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Is Autoimmunity to CCR5 an Escape from the Intrusive HIV?
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Abstract: Albeit strictly controlled in immune function and in ontogenesis, autoimmunity may develop upon inflamma-
tory response to pathogens, with harmful consequences to host. Findings of autoimmune-like responses, observed in HIV-
infected patients, might play a key role in modulating the natural history of the infection and/or could even confer protec-
tion to HIV. This paper will focus on a special class of auto-antibodies observed in HIV exposure, anti-CCR5 1gG and

IgA and on their protective potential.
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1. INTRODUCTION

Microbial infections usually determine a complex cas-
cade of events in the host, aimed at producing protective
responses and at clearing pathogens promptly, with limited
or no harm for the host. Some events, as the generation of
pro-inflammatory stimuli and the local recruitment of im-
mune cells, are beneficial in the infection environment; these
events can nevertheless turn harmful when they become un-
controlled and determine undesired consequences for the
host. Microorganisms and of course HIV have successfully
learnt how to exploit host defences at their own advantage,
for example by turning signalling molecules off or by mim-
icking host antigens to conceal themselves from the immune
surveillance.

Pathogen blocking or neutralization mediated by host
antibodies is often effective in preventing infection and
spread of viruses. In HIV infection, a huge antibody produc-
tion is usually observed after primary infection; however,
most of these antibodies are generated in response to the
state of general inflammation and immune dysfunction and
fail in protecting the host. Neutralizing antibodies do not
usually develop in early phases of HIV infection; most im-
portantly, only a percentage of infected individuals succeed
in generating specific antibodies blocking the virus.

HIV antigens, provided to the host in vaccine formula-
tions, have almost completely failed in inducing protective -
or at least therapeutic - responses. Indeed, during the natural
history of HIV infection, some paradoxical responses, such
as the induction of anti-self antibodies, were observed [1, 2].
Initially considered as a reflex of the virus-induced hyper-
stimulation, the auto-antibodies have been reconsidered over
time as host’s attempts to counteract HIV infection. One of
these intriguing findings deals with CCR5, the major core-
ceptor that mediates HIV primary infection and spread from
human mucosa. The biological properties of anti-CCR5 anti-
bodies and their induction will be introduced and discussed
here.
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2. ALLO- AND AUTO-IMMUNITY

Anti-cell responses are uncommon but possible in
healthy individuals, since auto-reactive antibodies are usu-
ally found in blood specimens from healthy donors or in
commercial pools of human sera [3-6]. Natural allo-
immunization is usually observed when host cells enter in
close contact with cells and tissues carrying different HLA
haplotypes, for example in pregnancy, blood transfusion or
organ transplantation; it was also used in clinical prevention
of abortion [7, 8]. CD4+ T cells from allo-immunized sub-
jects displayed a reduced susceptibility to in vitro infection
with laboratory and primary HIV strains [9]. This effect was
explained by the presence of HLA-I and —II molecules on
HIV surface [10, 11]. Auto-antibodies generated in allo-
immunized, HLA-discordant couples, blocked HIV isolates
in vitro, a finding also confirmed by experimental immuniza-
tions [12, 13]. Unprotected sex (homo- and hetero-sexual)
was shown to induce stronger allo-immune responses in both
CD4+ and CD8+ T cells than the condom-protected inter-
courses; the increase of anti-HIV responses in PBMC was
also observed [14]. Some couples enrolled in the study also
showed an higher number of activated CD4+CD25+ T regu-
latory cells, a finding suggesting that unprotected sex elicited
tolerization to HLA antigens from the partner. Tolerization
of CD8+ T cells affected a significantly higher number of
homosexual than heterosexual couples; this fact, possibly
explained by anatomical and immunological differences of
rectal vs genital mucosa, underlines the key role of local
factors in the generation of genital as well as of systemic
immunity to HIV [14].

Auto-antibodies were observed and significantly associ-
ated with late stages of HIV infection, suggesting the exis-
tence of an autoimmune-like dysfunction that might account
for progressive lymphopenia, thrombocytopenia, hypergam-
maglobulinemia and other clinical features observed in the
disease [15-19]. Nevertheless, the presence of anti-cell anti-
bodies in HIV-exposed uninfected people strengthened the
hypothesis of a response involved in the development of
natural resistance to HIV [20-22].

Other hypotheses about autoimmunity observed in HIV
patients considered the molecular similarity among some
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epitopes in the Env proteins and various host antigens, such
as IL-2, HLA-I and -1, complement factors C1q and CFH,
integrin beta-3 GPllla, the astrocyte isoform of alpha-actinin
[23-29]. Of note, some of HIV host-mimicking epitopes,
such as those corresponding to IL-2, are immunodominant;
consequently, “the more the immune system fights against
the virus, the more it fights against itself” [26, 27].

