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I SPECIAL COMMUNICATION

Biology

of CCR5 and Its Role

in HIV Infection and Treatment

Michael M. Lederman, MD
Adam Penn-Nicholson, BA
Michael Cho, PhD

Donald Mosier, MD, PhD

S INTRACELLULAR PATHO-

gens, viruses must use host

cellular machinery for repli-

cation. Thus, targeting of host

elements necessary for viral replication
could limit the ability of the virus to rep-
licate.! In other conditions such as in-
flammatory bowel disease, multiple scle-
rosis, malignancy, and rheumatologic
disorders, strategies that target host im-
mune elements such as proinflamma-
tory cytokines,? costimulatory mol-
ecules,’ B lymphocytes,* and integrins’
have documented clinical efficacy. In-
terference with host defense elements is
not without some cost, however, and is
sometimes associated with an in-
creased risk of infection or neoplasia.®’
With the recognition that the human
immunodeficiency virus (HIV) uses the
CC chemokine receptor 5 (CCR5) for
entry into human cells, strategies that tar-
get CCR5 are being developed to pre-
ventand treat HIV infection. In this con-
text, the multiple and overlapping
interactions among chemokines and their
receptors permit substantial tolerance of
CCRS5 deletion or blockade. This is re-
flected in the general good health of the
many persons who are born homozy-
gous for a deletion of 32 base pairs in the
coding sequences for CCR5 (CCR5A32)
that renders the protein dysfunctional.
We review herein the biology of CCR5
and the effects of CCR5 sequestration or
inhibition on host immunity, and dis-
cuss the potential effects these strate-
gies may have on host immune de-
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Chemokine receptors are found on cell surfaces and promote cellular mi-
gration by chemotaxis. The CC chemokine receptor 5 (CCR5) is used by the
human immunodeficiency virus (HIV) to infect cells. Strategies that target
human CCR5 are therefore being developed to prevent and treat HIV infec-
tion. Antiviral strategies that target a host element necessary for viral rep-
lication may be predicted to interfere with the function of that element and
may therefore adversely affect the host. We conducted a review of the lit-
erature between November 2005 and April 2006 with a focus on articles ad-
dressing the genetics and function of CCR5, the effects of CCR5 deletion in
human and murine systems, and treatment strategies for HIV infection that
target this coreceptor. English-language articles in the human and murine
literature published between March 1996 and April 2006 were identified
through a search of MEDLINE using CCR5 as the search term. Relevant ar-
ticles as judged by their titles and abstracts were reviewed in detail. In ad-
dition, based on our knowledge of the field and with permission, unpub-
lished work was also reviewed. In this article, we explore the effects that
targeting CCR5 may have on host defenses in individuals with immunity al-
ready compromised by HIV infection.

JAMA. 2006,296:815-826 www.jama.com

fenses in health and in persons with
preexistent immunodeficiency due to
HIV infection.

We conducted MEDLINE searches
between November 2005 and April
2006 to identify English-language ar-
ticles in the human and murine litera-
ture published between March 1996
and April 2006 using CCRS5 as the
search term. We focused on articles that
addressed the genetics and function of
CCRS5, the effects of CCR5 deletion in
human and murine systems, and treat-
ment strategies for HIV infection that
target this coreceptor. Articles deter-
mined to be relevant as judged by their
titles and abstracts were reviewed in de-
tail. In addition, we reviewed unpub-
lished research based on our knowl-
edge of the field and with permission.

Structure and Function
of Chemokine Receptors

As indicated by their name, chemok-
ine receptors are cellular receptors for
chemokines—small molecules in the
cytokine family that promote cellular
movement by chemotaxis.® These re-
ceptors have a common 7-transmem-
brane structure (FIGURE 1) comprised
of extracellular and intracellular loops
separated by hydrophobic membrane-
spanning domains, a characteristic that
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Figure 1. Structure and Function of CC Chemokine Receptor 5
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extracellular N-terminal
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C-terminal domain.

G Protein
Linkage Sites

Serine Phosphorylation Sites
\

(s B
CC chemokine receptor 5 - _ N2 3-Dimensional Diagram
(CCR5) is expressed on Linear Diagram
surfaces of immune cells.
CCR5 WM. The TM domains are
thought to be arranged EXTRACELLULAR
= in a cluster, similar to SPACE
£ the resolved crystal
g structure of another
= 7 TM G protein-coupled
éy receptor, rhodopsin.
; Cysteine
CCR5+ Cell Palrr¥it_oylation LIPID
- Sites The amino terminus (NHz) S A

extracellular domain and
the clustered first and
second extracellular loops
are important in binding
chemokine ligands to the
receptor.

