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Impact statement

This minireview summarized the current
progress in the identification of CXCR4-
targeted HIV-1-entry inhibitors based on
discovery/developmental approaches. It
also provided a discussion of the inhibitor
structural features, antiviral activities, and
pharmacological properties. Unlike other
reviews on anti-HIV-1 drug development,
which have generally emphasized inhibi-
tors that target intracellular viral replication
and host genomic integration, this review
focused on the drug discovery approaches
taken to develop viral-entry inhibitors
aimed at disturbing the initial step of viral
interaction with uninfected host cells and
preventing the subsequent viral replication/
genomic integration. This review amal-
gamated recently published and important
work on bivalent CXCR4-targeted anti-
HIV-1-entry candidates/conjugates, dis-
cussed the research challenges faced in
developing drugs to prevent and eradicate
HIV-1 infection, and provided a perspec-
tive on strategies that can lead to future
drug discoveries. The findings and strate-
gies summarized in this review will be of
interest to investigators throughout the
microbiological, pharmaceutical, and
translational research communities.

Abstract

The chemokine receptor CXCR4 is required for the entry of human immunodeficiency virus
type 1 (HIV-1) into target cells and its expression correlates with more profound pathoge-
nicity, rapid progression to acquired immunodeficiency syndrome (AIDS), and greater AIDS-
related mortality. There is still no cure for AIDS and no method for preventing or eradicating
HIV-1 infection. HIV-1 entry begins with the interaction of the viral envelope glycoprotein
gp120 and the primary receptor CD4, and subsequently with the coreceptors, CCR5 or
CXCR4, on the host cells. Blocking the interaction of HIV-1 and its coreceptors is therefore a
promising strategy for developing new HIV-1 entry inhibitors. This approach has a dual
benefit, as it prevents HIV-1 infection and progression while also targeting the reservoirs
of HIV-1 infected, coreceptor positive macrophages and memory T cells. To date, multiple
classes of CXCR4-targeted anti-HIV-1 inhibitors have been discovered and are now at
different preclinical and clinical stages. In this review, we highlight the studies of CXCR4-
targeted small-molecule and peptide HIV-1 entry inhibitors discovered during the last two
decades and provide a reference for further potential HIV-1 exploration in the future.
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Introduction

An acquired immunodeficiency syndrome (AIDS) is one of
the major diseases with a large public health impact. It is
caused by the human immunodeficiency virus 1 (HIV-1)
and represents the final stage of HIV-1 infection." One of
the hallmarks of HIV-1 infection is the selective destruction
of CD4™" Tcells.? Currently, six main classes of antiretroviral
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drugs are used to treat HIV-1 infections. These include
nucleoside/nucleotide reverse transcriptase inhibitors,
non-nucleoside reverse transcriptase inhibitors, integrase
inhibitors, protease inhibitors, booster drugs, and entry
inhibitors.? Generally, combinations of double or triple
drugs are used to ensure a powerful attack on HIV-1.*°
The most difficult issues that restrict the eradication of
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HIV-1 infection are rapid integration of a DNA copy of the
viral genome into the host cell chromosome, the high muta-
tion rate and tropism changes, and the long-term storage of
HIV-1 infected cells in the pool of resting memory T cells
(CD4", CCR5", CXCR4 ™).

The viral entry process is one of the most promising
targets for the development of new anti-HIV-1 drugs that
can disturb the interaction of virus with uninfected cells
and prevent the subsequent initiation of virus replication
cycle for the long-term treatment of patients with AIDS.'>"?
Two types of HIV are recognized, HIV-1, which is respon-
sible for the majority of HIV infections worldwide, and HIV
type 2 (HIV-2), which causes the infection endemic in west-
ern Africa.'*!5 Here, our review mainly focuses on the
worldwide infection caused by HIV-1.