Anti-cell antibodies were first described in macaques, as
spontaneous responses; subsequently, anti-HLA and anti-
lymphocytes antibodies were found in sera from SIV-
infected macaques and sooty mangabey monkeys [30]. Stud-
ies of allo-vaccination in monkeys confirmed that repeated
contacts with allo-antigens from seminal fluid or fetuses in-
creased T cell count, chemokine secretion and also induced
anti-CCR5 antibodies, all mechanisms resulting in natural
resistance to SIV infection in vitro [31]. Monkeys immu-
nized with human uninfected cells were protected from the
challenge with HIV strains grown in human cells; protection
was due to the xenogenic response against human proteins,
such as the HLA molecules, that were exposed at the surface
of viral particles [32]. Anti-CCR5 monoclonal antibodies
blocked HIV infection in vitro and protected monkeys from
challenge with SIV strains, once passively administered [9,
33, 34].

3. THE GENERATION OF AUTOANTIBODIES

The immune system is a complex defensive army and
each of its branches is endowed with different mechanisms
and timing for response to pathogens; in addition, each
branch can successfully discriminate “self* from “non-self”
elements. Complexity should provide proper and prompt
protection in a wide spectrum of situations without endanger
host safety. In other words, the almost infinite repertoire of
potential immune responses has some limitations. Many
pathogens, especially the stealth ones, are used to exploit
system faults and “grey areas” to infiltrate and conceal them-
selves from the host immunity; their efforts sometime suc-
ceed in establishing acute or chronic colonization, latency
and escape from the host defence. Two excellent players in
this spy-story are the Herpesviruses and the Endogenous
Retroviruses (ERVS). These viruses have achieved the wid-
est spread in mammalians, primates and human populations
since million years, usually without causing severe or life-
threatening damage to their hosts. Their weapons include
both the ability to establish silent, life-lasting infections, the
capture of host-derived genes to escape antiviral responses
and the manipulation of host immunity at their own sake.

As an example, some herpesviruses, such as EBV and
KSHV (HHV-8), express cytokine and chemokine homolo-
gous (e.g. vIL-6, vIL-10, MIP-1-like factors) that can switch
host immunity from Th1l to Th2 [35-38]. The expression of a
superantigen, encoded by some families of human ERVs,
during development, can cause the deletion of reactive T
cells and the restriction of the immune repertoire; when it is
expressed during the acute infection of an exogenous retrovi-
rus, the superantigen induces the aspecific stimulation of
circulating B cells [39-41]. Intriguingly, the infections with
some herpesviruses or with HIVV were shown to affect the
regulation of endogenous retroviruses, leading to increased
inflammation, expression of superantigens and development
of autoimmune diseases [42-46]. Therefore, the anti-cell
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antibodies observed in HIV-exposed or -infected people can
be triggered by different mechanisms, either exogenous or
endogenous, which do not exclude the synergistic activities
of other pathogens. On the other hand, anti-cell antibodies
can develop from the exposure of cryptic epitopes or unusual
conformations of self proteins, that can become “unknown”
and thus “foreign” to mechanisms devoted to immune sur-
veillance [47]. As examples of this latter mechanism, anti-
CD4 antibodies are triggered by the unmasking of cryp-
tic/conformational epitopes, that become exposed after
gp120-CD4 binding, while anti-HLA responses depend on
molecular mimicry between HIV glycoproteins and HLA
domains; both these antibodies appear in response to HIV-
antigens [48, 49].

Anti-CCR5 IgG and IgA have different ways of genera-
tion and different mechanisms of action. The N-terminus and
the second external loop of CCR5 molecule host various
immunodominant epitopes, which are crucial for chemokine
and HIV binding; these domains are likely to be arranged in
different conformations [50, 51]. Anti-CCR5 antibodies to
the HIV binding site, i.e. the second external loop, appear in
response to experimental immunization with cells expressing
CCRS or to HIV infection; these antibodies block HIV entry
by binding competition or steric hindrance [52, 53]. Con-
versely, anti-CCR5 antibodies recognizing the first external
loop of the protein can appear in response to HIV exposure,
or even independently from it. These antibodies do not inter-
fere with HIV binding directly, but induce co-receptor down-
regulation, thus blocking virus infectivity by an indirect way
[54-56].