INTRACELLULAR
SPACE

e D A

Chemokine /’

(L|gand)

When an agonistic chemokine
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a conformational change. This
activates G protein bound to
intracytoplasmic domains of
the receptor.

G protein dissociates and activates
phospholipase C that generates the
second messengers inositol-1,4,5-
triphosphate and diacylglycerol. These
events lead to release of intracellular
calcium and activation of protein kinase C.

Chemokine binding to CCR5
may also trigger other
intracellular activation
pathways independent of G
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those mediated by mitogen-
activated protein kinases.
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makes them difficult to study in isola-
tion unless they are expressed on a cell
surface. Chemokine receptors have sev-
eral other characteristics that help de-
fine their function. They are coupled
with G proteins and can transmit sig-
nals to the cell via activation of these
G proteins and also through other sig-
naling molecules (Figure 1). When
bound by their chemokine ligands,
these receptors can become internal-
ized, impairing their subsequent abil-
ity to bind their ligands. Once inter-
nalized, however, these receptors tend
to recycle to the cell surface in time. Fi-
nally, many chemokine receptors share
ligands and vice versa. Thus, a single
chemokine receptor may bind and be
activated by more than 1 chemokine
and conversely, a single chemokine may
bind to and activate multiple chemok-
ine receptors (TABLE).

While the biologic rationale for pres-
ervation of these complex, overlap-
ping, and possibly inefficient relation-
ships might not be apparent, these
networks can be viewed as interesting
examples of how host defense mecha-
nisms are often duplicative. This pro-
vides backup systems to ensure the ef-
fectiveness of host responses to
microbial challenges and the means to
overcome microbial counterdefenses
because many microbes have devel-
oped strategies to block chemokines or
their coreceptors or use them for patho-
genesis.® In addition, chemokine ligands
that bind the same receptor may have
different biologic activities in vivo be-
cause they may be expressed by differ-
ent cells or at different sites, they may
signal through the receptor differ-
ently, and they may interact with dif-
ferent additional chemokine recep-
tors. These complex, overlapping
relationships could explain how dele-
tion or blockade of a particular ele-
ment can be tolerated without serious
harm to the host.

CCRS5 Structure and Function

The structure of CCR5 has not been re-
solved but is likely to resemble that of
rhodopsin.® The loops of the receptor
are likely arranged in a clustered ori-

©2006 American Medical Association. All rights reserved.
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]
Table. Interactions Among Some Chemokines and Their Receptors*

Chemokine Chemokine Receptor

IConsensus CommonI I I

Name Name CCR1 CCR2 CCR3 CCR5
CCL3 MIP-1a + +
CCL4 MIP-18 - +
CCL5 RANTES + + +
CCL7 MCP-3 + + + -
CCL8 MCP-2 + + + +
CCL11 Eotaxin - + +
CCL14a HCC-1 + +
CCL16 HCC-4 + + +

Abbreviations: CCL, CC chemokine ligand; CCR, CC chemokine receptor; HCC, hemofiltrate CC chemokine; MCP,
monocyte chemoattractant protein; MIP, macrophage inflammatory protein; RANTES, regulated upon activation nor-

mally T-cell expressed and secreted.

*The plus sign indicates activating interaction and the minus sign indicates inactivating interaction.

entation such that they are more proxi-
mal to each other than would be seen
in a linear orientation (Figure 1).
Chemokine ligands are thought to
bind to the amino terminus of CCR5
and then to regions of the first and sec-
ond extracellular loops, although muta-
tional analysis indicates that chemok-
ines may differ in terms of their direct
sites of interaction.'® The free amino ter-
minus of the chemokine is thought to
activate receptor signaling via interac-
tion with the bundled transmembrane
domains of the receptor.* Chemokine
binding to CCR5 promotes the disso-
ciation of the receptor-bound G pro-
tein, which activates phospholipase C,
generating the second messengers inosi-
tol-1,4,5-triphosphate and diacylglyc-
erol that lead to the release of intracel-
lular calcium and activation of protein
kinase C.'*"* In addition to the path-
ways activated by these intracellular
mediators, G protein—independent
pathways, such as those mediated
through mitogen-activated protein
kinases, may be activated after chemok-
ine binds to its CCRS5 receptor.'*"> Phos-
phorylation of intracytoplasmic resi-
dues in the C terminal portion of the
receptor promotes recruitment of 3-ar-
restins, multifunctional proteins that
prevent further G protein coupling,
which attenuates signaling through the
receptor, and that also may serve as a
scaffold to recruit other signaling mol-
ecules. Importantly, B-arrestins facili-
tate the binding of the receptor to clath-

rin to initiate receptor internalization'®!”

and subsequent receptor recycling to the
cell surface (Figure 1).

