimeric proteins (typically FHV-I2; see below). Groups of three mice were
injected intraperitoneally with 20 �g of each chimeric FHV immunogen in 200 �l
of sterile PBS. Groups of 10 mice were immunized intranasally with the same
doses of FHV antigens in 10 �l of sterile PBS. Groups of three BALB/c mice
were also immunized with 20 �g of the synthetic cyclic CCR589–102 peptide by the
intraperitoneal or intranasal route. Anti-CCR5 responses were evaluated in
pooled sera from animal groups by CCR5 enzyme-linked immunosorbent assay
(ELISA) carried out on solid-phase synthetic cyclic CCR589–102 peptide.

Seven immunizations were carried out at weekly intervals from day 0 to day 49.
For only intraperitoneal administrations, the first antigen doses were associated

with Freund’s complete adjuvant (day 0), the second and third doses were
associated with Freund’s incomplete adjuvant (days 7 and 14), and subsequent
immunizations (days 21 to 49) did not include any adjuvant. In order to ensure
the optimal health maintenance of immunized mice, peripheral blood mononu-
clear cells (PBMC) could not be sampled at time intervals shorter than 1 day
postimmunization. Blood samples were collected weekly from mouse tails and
centrifuged at 1,500 rpm. After each immunization, plasma samples were pooled,
heat inactivated at 56°C, and stored at �20°C before analysis. Anti-CCR5 re-
sponses were monitored by CCR5 ELISA.

To evaluate the long-term kinetics of CCR5 down-regulation in vivo, we
monitored CCR5 expression at 1, 2, and 4 weeks after the seventh immunization.
The mice were boosted once again and monitored 1 week later. Samples were
treated as reported above.

Vaginal washes for estrous staging and antibody determinations were collected
daily by pipetting 50 �l of PBS in and out of the vagina six to eight times. The
staging of the estrous cycle (estrus, metestrus, diestrus, or proestrus) for each
mouse was based on smears from these washings. The smears were stained with
Diff-Quik (Baxter Scientific Products) and staged by examining the cells present
in the smears. The washes corresponding to the estrus stage were collected twice
a week. The cells were separated by centrifugation, while the supernatants were
10-fold concentrated on Ultrafree-15 Biomax 30 membranes with a cutoff of 30
kDa (Millipore, Bedford, MA). Vaginal secretions were pooled and stored at
�20°C before analysis.

Affinity purification of Ig and antibodies. Agarose beads, coupled with goat
anti-mouse total Ig, IgA, or IgG antibodies (Sigma-Aldrich, Milan, Italy), were
used to purify total Ig and IgA- and IgG-enriched fractions from pre- and
postimmune sera and vaginal washes. Igs were obtained by elution with 0.2 M
glycine-HCl buffer (pH 2); eluates were neutralized with 1 M Tris buffer, pH 11.
Purified Ig fractions were concentrated on Ultrafree-15 Biomax 30 membranes
with a cutoff of 30 kDa (Millipore, Bedford, MA). The procedure also excluded
low-molecular-weight molecules (which might interfere with chemotaxis and
neutralization assays). The eluted Igs from immune sera and from normal mouse
sera (NMS) and the non-Ig fractions of all sera were dialyzed in PBS buffer and
tested by Mouse Ig ELISA (see below).

Anti-CCR5 antibodies were affinity-purified by incubating 9 �g Igs to 9 �g of
peptide-coupled beads for 1 h at room temperature. Abs were eluted in 0.5 M
acetic acid; neutralized with 1 M Tris buffer, pH 11; dialyzed against RPMI
medium; and tested by CCR5 ELISA (see below).

Ig ELISA. To quantify serum and mucosal Igs, Microwell plates were coated
with dilutions of sera or Ig-containing fractions (up to 1:128 by twofold dilutions)
in 50 mM carbonate buffer, pH 9.5, for 1 h at 37°C. Commercial preparations of
mouse Ig (total Ig, IgA, or IgG; Sigma Aldrich, Milan, Italy) were used as
standards at concentrations ranging from 4 to 0.06 �g/ml (twofold serial dilu-
tions) to generate a calibration curve. The plates were saturated for 1 h with 1%
milk powder (Humana 3, Germany) in PBS. Then, peroxidase-conjugated goat
anti-mouse total Ig, IgA, or IgG (Sigma) was added and incubated for 30 min at
37°C. The enzymatic reaction was developed with the TMB Microwell Peroxi-
dase Substrate System (KPL, Gaithersburg, Maryland) and read at 492 nm.

CCR5 ELISA. To quantify the fraction of anti-CCR5 Abs, Microwell plates
coated with synthetic cyclic CCR589–102 peptide were used, and the rest of the
assay was exactly as for the Ig ELISA. The relative percentage of CCR5-specific
Abs was calculated for each sample by comparison with Ig ELISA values.

Cell lines. Untransfected U87 and transfected U87-CD4-CXCR4 and U87-
CD4-CCR5 glioma cell lines were obtained from the AIDS Research and Ref-
erence Reagent Program (National Institutes of Health, Bethesda, MD).