4. CCR5 FUNCTIONS

CCRS belongs to a large family of chemokine receptors,
expressed on the surface of lymphocytes and other cell types,
where are involved in signaling and coordination of the im-
mune response [57]. Similarly to CXCR4, CCR5 is an HIV
coreceptor [58-61]. CCR5 and other chemokine receptors
belong to the family of seven transmembrane-domain pro-
teins coupled to G proteins (G-protein coupled receptors,
GPCRs), a very important family comprising many signaling
receptors, such as rhodopsin and B-adrenergic receptors [62].
G-protein—coupled receptors are large transmembrane mole-
cules and their three-dimensional structures are still poorly
elucidated through physico-chemical spectroscopic methods,
such as X-ray crystallography. Only the structures of
rhodopsin, the two B-adrenergic receptors and adenosine
receptor have been recently characterized [62]. The three-
dimensional structure of the whole CCR5 molecule has not
been solved yet. Existing information for small CCR5 pep-
tides have been provided by NMR or crystallographic data,
by homology modeling performed on similar structures and
by indirect findings, e.g. structures for complexes between
HIV envelope and monoclonal antibodies [62-64].

CCR5 is expressed on immature (ThQO), memory and
primed Th1 cells, on monocytes, macrophages and immature
dendritic cells; on neurons, astrocytes and microglia; on epi-
thelium, endothelium, vascular smooth muscle and fibro-
blasts [65]. Its preferential ligands are the pro-inflammatory
cytokines CCL3 (MIP-1a), CCL4 (MIP-1B) and CCL5
(RANTES), involved in the initiation of effector response
[66]. Other cytokines, such as CCL7 (MCP-3), CCL8 (MCP-
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Fig. (1). CCR5 signaling and trafficking. Abbreviations: b-ARR, beta-arrestin; CaM, Calmodulin; DAG, diacylglycerol; ERK, Extracellular
signal-regulated kinase; G, G protein; GRK, G protein-coupled receptor kinase; IP3, inositol 1,4,5-triphosphate; Pi, Phosphate; PKC, Protein

Kinase C; PLC, phospholipase C.

2) and CCL13 (MCP-4), are, respectively, a competitive
antagonist and two weak agonists. Chemokine binding may
interfere with HIV docking, so natural CCR5 ligands were
evaluated as HIV competitors, with different results: CCL3,
CCL4, CCL5 and CCLS8 displayed HIV-inhibiting proper-
ties, CCL7 was shown not to interfere, while CCL2 (MCP-1)
even enhanced HIV infection in vitro [67]. CCL3L1 and
CCL4L1 are variant chemokines encoded by genes with
varying copy numbers. These chemokines inhibit CCR5
binding to HIV through allosteric blockade and receptor
downregulation, in an inverse relationship; their gene copy
numbers and hence their expression levels, can influence
HIV progression [68].

Similarly to other GPCRs, CCR5 shows evidence of a
complex regulation both at genetic and at macromolecular
level. The organization of its unique gene may permit several
ways of regulating gene transcription, RNA splicing and
messenger translation. Exon 4 hosts the ORF, while exons 1-
3 and the intercalating introns are transcribed and spliced to
generate a family of messenger RNAs, all showing large
5’untranslated regions. Two different promoters, both lack-
ing canonical TATA and CAAT motifs, can direct gene tran-
scription; the former is a strong, regulated promoter located
upstream the exon 1, while the latter is a weak, constitutive
promoter placed between exons 1 and 3 [69]. Exon-1-
containing transcripts, generated upon activation of the up-
stream inducible promoter, have been specifically isolated in
activated T lymphocytes and in other cell types, as dendritic
cells and monocytes undergoing chemokine stimulation and

antigen presentation [69, 70]. These cells coexpress both
CCR5 and CXCR4 receptors, organized in homo- and het-
erodimers, as CCR5-CXCR4, CCR2-CCR5, CXCR4-Delta
opioid receptor [71, 72]. According to FRET (Fluorescence
Resonance Energy Transfer) assays, CCR5-CXCR4 het-
erodimers increased in response to MIP-1oc or RANTES
binding, while SDF-1 reduced dimers density [72]. The state
of dimerization can affect the response of any of the engaged
receptors to their ligands; it is also required for receptor de-
sensitization after chemokine signaling [73, 74]. CCR5 re-
sponsivity to chemokines is further regulated through recep-
tor desensitization, internalization and recycling, three phe-
nomena occurring in different time frames — seconds to
hours — after exposure to ligands. CCR5 signalling and
coreceptor trafficking involve a cascade of protein kinases
and second messengers, such as the protein kinase C (PKC)
and the generation of a calcium flux, associated with RAN-
TES-mediated chemotaxis. PKC-mediated phosphorylation
of the receptor also promotes CCR5 binding to beta-arrestin
and leads to its recycling and/or degradation [75]. Other de-
tails about CCR5 signaling and trafficking are summarized
in Fig. (1).