Several chemokines can bind, sig-
nal through, and promote internaliza-
tion of CCR5, including macrophage
inflammatory protein-la (MIP-1a),
MIP-18, and regulated upon activa-
tion normally T-cell expressed and
secreted (RANTES), known also as CC
chemokine 3 (CCL3), CCL4, and
CCL5, respectively (Table). Other
chemokines, such as monocyte
chemoattractant protein 3, also known
as CCL7, may bind to CCR5 without
signaling and thereby may serve as an
antagonist by interfering with binding
of an activating (agonistic) ligand.'®

CCR5 and Initiation
of Immune Responses

Numerous host defense cells can ex-
press CCR5 (BOX), including immune
effector cells (such as T cells, natural
killer cells, and natural killer T cells)
that can elaborate inflammatory cytok-
ines or destroy infected cells, and an-
tigen presenting cells (such as mono-
cytes, macrophages, and dendritic cells)
that can prime immune responses.
When chemokine ligands bind to CCR5
expressed on these immune effector
cells and antigen-presenting cells, they
can be activated and induced to mi-
grate. Among these CCR5-expressing
cells, however, only those that coex-
press CD4 (Box) are potentially sus-
ceptible to HIV infection.
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Box. Human Leukocytes That
May Express CCR5
Immune effector cells
T cells
Effector/memory T cells™
T helper type 1 effector cells*
a4B71 gut homing T cells*
Activated T cells*
Natural killer cells*
Natural killer T cells*
Antigen-presenting cells
Monocytes, macrophages™
Immature dendritic cells*
Langerhans cells™
Basophils
*Can coexpress CD4; susceptible to HIV
infection.

TA cell surface integrin that mediates
immune cell homing.

At sites of microbial invasion, cer-
tain substances that are common to
classes of microbial pathogens such as
endotoxin, flagellin, peptidoglycan,
single- or double-stranded RNA, and
unmethylated DNA containing cer-
tain CpG motifs that are common in the
bacterial genome, activate cellular toll-
like receptors on or within macro-
phages, dendritic cells, and other cells
to initiate the innate immune re-
sponse (FIGURE 2)." In contrast to the
enormous diversity and fine specific-
ity of sequences and structures recog-
nized by the adaptive immune system,
a limited number of patterns comprise
toll-like receptor—activating signals.
Thus, cellular proliferation is not re-
quired to generate a robust response.
The innate response therefore is rapid
but not especially specific. This imme-
diate response includes elaboration of
cytokines and chemokines that attract
other host defense cells to the site of mi-
crobial invasion. Immature epidermal
dendritic cells called Langerhans cells
expressing CCR5 are attracted to these
endangered sites by high concentra-
tions of CCR5-binding chemokines ex-
pressed by activated macrophages.
These Langerhans cells efficiently in-

818 JAMA, August 16, 2006—Vol 296, No. 7 (Reprinted)

gest microbes and their products and
while doing so, rapidly mature, losing
CCRS5 expression, increasing expres-
sion of costimulatory molecules, and
gaining expression of CCR7, a chemok-
ine receptor that promotes homing to
lymphoid tissue. In lymphoid tissue,
these matured dendritic cells can pre-
sent ingested foreign antigens to naive
T and B lymphocytes to initiate the
more specific adaptive immune re-
sponses. Thus, the expression of CCR5
plays an important role in priming
adaptive immune responses.