Purification of human CD4� cells. Human PBMC from healthy blood donors
were isolated by Ficoll-Hypaque (Pharmacia, Uppsala, Sweden). CD4� cells
were purified from resting PBMC by immune adsorption to anti-CD4 magnetic
beads (Oxoid, Hampshire, United Kingdom). Purified CD4� cells were stimu-
lated for 3 days with phytohemagglutinin (PHA) (1 �g/ml; Sigma-Aldrich, Stein-
heim, Denmark) and recombinant interleukin 2 (IL-2) (100 U/ml; Amersham,
Buckinghamshire, United Kingdom). In order to ensure high-level expression of
CCR5 surface receptors, only PBMC from donors not carrying CCR5-�32 alleles
were used.

Purification of mouse CD4� cells and proliferation assay. Mouse PBMC were
isolated with Ficoll-Hypaque. CD4� cells were purified from resting PBMC by
immune adsorption to anti-mouse CD4 magnetic beads (Oxoid, Hampshire,
United Kingdom). Cells were stimulated for 3 days with PHA (1 �g/ml; Sigma-
Aldrich, Steinheim, Denmark) and mouse recombinant IL-12 (100 U/ml; Am-
ersham, Buckinghamshire, United Kingdom) before flow cytometry analysis. The
proliferation assay was performed by stimulation of splenic cells from both
preimmune and postimmune mice by several mitogens. Briefly 4 � 105 cells/well
were plated in 96-well flat-bottom plates and activated with staphylococcal en-

FIG. 1. (A) Homology between human and mouse CCR5 se-
quences and sequence of the synthetic peptide. (B) Schematic repre-
sentation of the FHV capsid protein. The structure displays five dif-
ferent superficial peptide loops (L1, L2, L3, I2, and I3), in each of
which a foreign peptide sequence can be inserted and presented on the
protein surface in a stable, structurally constrained form. Numbers in
parentheses refer to the original amino acid residues replaced by the
foreign epitope.
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terotoxinn B (0.02 �M), concanavalin A (10 UI/ml), or PHA (1 �g/ml) (Sigma-
Aldrich, Steinheim, Denmark) plus mouse recombinant IL-12 (100 U/ml) and
incubated for 3 days. Then, 10 �Ci of [3H]thymidine/well (Amersham) was
added, and the mixture was incubated for 18 h. The PBMC were washed, and
proliferative responses were evaluated by Beta Counter (Top Count; Packard).

Anti-CCR5 radio-binding assay. A cellural suspension of CCR5-transfected
U87 cell monolayers and human purified CD4� cells pretreated with mouse sera
diluted 1/50 or Ig-enriched fractions (20 ng/ml) was processed as described
above. A pool of three untreated mouse sera was used as a negative control,
while the anti-CCR5 mouse monoclonal Ab (MAb) 2D7 (0.3 �g/ml) was used as
a positive control. Anti-CCR5 Abs bound to CCR5-positive cells were revealed
by 0.5 �Ci/ml 125I-labeled sheep anti-mouse Ig F(ab�)2 fragments (Amersham,
Buckinghamshire, United Kingdom). The reaction was read by automatic
gamma counter (Wizard; Perkin-Elmer).

CCR5 down-regulation assay and flow cytometry analysis. Untransfected U87
and CCR5-transfected U87 cell lines and either mouse or human CD4� lym-
phocytes were incubated with serum-free medium for 2 h at 37°C, washed with
2 mM EDTA-PBS, and resuspended in serum-free medium, and 105 cells were
incubated with affinity-purified anti-CCR5 Abs (20 ng/assay) at 37°C for 1, 24, or
48 h. The cells were washed with ice-cold PBS with additions of 1% fetal calf
serum and 1% NaN3 before flow cytometry analysis was performed. Surface-
expressed CCR5 molecules were detected with anti-CCR5 MAb 2D7 (1 �g/ml;
supplied by the AIDS Research and Reference Reagent Program) and a sec-
ondary anti-mouse Ab conjugated with fluorescein isothiocyanate (FITC) ac-
cording to a published protocol (28). A control medium containing Igs (20
ng/assay) from NMS was also tested. In order to detect CCR5 surface expression
on mouse CD4� lymphocytes, a goat polyclonal IgG to mouse CCR5, M20 (10
�g/ml; Santa Cruz Biotechnology, Santa Cruz, California), and a secondary
anti-goat Ab conjugated with FITC (Sigma-Aldrich) were used. To verify CCR5
down-regulation, cells were also incubated with 50 nM RANTES for 1 h and then
processed as described above. Relative CCR5 surface expression was calculated
according to the following formula: 100 � MCFstimulated � MCFneg-control/
MCmedium � MCFneg control, where MCF is mean channel fluorescence. A cell
line not expressing CCR5 (untransfected U87) was used as a negative control. All
experiments were repeated three times, and the results were expressed as means
with range values. CCR5-CD4 double labeling was also performed on mouse
CD4� lymphocytes. In brief, the cells were incubated first with goat IgG to
mouse CCR5 (M20), then with FITC-conjugated rabbit anti-goat IgG, and fi-
nally, with a phycoerythrin-conjugated rat MAb to mouse CD4 antigen (GK1.5;
Santa Cruz Biotechnology). All antibodies were employed at 4 �g/assay for 30
min on ice.