Finally, CCR5 is the exclusive co-receptor mediating
HIV entry through the mucosa, that is the scenario where
most, if not all, horizontal and vertical HIV transmission
take place [76, 77]. CXCR4 coreceptors are also expressed
on the genital mucosa, but are very rare, since they are
downregulated by the high SDF-1 local expression [78, 79].
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CCR5-tropic (R5) viruses are preferentially transmitted
upon interaction with the immune cells residing in submu-
cosal tissues, as DCs, Langerhans cells and macrophages.
Submucosal DCs subsequently transport HIV particles to
regional lymph nodes, where they encounter — and can in-
fect — CD4+ T cells [77].

5.CCR5 IS A SUITABLE IMMUNE TARGET

Due to its features and to its natural history, CCR5 is a
key target in HIV therapy and prevention and has fostered
therapeutic approaches to block HIV infection; to date,
small-molecule inhibitors, chemically modified ligands and
anti-CCR5 antibodies have shown antiviral properties in
cell-based tests and in some in vivo trials [52, 80, 81]. Some
drug inhibitors, such as Maraviroc, are already registered for
the clinic use [81]. Other approaches, as the administration
of Rapamycin or Statins, or the expression of anti-CCR5
intracellular antibodies or chemokines, have also been pro-
posed to contain CCRS5 receptors within target cells [82-85].

5.1. Natural antibodies To CCR5

As detailed above, different types of HIV-blocking anti-
bodies to CCR5 have been isolated from HIV-infected and
from HIV-exposed, seronegative (ESN) subjects. A peculiar
type of these antibodies recognizes the first external loop of
CCR5 receptor (ECL1), a domain not involved in ligand
binding or in HIV docking. Anti-CCR5 antibodies have been
only detected in serum and mucosal secretions from ESN
people and in long-term non-progressing HIV-positive
(LTNP) subjects, both men and women, supporting the hy-
pothesis that these IgG and IgA are involved in HIV protec-
tion or in infection control [54, 86]. One clinical study
searched for such anti-CCR5 antibodies in 497 subjects, in-
cluding 85 LTNPs, 70 HIV-progressors, 135 HIV-positive
patients receiving highly active antiretroviral therapy
(HAART) and 207 HIV-negative donors [87]. Anti-CCR5
antibodies were isolated in 23% of the LTNP subjects but
not in the other subpopulations studied (P<.001). Anti-CCR5
Abs recognized a conformational epitope within the ECL1
domain and induced a stable and long-lasting downregula-
tion of CCR5 from the surface of T lymphocytes, thereby
inhibiting HIV entry. Receptor internalization was specifi-
cally inhibited by sucrose, but not by filipin or nystatin, no-
codazole or cytochalasin D, thus supporting a specific role
for clathrin-coated pits and excluding the caveolae compart-
ments [87]. In addition, CD4" lymphocytes from the LTNP
subpopulation who displayed anti-CCR5 Abs were resistant
to in vitro infection with R5-tropic HIV-1 strains, due to
CCR5 downregulation; anti-CCR5 antibodies were able to
block in vitro infectivity of HIV primary isolates belonging
to clades A, B and C. The level of anti-CCR5 antibodies
appeared to be correlated with levels of HIV exposure, being
lower in seronegative ESN subjects and higher in seroposi-
tive LTNP individuals (0.1% vs. 8% of the total antibodies,
respectively).

Interestingly, the loss of anti-CCR5 antibodies was ob-
served in the course of the clinical follow-up and this event
was significantly associated with clinical progression toward
disease in 9 out of 20 LTNP enrolled in the study; these
LTNPs experienced a significant increase in viremia and
required therapy, thus becoming “progressors”. Strikingly,
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the other patients, who retained anti-CCR5 Abs, maintained
a stable LTNP status without any treatment. According to the
finding, the loss of anti-CCR5 Abs was associated with pro-
gression toward disease; this observation was strongly sup-
ported by the development of AIDS in some subjects despite
antiretroviral therapy [87].

The persistence of very low, undetectable levels of HIV
replication might provide a possible explanation for this un-
usual antibodies; the low, continuous antigen boost does not
result in a strong generalized immune activation, similarly to
what was observed in the course of natural latent viral infec-
tions (e.g., herpesviruses) or in food-borne antigens and/or
vaccines, which may establish tolerance and retain their anti-
genic potential [88, 89]. In the lucky subset of ESN and
LTNP individuals who were able to control HIV, host
physiological and immunological conditions might have es-
tablished a positive feedback cycle that maintains undetect-
able levels of virus replication and a suitable antigen presen-
tation on one hand and long-lasting responses, capable of
blocking HIV through its major coreceptor on the other,
therefore providing a key mechanism for fighting HIV repli-
cation [47]. Another key point in the study was the observa-
tion that the viral phenotype in LTNPs carrying anti-CCR5
antibodies did not change in the presence of such antibodies,
thus confirming that the selective pressure of CCRS5 inhibi-
tors does not induce a change of viral phenotype per se, as
already reported in a monkey model [90]. In addition, anti-
CCRS5 antibodies did not induce any apparent alterations in
immune function, as demonstrated by the continued health
status of subjects who retained anti-CCR5 antibodies; both
these findings provide an argument against theoretical con-
cerns about CCR5 targeting with specific antibodies.