The expression of CCR5 also plays
arole in the distribution of effector cells
to sites of microbial infection where
they may contribute to microbial con-
trol and/or elimination (FIGURE 3). At
sites of inflammation, antigen-specific
effector T cells as well as natural killer
cells may release the chemokines MIP-
la, MIP-13, and RANTES—CCRS5
ligands—upon binding to infected tar-
get cells as a means to attract more ef-
fector cells to the site.' Release of these
chemokines attracts immune cells that
express CCR5 (mature T cells with ef-
fector function, monocytes, and natu-
ral killer cells), but not naive T cells or
central memory cells, which do not ex-
press CCR5.2%%! These chemokines can
bind to glycosaminoglycans, which are
polysaccharrides abundantly distrib-
uted on the endothelial cell surface and
in the extracellular matrix. Chemok-
ines thus are concentrated at these sites
and on the surface of nearby endothe-
lial cells.?* Circulating immune cells
tend to roll across the endothelial sur-
face by binding cell surface selectins to
their weak carbohydrate-containing en-
dothelial cell ligands.”? Chemokine
binding to CCR5 promotes T-cell ac-
tivation and up-regulation of 32 inte-
grins, transmembrane glycoproteins
that promote cellular adherence to ar-
rest the rolling.”* CCR5 binding by a
chemokine also promotes T-cell polar-
ization and migration of the cell across
the endothelial surface toward the in-
flammatory site.** There is also some
evidence that T-cell surface CCR5 is ac-
cumulated at the immunologic syn-
apse, the site at which the T-cell recep-

tor interacts with the peptide/major
histocompatibility complex on the an-
tigen-presenting cell,” and this inter-
action also may enhance T-cell activa-
tion.

CCR5 and HIV Infection

Shortly after CD4 was recognized as
necessary for HIV replication within
host cells,*® a series of experiments was
performed to ascertain whether expres-
sion of human CD4 was sufficient to
permit HIV replication. Expression of
human CD4 on mouse cells did not per-
mit HIV infection,?”*® and experi-
ments wherein permissive human cells
were fused with nonpermissive mouse
cells indicated that this was not re-
lated to an inhibitory factor in mouse
cells but that failure of virus entry was
related to the absence of an element in
mouse cells that was necessary for early
postbinding events.” The hunt for a
HIV coreceptor commenced. In 1995
Cocchi et al*® reported that MIP-1eq,
MIP-18, and RANTES when applied to-
gether could prevent HIV entry into
host cells. Within a few months, sev-
eral groups identified the chemokine re-
ceptors CXCR4 and CCRS5 as key core-
ceptors for HIV entry.*'?" Since these
observations were reported, other
chemokine receptors have been iden-
tified that can facilitate HIV infection
in vitro.*® But it appears that CXCR4
and CCRS5 are the critical coreceptors
for HIV infection in vivo. Whereas
CCRS5 can bind and be activated by a
number of chemokines, the only de-
fined agonistic ligand of CXCR#4 is stro-
mal-derived factor 1; knockout of either
CXCR#4 or stromal-derived factor 1 is
lethal ®

Host Cell Receptors
and HIV Cellular Entry

As is typical for other successful intra-
cellular pathogens, HIV uses highly
conserved host elements for cellular en-
try, in this case CD4 and either CXCR4
or CCR5. The mechanisms whereby
HIV uses these elements for cellular en-
try are being progressively elucidated
(FIGURE 4). The HIV envelope protein
is comprised of 3 heterodimeric glyco-

©2006 American Medical Association. All rights reserved.
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proteins, each comprised of a trans-
membrane glycoprotein 41 nonco-
valently associated with glycoprotein
120. After glycoprotein 120 binds to cel-
lular CD4, a conformational change in
the envelope glycoprotein is induced
that exposes previously inaccessible do-
mains permitting binding to the CCR5
or CXCR#4 coreceptor.®**** Once the
envelope glycoprotein binds to the co-
receptor, another major conforma-

tional change in the envelope com-
plex is induced that uncovers the free
amino terminal-fusion domain of gly-
coprotein 41 that is then embedded into
the host cell membrane. This links the
viral membrane to the host cell mem-
brane. This new conformation now per-
mits each of the 3 glycoprotein 41 mol-
ecules to zipper upon itself, forming a
6-helix bundle that brings the viral
membrane and host cell membrane

HIV AND ROLE OF CCR5 IN TREATMENT

close enough together to promote
their fusion and viral entry into the cell.