Chemotaxis. PBMC from one healthy donor were activated with PHA and
IL-2 for 3 days. Then, 3 � 105 activated PBMC in 50 �l of RPMI 1640 medium
containing 0.3% human serum albumin were placed in the upper chambers of
5-�m-pore-size Transwell plates (Costar Europe, Amsterdam, The Netherlands)
and incubated with mouse affinity-purified anti-CCR5 Igs (20 ng/ml). A control
medium containing 20 ng pooled total Igs from NMS was also tested. Chemotaxis
was conducted in the presence of 1.5 �g/ml of Mip-1� (placed in the lower
chambers). The Transwells were incubated for 2 h at 37°C; cells that migrated
from the upper to the lower chamber were then quantified by flow cytometry
analysis. The results were expressed as the chemotaxis index, which represents
the increase in the number of cells migrating in response to Mip-1� over the
spontaneous cell migration in control medium normalized by the value obtained
in the absence of antibodies.

Virus isolation and titration. Clade B virus isolates (HIV no. 36, 40, and 45),
were obtained as previously described (22). In brief, HIV was isolated from
PBMC of HIV-seropositive individuals by cocultivation with PHA-stimulated
PBMC of two healthy seronegative donors; the cultures were maintained until
increasing levels of HIV-p24 antigen were detected in two consecutive determi-
nations. The infectivity (50% infectious dose [ID50]) of each virus isolate was
determined on PBMC from a single donor as follows: six replicates (150 �l) of
fivefold serial dilutions (from 1:5 to 1:3,125) of virus were added to six wells of
a round-bottom microtiter plate (Nunc) containing 105 resting PBMC in 75 �l of
medium, incubated for 2 h, washed, and resuspended in RPMI 1640 medium
containing PHA (3 �g/ml) and recombinant IL-2 (10 U/ml). HIV type 1 (HIV-1)
p24 antigen was titrated after 5, 7, and 9 days of culture by standard assays (Aalto
Bio Reagents Ltd., Dublin, Ireland). ID50 titers were defined as the reciprocal of
the virus dilution yielding 50% positive wells (Reed-Muench calculation).

Neutralization of virus infectivity. The neutralizing activities of anti-CCR5
Abs were evaluated by using activated PBMC as target cells. Briefly, PBMC were
cultured in medium containing PHA and IL-2. Affinity purified CCR5-specific
IgG and IgA from mice immunized with FHV-I2 or FHV-WT were used at
different concentrations (20, 10, 5, and 2 ng/ml). An anti-CD4 IgG, SIM 4 (8

ng/ml), was used as a positive control. PBMC (1.5 � 106) were incubated with
antibodies for 48 h prior to the neutralization assay. CCR5 expression was
evaluated prior to and after incubation with specific antibodies. The cells were
washed and incubated again with 100 �l of specific antibodies. After 1 h of
incubation, 100 �l of a virus dilution (adjusted to 20 ID50) was added. The
cultures were incubated for an additional 14 h and washed in PBS; then, cell
pellets (1 � 106 cells) were frozen at �80°C.

A modified version of the Cobas Amplicor HIV-1 Monitor Test, version 1.5
(Roche, Pleasanton, CA), was used to amplify proviral DNA in cell pellets, as
previously described (18). In particular, we removed the reverse transcription
step from the amplification cycles and replaced the RNA quantitation standard
(QS-RNA) with an analogous QS-DNA retrotranscribed from QS-RNA using
the Reverse Transcription System (PROMEGA Bioscience Inc., Madison, WI).
Reverse transcription was obtained using a PE Gene Amp PCR System 2400
apparatus and the following cycling conditions: 37°C for 15 min, 48°C for 45 min,
and 95°C for 5 min. Then, cDNA was purified using a Wizard PCR Preps DNA
Purification System (PROMEGA Bioscience Inc., Madison, WI) and quantified
using spectrophotometric reading at 260/280 nm. In each test run, a low positive
control (10 HIV DNA copies/105 PBMC) and a high positive control (3 � 103

HIV DNA copies/105 PBMC) were included. DNA was extracted from all of the
samples using the QIAamp DNA minikit (QIAGEN GmbH, Hilden, Germany).
The DNA was suspended in 100 �l of buffer or H2O, and 10 �l (corresponding
to 2 � 105 PBMC plus 30 QS-DNA copies) was used for each test. Samples, in
a final reaction volume of 50 �l, were processed for amplification and detection
using the automated Cobas Amplicor analyzer following the manufacturer’s
instructions (Roche Molecular Systems, Pleasanton, CA).

Relative percentages of neutralization were calculated by comparison of the
number of DNA copies/106 PBMC in each sample to those obtained in HIV-
infected PBMC not treated with antibodies. The numbers of DNA copies in the
samples (positive controls) ranged from 320 to 470. Each experiment was re-
peated three times using PBMC from different healthy blood donors.