5.2. mAbs to CCR5

Several studies have focused on the three-dimensional
structure of the CCR5 receptor through the use of specific
mAbs, defining epitopes involved in chemokine binding,
receptor activation and trafficking and HIV coreceptor activ-
ity. Some monoclonal antibodies to CCR5, such as MC-1 or
PA14, could also work as therapeutic inhibitors of viral en-
try, due to their ability in inhibiting gp120 binding and/or in
promoting CCR5 internalization without triggering intracel-
lular signaling; the humanized version of PA14, PRO140,
has been tested in clinical studies [33, 34, 51]. A scheme
representing CCR5 molecule, its binding domains and the
key epitopes mapped on its structure is illustrated in Fig. (2).

Similarly to other GPCRs and membrane-associated pro-
teins, CCR5 is poorly immunogenic; its four extracellular
domains represent about one fourth of the whole sequence
(90 out of 352 aminoacids); the two longer domains, the N-
terminus and the second extracellular loop (ECL2) span
about 30 aminoacids each [52]. These latter domains host
immunodominant epitopes recognized by the majority of
monoclonal antibodies [52]; both N-terminus and ECL2 do-
mains are also involved in chemokine and HIV binding [51,
52, 91].

Alanine mapping and point mutation studies have
mapped critical aminoacids on the CCR5 molecule, leading
to design epitope maps and theoretical models representing
the extracellular domains of the receptor and their hypotheti-
cal interactions [33, 51]. Not surprisingly, few mAbs were
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Fig. (2). Scheme illustrating the three-dimension structure of CCR5 coreceptor. Extracellular domains show HIV and chemokines binding
sites and the domains mapped by mAbs and natural anti-CCR5 antibodies. C20-C269 and C101-C178 disulphide bonds are represented as

black circles.

able to bind native and denatured CCR5 in Western Blot
assays, a finding showing that most CCR5 epitopes are con-
formation-sensitive [91]. Key aminoacids included in dis-
continuous, conformational epitopes may embrace one or
more residues among the first 20 aminoacids in the N-
terminus, two distinct regions within the ECL2 domain and
single aminoacids belonging to other domains, such as ECL1
[52]. 2D7, one of the most potent mAbs described in many
studies, binds to the ECL2 domain [33, 51, 91]. Antibodies
targeting the N-terminus domain of CCR5, as MC-5 or PA9,
competed for binding of soluble gp120-CD4 complex with
high affinity, but were less effective than the ECL2-specific
mADbs in preventing cell-cell fusion and virus entry [33, 92].
Conversely, antibodies to ECL2 domain did not prevent
gp120-CD4 complex binding effectively but were strong
inhibitors of HIV entry; these findings supported a model of
dual interaction between CCR5 and HIV, where the first
interaction, involving the binding between V3 stem on the
viral protein and the N-terminus of the coreceptor, occured
before the second one, which took V3 crown in close contact
with the ECL2 domain and triggered HIV envelope-cell
membrane fusion; both interactions with N-terminus and
ECL2 domains were required for HIV docking [33, 52].

The ECL2 domain hosts both HIV- and chemokine-
specific binding sites; antibodies recognizing this domain
were also effective in preventing chemokine binding and/or
signaling [91]. Antibodies recognizing conformational epi-
topes spanning different extracellular domains of the CCR5
molecule displayed different ability in inducing ligand bind-
ing, signaling and receptor trafficking (e.g. desensitization,
phosphorylation, downregulation). For example, MC-6 anti-
body activated CCR5 but was unable to induce receptor in-

ternalization, whereas MC-1 caused CCRS5 internalization,
via cholesterol-rich raft domains; MC-4 specifically inhib-
ited RANTES-mediated endocytosis, but did not affect
chemokine signaling [51]. PA9 and PA12, all recognizing
CCR5 N-terminus, were ineffective at blocking intracellular
signaling, while PA14 and 2D7 prevented intracellular cal-
cium mobilization induced by chemokine binding [33]. The
wide spectrum of effects mediated by binding of the differ-
ent mAbs supported the existence of multiple conformations
for CCR5 molecules [51]. Most importantly, the modulation
of specific events associated with the coreceptor, such as
ligand binding, signaling and downregulation, opened the
way to the use of mAbs as therapeutic tools, capable of pre-
venting HIV spread by steric hindrance and/or receptor in-
ternalization without affecting physiologic chemokine sig-
naling. Moreover, antiviral antibodies could also fight vi-
ruses by inducing antibody-dependent cellular cytotoxicity
(ADCC), virus opsonization and by recruiting components of
the complement cascade [93]. Another interesting feature
shown by some mAbs was the possibility to obtain synergis-
tic antiviral activity, due to the existence of various non-
overlapping epitopes involved in HIV binding, docking and
entry [94].