Loss or Sequestration
of CCR5 and Protection
Against HIV Infection

Shortly after CCR5 was identified as a
key coreceptor for HIV entry, a dele-
tion of 32 base pairs was identified in
the CCR5 gene open reading frame
(coding region) in a few persons who

Figure 2. Potential Role of CC Chemokine Receptor 5 (CCR5) in Initiating Immune Responses
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were at high risk for HIV infection but
who had remained free of infection.*!
Importantly, their blood cells were re-
sistant to infection with viruses that
used CCRS5 for entry. This deletion of
32 base pairs in the CCR5 gene
(CCR5A32) results in a truncated dys-
functional protein that does not get ex-
pressed on the cell surface. Surpris-
ingly, this allele is common in the white
population with a prevalence of 10% to
149%.%* Approximately 1% of the white
population has 2 copies of this mutant
gene, and these persons are dramati-
cally overrepresented in populations of
high-risk HIV seronegative per-
sons.** HIV infection in persons ho-
mozygous for CCR5A32 is extremely
rare, and when it does occur, it is caused
by viral strains that can use CXCR4 for
viral entry.**® Thus, congenital ab-

sence of CCRS5 protects against acqui-
sition of HIV infection. Factors limit-
ing the establishment of infection by
viruses that uniquely use CXCR4 for
cellular entry are not completely un-
derstood and may reflect partial inhi-
bition of CXCR#4 tropic virus replica-
tion at multiple levels, which provides,
in aggregate, a sufficient barrier that
renders them poorly infectious.*” Het-
erozygous individuals who have 1
CCR5A32 allele and 1 wild-type allele
may be at marginally lower risk for HIV
infection,™* but when heterozygous in-
dividuals acquire infection, they have
a somewhat attenuated course.’®!
Lower levels of plasma viremia may be
seen in these individuals.”® As HIV dis-
ease progresses, approximately half of
the infected persons may develop vi-
ruses that can use the CXCR4 corecep-

tor for entry (X4 viruses).’* This is as-
sociated with an acceleration of disease
course,” although itis not clear whether
the emergence of X4 viruses is the cause
or consequence of accelerated im-
mune deterioration.>

Other rare mutations in CCRS5 that re-
sultin a dysfunctional protein have been
found in some high-risk seronegative
persons.'®’* In addition, there is some
evidence that in different populations, the
number of MIP-1a gene duplications in-
versely predicts the risk of HIV acquisi-
tion and rate of disease progression.” If,
as suspected, more gene duplication re-
sults in greater expression of the CCR5
ligand MIP-1q, the resultant increased
receptor occupancy and internalization
may limit availability of the coreceptor
and decrease the risk of HIV infection
and viral propagation. Thus, the avail-

Figure 3. Potential Role of CC Chemokine Receptor 5 (CCR5) in Amplifying Tissue Inflammation
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ability of cell surface CCRS5 is a critical
determinant of susceptibility to HIV in-
fection and disease progression.

CCR5A32 Allele
and Immune Function

As noted above, the CCR5A32 allele is
common in whites but it is almost never
seen in Asians or Africans,” indicating
that it appeared in humans after these
populations diverged. Recent studies sug-

HIV AND ROLE OF CCR5 IN TREATMENT

gest that it is at least 2900 years old.*®
Where it is prevalent, it exists in Hardy-
Weinberg equilibrium suggesting that
now on a population level, there is not
an important advantage or disadvan-
tage to the heterozygous or homozy-
gous genotype. The high penetrance of
this mutation in certain populations,
however, suggests that at some time there
must have been an important selective
advantage provided to persons with this

allele. Candidates for this selection pres-
sure have included protection from
plague caused by Yersinia pestis, al-
though laboratory evidence for such an
advantage is controversial at best,***® and
protection from smallpox due to Vari-
ola virus because CCR5 and other
chemokine receptors may be used for en-
try by related poxviruses.’® The re-
stricted geographic distribution, the es-
timated age of the CCR5A32 allele, and