RESULTS

Engineered FHV capsid protein enhances both IgG and IgA
responses to the CCR589–102 loop in its native conformation.
Anti-CCR5 antibodies were detected in some exposed sero-
negative (ESN) individuals (22) and in some HIV-positive
long-term nonprogressor individuals (unpublished data).
These Abs bind CCR5 on the surfaces of CD4� lymphocytes,
protecting them from infection by HIV R5 strains in vitro, and
possibly mediate the observed CCR5 down-regulation in vivo,
which might in turn limit HIV infection and cell-to-cell viral
spread. These putatively protective antibodies recognize a sin-
gle protein domain spanning the CCR589–102 extracellular
loop. The amino acid sequence of this loop presents a good
homology between human and mouse CCR5s (Fig. 1A). In
preliminary experiments, the synthetic cyclic CCR589–102 pep-
tide (oxidized form) induced specific antibodies in mice, while
the linear (reduced) form of the same peptide was ineffective
(data not shown). In order to evaluate the antibody response to
a structurally constrained CCR589–102 immunogen, we con-
structed four CCR5-FHV recombinant proteins (FHV-L1,
FHV-L2, FHV-I2, and FHV-I3), using the FHV Epitope Pre-
senting System. This system is based on a modified capsid
precursor protein of the Flock House virus (7, 32) and is a
versatile expression system in which it is possible to engineer
peptide epitopes in a highly immunogenic form. The structure
of the FHV capsid protein has been solved by X-ray crystal-
lography (11). Five different solvent-exposed loops have been
identified (Fig. 1B), and all have been conveniently exploited
to insert and present foreign peptides. In the case of the V3
loop of HIV gp120, it was shown that the FHV capsid protein
can be a suitable and efficient carrier, able to strengthen the
immunogenicity of protein loops (32), possibly by mimicking
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the conformation in the original protein and presenting it in a
different context (35).

In our study, the immunogenicities in mice of CCR5-FHV
recombinant proteins were compared to those of negative
(FHV-WT) and positive (synthetic cyclic CCR589–102 peptide)
controls. The recombinant protein with the CCR5 peptide
inserted in position I2 proved to be the best immunogen, in
terms of both CCR5 ELISA-reactive antibodies (Fig. 2A) and
the abilities of such antibodies to down-regulate CCR5 on the
surfaces of human lymphocytes (Fig. 2B). Recombinant pro-
teins FHV-I3, -L1, and -L2 also elicited CCR5-specific anti-
bodies, yet FHV-I2-induced antibodies were more efficient.
Therefore, only FHV-I2 recombinant protein (where FHV
residues 154 to 158 were replaced by CCR5 residues 89 to 102)
was used in all subsequent experiments. The very high serum
antibody levels observed (up to 30% of total Igs) (Fig. 2C) are
much higher than those observed in ESN subjects (less than
0.1% of total Igs [unpublished data]).

Because of the major role of mucosal immunity in protection
against HIV, the efficacy of the FHV-I2 immunogen was also
assessed in the context of mucosal immunization and mucosal
response. In order to determine if the mucosal immunization
route was a feasible means to induce HIV-protective anti-
CCR5 antibodies, two sets of immunization experiments were
carried out. Groups of three mice were immunized with 20 �g
of FHV-I2, FHV-WT, or synthetic cyclic CCR589–102 peptide
via the intraperitoneal route; at the same time, groups of 10
mice were immunized with the same antigen doses via the

intranasal route. Serum samples and vaginal washes were col-
lected (once and twice a week, respectively), pooled, and
tested. Maximal responses were achieved after the third im-
munization and remained stable throughout the immunization
period (not shown). Most of the data presented refer to sam-
ples drawn 1 week after the third immunization.

Both FHV-I2 and the synthetic cyclic CCR589–102 peptide
elicited specific immune responses, although the response was
higher in mice immunized with FHV-I2 via either the systemic
or mucosal immunization route (Fig. 2C).

CCR5-specific IgG and IgA antibodies were elicited by ei-
ther immunogen, but responses to FHV-I2 were markedly
higher than those to the synthetic cyclic CCR589–102 peptide, in
spite of the 20-fold-higher molar concentration used for the
peptide.

Both IgG and IgA fractions, obtained by affinity purification
from pooled sera, contained CCR5-reactive antibodies (Fig.
2D). Very similar reactivities in ELISA testing were observed
with sera obtained by either systemic or mucosal immuniza-
tion. In both cases, the reactivity of IgA was much higher than
that of IgG. This unexpected result might be due to the intrin-
sically higher avidity of dimeric IgA.

Anti-CCR5 antibodies bind and down-regulate cell surface
CCR5 on both mouse and human CD4� lymphocytes. Affinity-
purified anti-CCR5 IgG and IgA antibodies, derived from sera
of FHV-I2-immunized mice, were shown to bind cell surface
CCR5 expressed on murine CD4� lymphocytes (Fig. 3A).
Moreover, purified total Igs from sera of animals immunized

FIG. 2. Comparison between the immune responses elicited by the four different CCR5-FHV recombinant immunogens (FHV-L1, -L2, -I2, and
-I3) and negative (FHV-WT) and positive (synthetic cyclic CCR589–102 peptide) controls. (A) Fractions of CCR5-binding total Igs elicited by FHV
recombinant immunogens versus FHV-WT negative control. (B) CCR5 down-regulation on human CD4� lymphocytes by purified Igs (20 ng/assay)
derived from antisera elicited by FHV recombinant immunogens or FHV-WT. (C) Fractions of CCR5-binding total Igs elicited by FHV-I2,
FHV-WT, and the synthetic cyclic CCR589–102 peptide administered either via systemic or mucosal route. (D) Fractions of CCR5-binding IgA and
IgG purified from the total Ig fractions of panel C.
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with either FHV-I2 or the synthetic cyclic CCR589–102 peptide
induced a marked down-regulation of CCR5 on murine CD4�

lymphocytes, with a stronger effect elicited by Igs from FHV-
I2-immunized animals (Fig. 3C). Samples from FHV-WT-
immunized mice were unable to bind CD4� cells and conse-
quently did not induce CCR5 down-regulation (Fig. 3A and
C). Pronounced CCR5 down-regulation on mouse CD4� lym-
phocytes was achieved after 48 h of treatment with Igs from
FHV-I2-immunized animals. Conversely, CCR5 down-regula-
tion was not evident after 12 h of incubation (Fig. 3B), while at
24 h an intermediate result was observed (data not shown). At
48 h, the dose dependence of CCR5 down-regulation was stud-
ied for the Ig fractions derived from sera of animals immunized
by either immunization route. No significant difference be-
tween the two routes of immunization could be observed
(Fig. 3D).