5.3. Passive immunization to CCR5

Humanized monoclonal antibodies recognizing CCR5
extracellular domains (the N-terminal and/or the second ex-
tracellular loop) have been developed and competed with
gp120 binding [65]. Passive immunization with humanized
mAbs may offer several advantages in respect to other anti-
viral drugs. MAbs are highly target-specific and therefore
they minimize side effects or toxicity; their very long plasma
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half-lives allow biweekly or even monthly administrations;
mADbs are proteins administrated intravenously, hence their
pharmacokinetics, metabolism and toxicity differ from those
of HIV-inhibiting drugs, that are low-molecular-weight
molecules administered per os. Moreover, different anti-
CCR5 mAbs can provide different spectra of antiviral and
anti-chemotaxis activities. On the other hand, mAbs-based
drugs also have disadvantages, such as the inconvenience of
intravenous administration, the potential for inducing aller-
gic reactions and the possible development of neutralizing
anti-antibodies [94].

PRO140 and another mAb, HGS004, have been tested in
HIV-infected subjects [95, 96]. At nanomolar concentrations
in vitro, PRO140 blocked HIV strains belonging to different
clades both in primary macrophages and in PBMC [34].
PRO140 inhibited HIV without blocking the CCR5 response
to chemokines, whereas HGS004 prevented both viral infec-
tion and chemokine signaling. Notably, antibodies and
small-molecule antagonists did not share the same mecha-
nism and site of action; therefore, their activity might be
synergic or contrasting and no cross-resistance were ob-
served [65].

6. GENERATION OF ANTI-CCR5 IMMUNITY

Other experiments, carried out on mice and monkeys,
showed that anti-CCR5 antibodies could be elicited in ro-
dent, bird and monkey models and were also re-boosted
when required [56, 97, 98]. Most importantly, anti-CCR5
IgG and IgA generated by immunization shared HIV-
blocking properties with human monoclonal immunoglobu-
lins and with natural antibodies found in exposed individuals
[54, 56].

Immunization experiments and in vitro studies of elicited
antibodies were performed by Chain et al. [99], who immu-
nized rabbits with chimeric peptides corresponding to a very
short fragment of the N-terminal sequence of CCR5 and with
a T-specific peptide from Tetanus toxoid. T-specific CCR5
epitopes were not included in the immunogen to prevent the
development of host autoimmune responses. Immunization
generated a strong antibody response; binding experiments
to N-terminal and full-length CCR5 suggested that CCR5-
binding antibodies were a small percentage of the total anti-
bodies elicited by immunization; nevertheless, anti-CCR5
specific antibodies blocked HIV infection of macrophages in
vitro. Devito et al. [100] carried out a long-term immuniza-
tion with an intranasal DNA prime followed by a peptide
booster immunization. Delivered antigens were peptides
from gp120 V3 loop, gp4l (MPER peptides containing the
ELDKWAS epitope) and CCR5-ECL2 domain. The vaccina-
tion schedule elicited specific 1gG and IgA in sera and in
mucosal secretions (intestinal, vaginal and lung) in immu-
nized mice. More interestingly, long-term IgG and IgA re-
sponses were still observed after 12 months from boosting
both in serum and in mucosal secretions. HIVV-blocking Abs
were still detected in serum 12 months after boosting. Ac-
cording to this study, intranasal DNA prime followed by one
peptide/L3 adjuvant booster immunization, but not vice
versa, induced long-lasting HIV-blocking Abs and B mem-
ory cells to poorly immunogenic, conformational epitopes.
Barassi et al. [56] generated chimeric immunogens contain-
ing a CCR5 peptide from the first extracellular domain
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(ECL1) in the context of the capsid protein of flock house
virus, a conformation-constrained expression system [101].
Administered to mice by systemic or mucosal route, the im-
munogens elicited anti-CCR5 1gG and IgA both in sera and
in vaginal fluids. Similarly to HIV-exposed seronegative
individuals, mice producing anti-CCR5 autoantibodies ex-
pressed significantly reduced levels of CCR5 on the surfaces
of CD4" cells from peripheral blood and vaginal washes. In
vitro studies showed that murine 1gG and IgA (i) specifically
bound human and mouse CD4" lymphocytes and the CCR5-
transfected U87 cell line; (ii) downregulated CCR5 expres-
sion of CD4" cells from both humans and untreated mice;
(iii) inhibited CCL4/MIP-1p chemotaxis of CD4" CCR5"
lymphocytes and (iv) blocked in vitro infectivity of HIV R5
strains belonging to clade B. Finally, Pastori et al. [102] per-
formed a peptide-scanning assay on a panel of synthetic pep-
tides spanning the CCR5-ECL1 region; the resulting pep-
tides were assayed with a pool of natural anti-CCR5 antibod-
ies and used to immunize mice and chickens. Further struc-
tural characterization of the peptides was provided by NMR
spectroscopy and by molecular dynamics simulations.
Amino acid substitutions in positions 95 and 96 increased
antibody—peptide binding compared to the wild-type peptide.
The A95-A96 peptide was shown to induce, in mice and
chickens, antibodies displaying biological activity at very
low concentrations. Strikingly, chicken antibodies to the
modified peptide specifically recognized human CCRS5
molecules, downregulated receptors from lymphocytes, in-
hibited CCR5-dependent chemotaxis and prevented infection
by several R5 primary isolates belonging to Clades A, B, C
and E, displaying 1Cso values lower than 3 ng/ml. NMR
spectroscopy and molecular dynamics simulations confirmed
the high flexibility of isolated epitopes and suggested that
A95-A96 substitutions conferred a slightly higher tendency
to generate helical conformations combined with a lower
steric hindrance of the side chains in the peptides. The dif-
ferent structural behavior of the mutagenized loop might
account for a better molecular structural organization, allow-
ing the induction of the fittest antibodies. Optimized antibod-
ies recognized and bound native CCR5 with higher affinity
and displayed enhanced biological activity.