Figure 4. Model for HIV Entry
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the apparent absence of HIV in humans
before the last century® suggest that HIV
had no role in the selection for this al-
lele. In any event, persons who are ho-
mozygous for CCR5A32 seem to have a
normal life expectancy and no overtly ap-
parent alteration in risks for infectious
or immunologic disorders. The appar-
ent tolerance of this null phenotype (no
CCRS5 expression) is thought to be re-
lated to the redundancy of chemokines
and their chemokine ligands as de-
scribed above. As a result of these over-
lapping interactions, absence of CCR5
expression could be compensated for by
the use of other chemokine receptors for
directing cellular trafficking and cellu-
lar activation. Recently, however, there
is evidence that given a sufficient chal-
lenge, there is a clinical phenotype as-
sociated with congenital absence of cell
surface CCR5. For example, the sur-
vival of renal allografts without rejec-
tion of the transplanted organ among
persons homozygous for CCR5A32 is ap-
parently longer than among persons with
the wild-type alleles,”* consistent with ex-
perimental models wherein application
of CCR5 inhibitors prolonged allograft
tolerance in rodents.®** Most recently,
aretrospective analysis performed in the
southwestern United States indicated that
among persons with severe West Nile vi-
rus infection and especially among those
with fatal infection, persons homozy-
gous for CCR5A32 were overrepre-
sented,’ validating in humans the re-
sults of experimental studies in CCR5
knockout mice.®” In murine systems,
knockout of CCRS5 results in height-
ened severity of some infectious pro-
cesses®®* but not others,® " yet for some
infections, inflammation-related mor-
bidity may be reduced.” "> While there
is controversy regarding a possible ben-
eficial effect of a single CCR5A32 allele
on the outcome of infection with hepa-
titis C virus,”>” there is reason to be-
lieve that persons with the CCR5A32 al-
lele are more likely to resolve infection
with hepatitis B virus (M. Carrington,
PhD, written communication, April 13,
2006). Thus, an interim conclusion that
may be drawn until more data are gen-
erated is that the CCR5A32 homozy-
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gous state that confers high-level pro-
tection from HIV infection is largely well
tolerated but certain challenges of suf-
ficient magnitude may unmask an ap-
parent immunodeficiency associated
with this genotype. It remains to be seen
if other infections or infection-related
outcomes are managed more effectively
by these hosts.

Inhibition of HIV Entry as
Treatment for HIV Infection

Targeting viral entry holds promise as
a strategy to treat or prevent HIV infec-
tion. Agents that interfere with HIV en-
try may target either HIV or host cell el-
ements. A small number of human
monoclonal antibodies against the HIV
envelope glycoprotein have been devel-
oped that are capable of neutralizing HIV
infectivity and preventing entry,”*" but
administration of several of these intra-
venously was not associated with a du-
rable antiviral effect.®” Interference with
the binding of CD4 and glycoprotein 120
by administration of soluble CD4 was
ineffective in early studies,*# but a poly-
valent CD4-IgG fusion protein (PRO
542, Progenics Pharmaceuticals, Tarry-
town, NY) has demonstrable antiviral ac-
tivity in vivo after intravenous admin-
istration.*® A small molecule that blocks
the CD4 binding site on glycoprotein
120 (BMS 378806, Bristol-Myers Squibb,
New York, NY) has antiviral activity in
vitro® and is being developed as part of
a topical strategy to prevent mucosal
HIV transmission.®®" The first entry in-
hibitor approved for clinical use is a
parenterally administered peptide con-
taining sequences of HIV glycoprotein
41.% This peptide, enfuvirtide (Roche/
Trimeris, Basel, Switzerland/Durham,
NCQ), blocks the zippering of glycopro-
tein 41 (Figure 4) that brings the viral
and cell membranes together to pro-
mote their fusion.

Inhibition of CCR5 for
Treatment or Prevention
of HIV Infection

With the appreciation that CCR5 is nec-
essary for HIV cellular entry and that
CCR5 is the key coreceptor for most HIV
strains in infected persons, several strat-

egies that target this element are in de-
velopment for prophylaxis and treat-
ment. It is important to understand that
different strategies for CCR5 blockade
may have different effects on the host and
different interactions with HIV. More-
over, as HIV disease advances, increas-
ing proportions of persons harbor rep-
licating viruses that can use CCR5 and
CXCR4 (dual tropic) or CXCR4 alone
(X4 tropic) for cellular entry.® The treat-
ment outcomes of such persons with
regimens that include a CCRS5 inhibitor
have not been completely studied and
may be successful if other treatment
agents remain active against the X4 iso-
lates. On the other hand, if the regimen
is not completely suppressive of viral rep-
lication, X4 viruses may emerge. Care-
ful follow-up in these instances is nec-
essary to ascertain if the sustained
replication of X4 strains accelerates dis-
ease progression. Baseline screening of
patient viruses for X4 and R5 tropism is
necessary to resolve these questions be-
fore initiation of treatment with CCR5
inhibitors.