The specificity of antibodies elicited by FHV-I2 or the syn-
thetic cyclic CCR589–102 peptide was assessed by radio binding
to CCR5- or CXCR4-transfected U87 cells. Both antisera ex-
hibited binding to U87-CCR5, but not to U87-CXCR4 cells
(data not shown).

In a radio-binding assay, sera raised by either systemic or
mucosal immunization were shown to contain CCR5-specific
antibodies able to bind CD4� human cells isolated from

PBMC of healthy donors (previously assessed for polymor-
phisms affecting CCR5 surface expression).

Interestingly, Igs from mice immunized by FHV-I2 via the
mucosal route exhibited a higher binding activity to human
cells than Igs from mice immunized via the systemic route.
Conversely, the synthetic CCR589–102 peptide induced less in-
tense binding activities, yet slightly stronger in mice immunized
via the systemic route than in those immunized via the mucosal
route (Fig. 4A).

IgG and IgA fractions from FHV-I2 sera showed compara-
ble binding to human cells. Serum IgG binding activity was
comparable to that of the commercial anti-CCR5 MAb 2D7.
Serum IgA, and especially mucosal IgA, showed a higher bind-
ing activity (Fig. 4B). Serial dilutions of FHV-I2 antisera were
shown to down-regulate CCR5 on CD4� cells in a dose-de-
pendent manner (Fig. 4C).

Anti-CCR5 antibodies inhibit chemotactic response to
Mip-1�. In order to evaluate whether FHV-I2-induced mouse
anti-CCR5 antibodies affect the biological functions of human
CCR5, purified Ig fractions from sera of mice immunized with
FHV-I2, FHV-WT, or synthetic cyclic CCR589–102 peptide
were used to inhibit the chemotactic response induced by
Mip-1� on human CD4� T lymphocytes purified from healthy
blood donors. Ig fractions from FHV-I2 antisera were able to

FIG. 3. Flow cytometry analysis of the specificities and biological activities of anti-CCR5 total Igs or IgG- or IgA-enriched fractions from
antisera elicited by the recombinant immunogen FHV-I2. (A) Binding of either IgA or IgG fractions (20 ng/assay) to CCR5 receptors on mouse
CD4� lymphocytes. Positive controls were lymphocytes treated with an anti-mouse CCR5 MAb (M20), and negative controls were lymphocytes
treated only with the secondary Ab (RAM-FITC). (B) Kinetics of CCR5 down-regulation on mouse CD4� lymphocytes of untreated mice by total
Ig fractions (20 ng/assay) purified from FHV-I2 antisera. Lymphocytes were incubated with purified Igs for 12 and 48 h before flow analysis.
Positive and negative controls were as in panel A. (C) CCR5 down-regulation obtained by incubating mouse CD4� lymphocytes with purified Igs
(20 ng/assay) for 48 h before flow analysis. As negative controls, target cells were incubated either with Igs purified from NMS or with only the
secondary Ab (RAM-FITC). (D) Dose-response curves of CCR5 down-regulation obtained by incubating mouse CD4� lymphocytes for 48 h with
the indicated concentrations of Igs purified from pools of antisera obtained by either systemic or mucosal immunizations. As negative controls,
mouse CD4� lymphocytes were also incubated with Igs purified from FHV-WT antisera or with only the secondary Ab (RAM-FITC). These data
were obtained with serum samples drawn 1 week after the third immunization.
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reduce CD4� cell chemotaxis to 50%, while antisera raised
against the synthetic peptide showed a slightly smaller effect
(Fig. 5). CD4� lymphocytes treated with Ig fractions from
FHV-WT antisera or from NMS retained full migration effi-
ciency in response to Mip-1�. These effects suggest that anti-

CCR5 antibodies might also be able to interfere with CCR5-
mediated biological activities in vivo.

Anti-CCR5 antibodies neutralize the infectivity of primary
HIV-1 isolates. Given the crucial role played by CCR5 in HIV
cell entry, we investigated whether mouse anti-CCR5 antibod-
ies could inhibit HIV infectivity. Mucosal IgA and IgG frac-
tions (affinity purified on peptide-coupled beads) derived from
samples drawn after the fourth and the fifth immunizations of
mice immunized with FHV-WT or FHV-I2 were added to
PBMC for 48 h in order to induce CCR5 down-regulation (as
shown in Fig. 3). Samples were then tested for the ability to
neutralize the infectivity of HIV-1 subtype B primary isolates
(the R5-tropic viruses HIV no. 36 and HIV no. 40 or the R5-,
R3-, X4-tropic virus HIV no. 45). Commercial anti-CD4 MAb,
SIM4, and mucosal IgA and IgG from mice immunized with
FHV-WT were used as positive and negative controls, respec-
tively.