Other in vivo studies coupled immunization experiments
with in vivo challenges of vaccinated animals to evaluate
whether a break in B-tolerance was achieved and what was
the extent of immune protection conferred by tested immu-
nogens. Chackerian et al. [97] used the N-terminal domain
of pigtailed macaque CCR5 fused to Streptavidin. Once con-
jugated at high densities to capsid protein L1 within bovine
papilloma virus-like particles, this immunogen induced high-
titer anti-CCRS5 1gG that blocked infection by CCR5-tropic
simian-human immunodeficiency virus (SHIV) in vitro.
FACS analysis of spleen cells, thymus cells and PBMC did
not detect any decline in the number of CCR5-expressing
cells (T lymphocytes and macrophages) in immunized ani-
mals vs controls. In SHIV-challenged macaques, viral loads
and time to control of viremia were significantly decreased
in respect to controls, indicating that CCR5 autoantibodies
could have contributed to the control of viral replication.
Bogers et al. [103] assayed a vaccine consisting of three ex-
tracellular peptides of CCR5, an N-terminal HIV gp120
fragment generated in transgenic plants and the recombinant
simian immunodeficiency virus p27. They were linked to the
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microbial heat-shock protein HSP70, used as a carrier and
the vaccine was administered by mucosal and systemic
routes. Vaginal challenge with SHIV infected all macaques,
with a significant variation in viral loads between the immu-
nized and control animals; the virus was cleared in five of
nine immunized animals. Misumi et al. [104] adopted syn-
thetic cyclic peptides from the second external loop to in-
duce anti-CCR5 antibodies in cynomolgus macaques. The
immunization with a conjugated multiple-Ag peptide (cyclic
closed chain dodecapeptide, cDDR5-MAP) induced long-
lasting anti-cDDR5 antibodies reacting with both human and
macaque CCR5 molecules, which suppressed infections by
an R5 HIV-1 laboratory isolate (HIV JRFL), by R5 HIV-1
primary isolates (clade A:HIV 93RWO004 and clade C:HIV
MJ4) and by a pathogenic simian/HIV (SHIV SF162P3) bulk
isolate in vitro. After SHIV challenge, vaccinated cynomol-
gus macaques showed an attenuated acute infection and a
lower viral load than unvaccinated control animals.

According to in vitro and in vivo findings, immunization
did elicit antibodies endowed with blocking properties, ef-
fectively destroying B-tolerance. Despite the fact that none
of the immunogens assayed in vivo was able to confer full
protection from virus challenge, the infection of vaccinated
subjects was lower than in the controls and virus control was
achieved in most subjects. Finally, in vitro studies also
showed that conformational changes in the CCR5 protein,
together with host factors, had the potential to modulate pro-
tein immunogenicity in vivo and might also play a role in the
natural resistance to HIV infection.