CCRS5 Agonists. As noted above,
chemokine binding to CCR5 is an ago-
nistic event that results in intracellu-
lar signal transduction and internaliza-
tion of the coreceptor. A number of
amino terminus—-modified chemokine
analogues have been developed that are
substantially more active HIV inhibi-
tors than the native RANTES.”**> These
agents bind CCR5 and promote its inter-
nalization. Their potency is directly
related to the magnitude and duration
of receptor internalization, which for
the most potent, N*-(n-nonanoyl)-des-
Ser!-[L-thioproline?, L-a-cyclohexyl-
glycine’] (PSC) RANTES, can be as
long as 24 hours.” By promoting intra-
cellular sequestration of the corecep-
tor, these agents are unlikely to pro-
mote the emergence of drug-resistant
HIV isolates capable of using CCRS5 for
cell entry. Vaginal application of PSC-
RANTES has provided high-level pro-
tection in rhesus macaques against
infection by SHIV 162P3, a chimeric
simian immunodeficiency virus that
contains envelope sequences of HIV.”
Although this strategy has not yet been
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associated with evidence of local inflam-
mation, this possible outcome must be
kept in mind as this and related agents
are developed. While ligand binding to
CCRS5 promotes both signaling and
receptor internalization, these events
may not necessarily be linked. Con-
ceivably, agents that bind and internal-
ize CCR5 without agonist activity can
be developed. As an example, we have
recently found that human (3-defensin
3,asmall cationic peptide, can antago-
nize the binding of ligand to the other
HIV coreceptor, CXCR4, and promote
its internalization without evidence of
agonist activity.”*%

CCR5 Antagonists. There are 2
classes of CCR5 antagonists in devel-
opment—a monoclonal antibody to
CCRS5 and several small molecule an-
tagonists. The humanized monoclo-
nal antibody HGS Ab004 (Human Ge-
nome Sciences, Rockville, Md) binds to
the second extracellular loop of CCR5,
thereby inhibiting both chemokine and
HIV envelope binding.”® Small mol-
ecule CCR5 inhibitors aplaviroc
(GlaxoSmithKline, Philadelphia, Pa),
maraviroc (Pfizer, New York, NY), and
vicriviroc (Schering-Plough, Kenil-
worth, NJ) have been tested for activ-
ity in large-scale human trials. Each of
these small molecules is likely to be an
allosteric inhibitor that locks CCR5 into
a conformation such that it is not able
to bind HIV envelope protein. Each can
function as a receptor antagonist, block-
ing to various degrees the signals in-
duced by different receptor-binding
chemokines.”” None of these agents is
thought to promote signaling and re-
ceptor internalization, therefore, these
agents are not likely to promote inflam-
mation as the agonists (above) might.
Because CCR5 is maintained on the cell
surface, however, viral escape mu-
tants that can still use CCRS5 for cellu-
lar entry may be selected.”® These agents
appear capable of prolonged receptor
binding in vitro and in vivo.” By block-
ing CCRS5 activity, they may block the
cellular trafficking and activation that
is mediated by CCR5. These agents have
had some developmental challenges.
Trials of aplaviroc have been halted be-
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cause of liver toxicities'®; 1 vicriviroc
trial in treatment-naive patients has
been terminated because of treatment
failures,'®! and a salvage study of vi-
criviroc has been unblinded because of
the unexpected occurrence of malig-
nancies, including lymphomas.'®* In-
terestingly, in HIV-infected persons
who are heterozygous (1 wild-type al-
lele and 1 CCR5A32 allele) for CCRS5,
the occurrence of malignant non-
Hogkins lymphoma appears to be lower
than expected.'® The relationship of vi-
criviroc treatment to the development
of malignancies is still uncertain. Re-
sults from further studies, including on-
going trials of vicriviroc and maravi-
roc, are needed to determine the efficacy
and safety of CCR5 antagonists for treat-
ment of HIV infection.

Nonagonistic Nonantagonistic
CCRS5 Inhibitors

Pro-140is a humanized monoclonal anti-
CCRS5 antibody (Progenics Pharmaceu-
ticals) that inhibits HIV entry by bind-
ing to the second extracellular loop of
CCRS5 but neither signals nor blocks the
function of the receptor at concentra-
tions sufficient to block HIV entry.'* This
surprising selective activity may render
this inhibitor less immunosuppressive
than the antagonistic inhibitors.