The anti-CCR5 IgA and IgG antibodies and SIM4 were able
to reduce the infectivity of HIV no. 36 and HIV no. 40 isolates,
while IgA and IgG from FHV-WT-immunized mice were not
(Fig. 6A and B). Viral neutralization was also confirmed to be
R5 specific, because FHV-I2 failed in blocking the infectivity
of the R5-, R3-, and X4-tropic virus HIV no. 45 (Fig. 6C). In

FIG. 4. Radio-binding assay analysis of the specificities and biological activities of anti-CCR5 mouse Abs on human CD4� lymphocytes.
(A) CCR5-binding activities of antibodies elicited by systemic or mucosal immunizations with FHV-WT, synthetic cyclic CCR589–102 peptide, or
FHV-I2. (B) Radio binding to human CCR5 of serum (Se) IgG, serum IgA, or mucosal (Mu) IgA elicited by mucosal immunization with FHV-WT
or FHV-I2. The negative control (Cntr) was an Ig fraction from NMS (20 ng/assay). The positive control was the anti-human CCR5 MAb 2D7.
(C) Dose-response curves of CCR5 down-regulation obtained by incubating human CD4� lymphocytes for 48 h with the indicated dilutions of
FHV-I2 or FHV-WT antisera. Negative controls were target cells incubated only with the secondary Ab (RAM-FITC).

FIG. 5. Inhibition of Mip-1�-induced chemotaxis of human CD4�

T lymphocytes by anti-CCR5 mouse antibodies. Purified lymphocytes
were incubated with Ig fractions (20 ng/ml) from antisera elicited by
FHV-I2, FHV-WT, or the synthetic cyclic CCR589–102 peptide. Con-
trols (Cntr) included lymphocytes treated with Ig fractions from NMS
and lymphocytes without added antibodies. Means and standard errors
from three replicates.
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a dose dependence experiment, mucosal IgA antibodies
showed a stronger effect than IgG antibodies, reaching more
than 80% inhibition at 20 ng/ml (Fig. 6D and E). In the same
experimental setup, control IgA and IgG from FHV-WT-
immunized mice showed a low, nonspecific level of HIV infec-
tivity reduction (Fig. 6D and E), possibly due to hyperimmune
stimulation by the FHV antigenic system, which is likely to
disappear at lower doses of immunogen. These results indicate
that, when CCR5 is down-regulated by anti-CCR5 IgA elicited
by FHV-I2, strong HIV neutralization is achieved.

Antibody-mediated CCR5 down-regulation in vivo. In order
to evaluate whether anti-CCR5 antibodies affect the biological
functions of CCR5 in vivo, mouse CD4� lymphocytes were
sorted from PBMC and vaginal washes from mice immunized
via the systemic or mucosal route. Flow cytometry analysis
revealed that the fraction of CCR5� cells from PBMC and
vaginal washes was highly reduced in mice immunized with
FHV-I2 and, to a lesser extent, with the synthetic cyclic
CCR589–102 peptide (Fig. 7A and B). Systemic and mucosal
immunizations down-regulated cell surface CCR5 on periph-
eral PBMC. However, CCR5 down-regulation in mucosal cells
appeared to be stronger after mucosal immunization. When
PBMC from mice immunized with FHV-I2 by either route
were cultured in the absence of anti-CCR5 Abs, CCR5 re-

mained fully down-regulated for 3 days, slowly reappearing in
the following 4 days (Fig. 7C).

To evaluate the long-term CCR5 down-regulation kinetics
in vivo, we monitored CCR5 expression at 1, 2, and 4 weeks
after the seventh immunization (Fig. 8, groups I, II, and III,
respectively). Thereafter, the mice were boosted once again
and monitored 1 week later (Fig. 8, groups IV). Clearly, when
administered by the mucosal route, FHV-I2 caused full CCR5
down-regulation on peripheral CD4� lymphocytes in vivo,
while FHV-I2 by the systemic route exhibited a less potent
effect (Fig. 8, groups I). Similar differences were observed in
mice immunized with the synthetic cyclic CCR589–102 peptide.
Expression of CCR5 was gradually recovered in the samples
obtained after 2 and 4 weeks of rest (Fig. 8, groups II and III).
However, a single further immunization induced a new,
marked CCR5 down-regulation (Fig. 8, groups IV). Again, the
systemic immunization route was less efficient than the muco-
sal route.

FHV-I2 immunizations do not interfere with T-cell function.
In order to verify that the observed antibody response does not
interfere with T-cell function, a splenic-cell proliferation assay
was performed after activation by several mitogens (con-
canavalin A, staphylococcal enterotoxinn B, and PHA in the
presence of mouse IL-12). We tested pooled splenic cells

FIG. 6. Neutralization of the infectivity of HIV-1 primary isolates by anti-CCR5 mouse antibodies. Isolates HIV no. 36 and HIV no. 40 were
subtype B, R5 tropic; isolate HIV no. 45 was subtype B, R5, R3, X4 tropic. Antibodies were affinity purified on peptide-coupled beads from
mucosal IgA- and IgG-enriched fractions derived from FHV-I2 or FHV-WT antisera. In panels A, B, and C, 8 ng/ml of Igs were used. The positive
control (Cntr) was the anti-human CD4 MAb SIM4. In the negative control, no antibody was added. The error bars indicate standard deviations.
(D and E) Dose-response curves of infectivity reduction obtained by treating lymphocytes with the indicated concentrations of IgA or IgG
antibodies from FHV-I2 or FHV-WT antisera. Since only small serum samples could be collected, the antibodies for the neutralization assay were
purified from a pool of samples drawn after the fourth and fifth immunizations.
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from immunized (seventh systemic immunization) and from
preimmune mice. No difference was found between the two
groups. DNA incorporation values ranged between 3,700
and 4,880 cpm for immunized mice and between 3,950 and
4,500 cpm for preimmune animals.