9. CONCLUSION AND PERSPECTIVES

CCRS is a key player in HIV entry and many attempts to
prevent its role in infection have been developed and as-
sayed. The clinical use of small CCR5 inhibitors has proven
the feasibility and the efficacy of CCR5 targeting, but it has
also raised concerns about the safety of this approach: drug-
resistant RS HIV strains have been isolated in cell cultures
and in patients receiving Maraviroc and other CCR5 inhibi-
tors [80, 81, 105]. The use of humanized monoclonal anti-
bodies has proven effective, safe and tough in HIV-infected
patients, suggesting that passive immunization may offer
therapeutic advantages [95, 96]. The use of engineered
chemokines induced receptor downregulation, removing
CCR5 from availability for HIV binding; despite its effec-
tiveness, this approach might be associated in vivo with ad-
verse inflammatory events [106]. An HIV vaccine remains
the most expected goal to be accomplished in HIV research,
showing its value both in therapeutic intervention and in
prevention [107]. Vaccination may offer long-lasting protec-
tion with few administrations, in a way acceptable in many
geographical and social contexts, where other forms of pre-
vention for sexually transmitted diseases could be impracti-
cal or rejected [108].

Anti-CCR5 vaccination is an innovative anti-HIV strat-
egy, which could provide effective protection or safe con-
tainment to virus spread. Most importantly, anti-CCR5 anti-
bodies raised in animal models or naturally occurring upon
HIV exposure showed blocking activity to different virus
clades, a result that is hardly achieved by conventional HIV-
based immunogens [56, 87, 97]. Indeed, the feasibility of
anti-CCR5 vaccination has been already demonstrated by
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two groups of naturally CCR5-deficient people. Individuals
deprived of CCR5 receptor by genetic deletion [109-111]
and those carrying naturally occurring anti-CCR5 antibodies
downloading the receptor in vivo [54, 86, 87] were found to
be healthy and largely resistant to HIV-infection. Impor-
tantly, natural anti-CCR5 antibodies to the ECL1 domain
have been uniquely observed in the sera and in mucosal flu-
ids of individuals who remained uninfected despite repeated
and unprotected sexual exposure to HIV and in HIV-infected
individuals with long-term, asymptomatic infection. The
finding that both ESN and LTNP subpopulations exerted a
high and durable control on the virus confirmed the hypothe-
sis that natural anti-CCR5 antibodies could be associated
with protection. This concept was further strengthened by
the good health and immune status shown by the LTNP co-
hort, confirming that long-lasting CCR5 downregulation was
not harmful; conversely, cohort follow-up showed that the
loss of anti-CCR5 responses experienced by some patients
was associated with a decline in virus control [87]. These
findings are noteworthy because genetic CCR5 deletion has
been associated with an increased susceptibility to some viral
and bacterial pathogens [112]; moreover, anti-self immunity
was one of the mechanisms evoked to explain the generation
of natural anti-CCR5 antibodies [47] and a possible adverse
event associated with anti-CCR5 vaccination [65]. Con-
versely, CCR5 targeting could offer therapeutic advantages
in some autoimmune diseases, as rheumatoid arthritis [113],
or in transplantation therapy, all situations where chemokine
signaling and cell recruitment are immune mechanisms sus-
taining tissue damage [114]. Another key finding from the
follow-up of the LTNP cohort was the lack of an R5-to-X4
tropism shift, a fact supporting the safety of antibody-
mediated coreceptor targeting [87]; this is a key point to be
considered, due to the concerns raised by the therapeutic use
of small-molecule CCR5 inhibitors, which are prone to in
vitro and in vivo drug resistance and might favor the selec-
tion of dual-tropic or X4-tropic virus strains [81, 90, 115].
Indeed, immunization experiments performed in animal
models have shown that anti-CCR5 antibodies can be ob-
tained in vivo, provided that suitable vector systems are used,
either to break B-tolerance to the self-CCR5 antigen and to
constrain the ECL1 peptide (i.e. the target domain of these
natural anti-CCR5 antibodies) in a conformation similar to
the naturally occurring, immunogenic one [56, 102]. Moreo-
ver, anti-CCR5 antibodies elicited by the mucosal route are
long-lasting and can be promptly re-boosted upon immuniza-
tion, either in sera or, most importantly, in mucosal fluids,
showing the feasibility of local immunity at major portals of
HIV entry [56].

Taken together, all of the findings reviewed here support
the significance of interventions focused on CCR5 in its role
as principal HIV coreceptor. Among all strategies now avail-
able or under development, naturally occurring anti-CCR5
antibodies show the therapeutic potential to provide durable,
effective and safe systemic and, especially, local immunity
to HIV. As shown by follow-up studies and immunization
experiments, antibody-mediated CCR5 targeting was not
only feasible but it was also well tolerated. Together with
other immune-modulating strategies, this unconventional
approach could open unprecedented avenues of treatment not
only for HIV/AIDS but also for other disorders where harm-
ful pro-inflammatory responses can develop.
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