Possible Consequences
of CCRS Inhibition

As noted above and depending on the
strategy applied, blockade of CCR5
might result in induction of inflamma-
tory responses through activation of the
receptor or might block the traffick-
ing and cellular activation mediated by
CCRS5 through antagonism. While com-
pensation for the congenital absence of
CCR5 by a redundant network of
chemokine-ligand interactions may be
reasonably well tolerated unless se-
verely challenged, it is not clear whether
acute effects of pharmacological or im-
munologic CCR5 blockade will be as
well tolerated. Also, in the setting of im-
munodeficiency due to HIV infection,
it is not clear whether CCR5 blockade
will be as well compensated. Several hy-
potheses that explore potential conse-

quences of CCR5 inhibition as a thera-
peutic strategy in HIV infection are
outlined below.

Will CCR5 blockade block traffick-
ing of effector cells to tissue sites of in-
flammation? This is a plausible conse-
quence of CCRS5 inhibition and may
underlie the enhanced allograft toler-
ance and apparent heightened risk of
serious West Nile virus infection in per-
sons homozygous for CCR5A32. This
effect might be even more profound in
persons who have not experienced years
of accommodation to the absence of
the receptor or in persons with HIV-
related immunodeficiency. To test
this hypothesis, the influx of effector
cells into tissue sites of inflammation
could be examined by immunohis-
tochemical analysis of cellular infiltra-
tion at biopsied sites of skin test anti-
gen placement in persons receiving
treatment with CCR5 antagonists and
in controls.

A minority of persons with advanced
HIV infection experience an immune
restoration inflammatory syndrome
after administration of suppressive anti-
viral therapies.'®!% This morbid inflam-
matory syndrome has been attributed
to the rapid ingress of effector lympho-
cytes to sites of unrecognized oppor-
tunistic infection. If this is the case, one
might hypothesize that the occur-
rence of an immune restoration inflam-
matory syndrome might be lower
among patients treated with a regimen
that includes a CCR5 antagonist.

Will CCR5 blockade affect the re-
constitution of gut-associated lym-
phoid tissue? Studies in humans and
rhesus macaques indicate that CD4
lymphocytes within the gut-associ-
ated lymphoid tissue are rapidly and
profoundly depleted in the acute phase
of HIV or simian immunodeficiency vi-
rus infections.’®11° These target cells
are virtually all CCR5+. Although there
is controversy as to whether this cell
population is restored with antiviral
therapies, one might hypothesize that
administration of CCR5 inhibitors may
block or delay this restoration if re-
cruitment of these cells to these sites
requires functional CCR5.
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Will CCR5 blockade attenuate re-
sponses to immunization? This too is
a plausible consequence of CCR5 in-
hibition because the accumulation of
antigen-presenting cells at sites of an-
tigenic challenge is thought to be
mediated at least in part via CCR5 ac-
tivation. This can be evaluated by ex-
amining T-cell and B-cell responses to
vaccine administration'''*? in per-
sons treated with regimens including
CCRS5 inhibitors and in appropriate
controls.

Will administration of CCR5 inhibi-
tors increase the risk of opportunistic
infections and malignancies in HIV-
infected persons? This, of course, is a
central safety question regarding this
novel class of antiretroviral agents.
While congenital absence of CCRS5 is
generally well tolerated, there is in-
creasing recognition that with a suffi-
cient challenge, persons with this geno-
type may have an altered immune
response. How this will play out in per-
sons who have not had a lifetime of ac-
commodation to the absence of this re-
ceptor and who may also have varying
degrees of HIV-related immune impair-
ment remains to be seen. Close clini-
cal and immunologic monitoring of
clinical trials of CCR5 inhibitors is
therefore warranted. This potentially
valuable class of antiviral compounds
also has the potential for subtle im-
mune compromise. How these activi-
ties are balanced in persons at differ-
ent stages of HIV disease and with
different degrees of antiviral drug re-
sistance'"® will determine the place of
these agents for the treatment of HIV
infection.

In conclusion, through interactions
with its chemokine ligands, the
chemokine receptor CCRS5 helps to ini-
tiate immune responses and to distrib-
ute effector immune cells to sites of in-
flammation. CCRS5 is also a key cellular
receptor that is required for almost all
instances of HIV infection. Strategies
targeting CCRS5 are therefore in devel-
opment for prevention and treatment
of HIV infection. Although deletion of
CCR5 is generally well tolerated in mice
and in humans, with sufficient chal-
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lenge, a perturbed host immune re-
sponse can be demonstrated in both.
Whether pharmacological inhibition of
CCRS5 function will be as well toler-
ated or whether blocking this receptor
will have special adverse conse-
quences in persons with underlying
HIV-related immune impairment re-
mains to be seen.
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