DISCUSSION

This study focused on the production and the potential role
of anti-CCR5 autoantibodies in preventing HIV infection and

cell-to-cell viral spread. CCR5 is a member of the chemokine
receptor family, and it is well known as a major HIV core-
ceptor (27). Although CCR5 is a self-antigen, anti-CCR5
antibodies have been found in some cohorts, such as polytrans-
fused subjects and ESN (4, 23, 34, 39) and HIV-positive long-
term nonprogressor subjects (unpublished data). CCR5-defec-
tive individuals have normal inflammatory function and T-cell
immunity. Moreover, the presence of anti-CCR5 autoantibod-
ies did not play any evident pathological role. For these rea-
sons, CCR5 has been interpreted as a redundant molecule in

FIG. 7. Antibody-mediated CCR5 down-regulation in vivo. The CCR5 phenotype of CD4� cells was evaluated by two-color flow cytometry of
cells derived from peripheral blood or from vaginal fluids of mice immunized by mucosal or systemic immunizations with FHV-WT, the synthetic
cyclic CCR589–102 peptide, or FHV-I2. The double staining was obtained using M20 (anti-mouse CCR5 polyclonal antibody) and GK1.5
(anti-mouse CD4 MAb). (A) CCR5 expression by CD4� cells of mice subjected to mucosal immunizations. The error bars indicate standard
deviations. (B) CCR5 expression by CD4� cells of mice subjected to systemic immunizations. (C) Kinetics of CCR5 reappearance on the surfaces
of cultured PBMC obtained from mice immunized by either route with FHV-WT or FHV-I2.

FIG. 8. Long-term kinetic assays of in vivo CCR5 down-regulation by FHV-I2 immunization. CCR5 expression by CD4� cells of mice subjected
to mucosal (panel A) or systemic (panel B) immunization with FHV-I2, FHV-WT, or the synthetic cyclic CCR589–102 peptide. The lowest levels
of CCR5 expression are seen in the samples drawn 1 week after the seventh immunization (groups I). Expression of CCR5 receptors was gradually
recovered in the samples obtained after 2 and 4 weeks of rest (groups II and III). The samples of groups IV were obtained 1 week after a further
immunization.
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adults. Conversely, the presence of anti-CCR5 autoantibodies
has been associated with partial or complete protection from
HIV infection, acting via receptor down-regulation (36). Strik-
ingly, anti-CCR5 antibodies found in some ESN individuals
predominantly recognize a single CCR5 domain, the extra-
cellular loop spanning residues 89 to 102 (22). Equally note-
worthy, ESN individuals with anti-CCR5 Abs also presented
the same Abs in mucosal secretions (1). It would be of major
relevance if anti-CCR5 Abs could also (or predominantly)
exert a protective role at the mucosal level. Currently, mucosal
tissues are considered the major HIV entry sites; in fact, sexual
intercourse and mother-to-child transmission are the main
routes of HIV infection worldwide (5).

The major questions addressed in this study concern (i) the
possibility of deliberately raising anti-CCR5 antibodies in mice
by means of vaccination and (ii) the capacities of these anti-
bodies to down-regulate cell surface CCR5 (on mouse and
human cells) and thus block HIV infection (in human cells).
Indeed, we demonstrated that it is possible to induce anti-
CCR5 antibodies at serum levels 300-fold greater than those
previously found in ESN individuals. This difference is likely
attributable to the use of an appropriate carrier adequately
stimulating the mouse immune system.

Since linear peptides are generally unable to mimic struc-
tured epitopes, it is usual practice to cyclize them in a cysteine
loop, providing a constraint that reduces the number of possi-
ble conformations. In preliminary experiments, we demon-
strated that immunization with synthetic cyclic human
CCR589–102 peptide (but not the corresponding linear peptide)
could elicit antibodies reactive with native CCR5 in mice (in
spite of some amino acid differences between human and mu-
rine CCR5 sequences). Interestingly, the use of a recombinant
protein, such as FHV-I2, even at a 20-fold-lower molar con-
centration, yielded higher antibody levels in mice than the
synthetic cyclic CCR589–102 peptide. The FHV Epitope Pre-
sentation System (7, 11, 33) provided a good probability that,
in at least one of the FHV loop positions (Fig. 1), the foreign
epitope would be presented as an immunogen able to elicit
antibodies reactive to the native epitope. This system, when
used with the V3 loop epitope (35) and the ERDRD confor-
mational epitope of gp41 (6), has yielded results that indicate
the important role of the backbone structure of the virus both
in fixing a conformation similar to the natural one and in
promoting a vigorous antibody response through the heterol-
ogous context. Hence, we constructed four recombinant FHV
capsid proteins expressing the CCR589–102 epitope. The re-
combinant protein with the epitope in position I2 proved to be
the best immunogen in mice, in terms of both CCR5-reactive
antibodies and the abilities of these antibodies to down-regu-
late CCR5 on the surfaces of human lymphocytes (Fig. 2).

Two different immunization routes (intraperitoneal, i.e., sys-
temic, and intranasal, i.e., mucosal) were adopted to assess the
capacities of the immunogens to elicit systemic and/or mucosal
immune responses. In fact, specific anti-CCR5 antibodies of
IgG and IgA isotypes were obtained by both immunization
strategies. It is noteworthy that the mucosal route proved to be
more efficient (Fig. 2). Therefore, the mucosal immunization
route seems to be more promising in terms of efficacy and
convenience, since it is less invasive and does not require any
adjuvant.

The abilities of the antibodies to bind CCR5 in its native
conformation were also confirmed by the inhibition of CD4�

lymphocyte chemotaxis, a response specifically mediated by
Mip-1� via CCR5 (Fig. 5). Further confirmation of this ability
came from virus neutralization experiments (Fig. 6). In fact,
antibodies (especially IgAs) inhibited the infectivities of R5-
tropic virus isolates but not those of multitropic strains. Since
the affinity of polyclonal antibodies cannot be easily deter-
mined, the higher neutralizing efficacies of IgA antibodies
(with respect to IgG antibodies at comparable titers) were
tentatively explained by their dimeric status.

A major point to be addressed was the biological role of
anti-CCR5 antibodies at the mucosal level. IgG and (espe-
cially) IgA were able to bind and down-regulate CCR5 ex-
pressed on CD4� CCR5� cells isolated from mouse and hu-
man PBMC, but also receptors expressed on CD4� CCR5�

mouse cells from vaginal washings. Strikingly, mucosal immu-
nization caused a stronger in vivo down-regulation of CCR5
than systemic immunization (Fig. 7). The remarkable in vivo
CCR5 down-regulation and the subsequent restoration of re-
ceptor levels follow slow kinetics compared to previously re-
ported in vitro data (28). It would be of great interest to further
investigate the molecular pathways involved in CCR5 down-
regulation, recycling, and/or degradation. The findings pre-
sented here are noteworthy and promising features for clinical
implementation of anti-CCR5 prophylactic vaccination.

In vivo, down-regulation of CCR5 persisted for the first 2
weeks after recall immunization (the seventh). However,
CCR5 reappeared on the majority of CD4� cells at 4 weeks
after immunization, disappearing again following a new recall
immunization (the eighth) (Fig. 8). The surface reappearance
of CCR5 did not exactly reproduce the situation occurring in
humans, because in ESN individuals presenting anti-CCR5
autoantibodies, a fraction of CD4� cells are permanently
CCR5 negative (22). The reason for this difference is unclear,
and its understanding could be critical for potential therapeu-
tic applications of CCR5 vaccination.

Two recent experiments have investigated the in vivo pro-
tection conferred by anti-CCR5 autoantibodies raised to the
N-terminal domain of CCR5 (3, 8). (i) Chackerian et al. (8)
used the N-terminal domain of pigtailed macaque CCR5 fused
to streptavidin, which (when conjugated at high density to
bovine papillomavirus major capsid protein L1 virus-like par-
ticles) induced high-titer anti-CCR5 IgG that blocked infection
by CCR5-tropic simian-human immunodeficiency virus
(SHIV) in vitro. No decline in the number of CCR5-expressing
T cells was detected in immunized animals. In SHIV-chal-
lenged animals, viral loads and time to control of viremia were
significantly decreased (relative to controls), indicating the
possibility that CCR5 autoantibodies contributed to the con-
trol of viral replication. (ii) Bogers et al. (3) prepared a vaccine
consisting of three extracellular peptides of CCR5, an N-ter-
minal HIV gp120 fragment generated in transgenic plants, and
recombinant simian immunodeficiency virus p27. They were
linked to the microbial heat shock protein (HSP70) carrier,
and the vaccine was administered by mucosal and systemic
routes. Vaginal challenge with SHIV infected all macaques but
showed a significant variation in viral loads between the ani-
mals, and the virus was cleared in five of nine immunized
animals. The major difference between these interesting re-
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ports and our approach is that they used linear peptides and
focused on the N-terminal domain. In these reports, the
CCR589-102 was tested as a linear peptide and found to be
poorly immunogenic.

Conversely, we studied the possibility of raising antibodies
restricted to the 89-to-102 external loop, because of our initial
findings that anti-CCR5 autoantibodies from ESN individuals
predominantly or uniquely displayed specificity for this CCR5
domain. Having shown that the linear synthetic peptide
CCR589-102 is poorly immunogenic, we turned our attention to
its cyclic form and to the FHV Epitope Presentation System.
Analogous to our results, a recent report has shown that it is
possible to select anti-CCR5 single-chain variable fragments
from a phage display antibody library and that only those
selected by binding to cyclic constrained peptides inhibited
CCR5-mediated (but not CXCR4-mediated) HIV infection
(40).

Further experiments will be required to explore the possi-
bility of eliciting protective and long-lasting mucosal immunity
with a limited number of strong immunogens and to find the
best antigens or epitopes that may confer protection in vivo.
However, our results demonstrate that a single CCR5 loop,
conveniently presented to the immune system, may break im-
mune tolerance and induce a protective response. In conclu-
sion, we established a system that mimics the putatively pro-
tective response already observed in vivo in different cohorts of
individuals all over the world.
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