In order to enter a host cell, HIV-1 must attach to the host
cell surface and interact with two separate receptors on the
cell’s surface: the CD4 receptor and a co-receptor, either
CCR5 or CXCR4. CD4 is the primary receptor of the
HIV-1 envelope glycoprotein 120 (gp120) and is critical
for HIV-1 entry into host cells."®'” HIV-1 infection is initi-
ated by the binding of gp120 to CD4,'® which induces a
series of conformational changes in gp120 that consequent-
ly expose its third variable (V3) loop for specific recognition
of the coreceptor, either CCR5 (R5- or M-tropic virus) or
CXCR4 (X4- or T-tropic virus)."”* The amino acid
sequence of the V3 variable domain of gp120 is considered
to be the primary structure that determines which corecep-
tor is utilized (i.e., the tropism of the virus). Indeed, core-
ceptor binding is the second obligatory event in HIV-1
entry and can also specifically contribute to establishment
of the tropism of HIV-1 infection.”*** Following the inter-
action of viral gp120 with its coreceptor, the gp120-gp41
complex undergoes a dramatic conformational change
that leads to the formation of a trimeric hairpin structure
of gp41, enabling the viral envelope to fuse with the host
cell membrane. The result is the release of the viral capsid
into the cytoplasm of the target host cell.”>~%” The R5-tropic
viruses are the principal circulating strain in most patients
with early HIV-1 infection. These are non-syncytium-
inducing viruses that target CCR5 and replicate best in
macrophage-monocytes and they have less virulent clinical
course. By contrast, the X4-tropic viruses are syncytium-
inducing virus that target CXCR4 and preferentially repli-
cate in T lymphocytes.”®° The X4-tropic virus infection is
correlated with a more pathogenic and rapid progression to
AIDS and greater AIDS-related mortality caused by pro-
gressive and quantitative declines in CD4™ T cells.

CXCR4 is a seven transmembrane helical protein that
belongs to the superfamily of G-protein-coupled recep-
tors®? and responds to its physiological (e.g., the C-X-C
chemokine stromal-derived factor alpha [SDF-lo], also
named CXCL12, and ubiquitin®*?*) and viral (e.g., vMIP-
II, gp120, and gp41) ligands. CXCR4 plays an important
role in HIV-1 entry as a coreceptor. The binding pocket of
CXCR4 is larger, more open, and located closer to the extra-
cellular surface, and it includes acidic Asp]87, Glu*®, and
Asp”’, which are important for SDF-lo binding. The
co-crystal structure of CXCR4 and viral macrophage
inflammatory protein-II (vMIP-II) has provided further

important evidence that residues in the vMIP-II N-termi-
nus and N loop interact with the CXCR4 TM pocket, CRS1,
CRS1.5, and CRS2. In CRS2, the chemokine N-terminus
forms by hydrogen bonds with CXCR4 residues D97,
D262, and E288.>° Further deciphering of the structure-
function details regarding the dynamic changes involved
in CXCR4 interactions with its natural and synthetic
ligands will surely generate new opportunities for drug
discovery efforts that target specific functional residues of
this receptor.

Of all the steps in the HIV-1 infection pathway, the viral
entry process is still one of the most promising targets for
the development of new anti-HIV-1 drugs. These new
drugs will aid in initial X4-tropic HIV-1 infection while
also retarding the progression of HIV-1 infection to AIDS.
This progression is often associated with a switch from R5-
tropic to X4-tropic or R5/X4 dual tropic variants.'>'® The
high rate of mutagenesis of gp120 has meant that drug
resistance is one of the key problems to consider during
the development of anti-HIV-1 therapeutic medicines®
and must be considered when searching for new potential
drug leads targeting gp120. When drug resistance occurs,
and especially cross-resistance, the existing drugs that
share the same mechanism of action will be rendered inef-
fective. Thus, the discovery of new HIV-1 inhibitors
remains a hot topic for HIV-1 therapy. In this review, we
mainly focus on the discoveries and developments of
CXCR4-targeted anti-HIV-1 inhibitors.

CXCR4-targeted small-molecule HIV-1
entry inhibitors

The effectiveness of coreceptor-based therapeutic
approaches for inhibiting HIV-1 infection is supported by
observation that individuals with CCR5 delta 32 mutations
are healthy and highly resistant to HIV-1 infection, by the
successful achievement of long-term remission in HIV-1
patients receiving CCR5 delta mutated stem cell transplan-
tation, and by the potent anti-R5-tropic activity of CCR5-
targeted maraviroc in clinical patients.”” The well-known
CXCR4-targeted anti-HIV-1 chemical entities, such as
AMD3100, AMD3465, AMD070, and KRH3955 have been
described in previous reviews.>®*! In recent years, some
promising anti-HIV-1 entry small-molecule inhibitors that
target CXCR4 have been reported (Table 1).%%41-%8

Dual-targeted anti-HIV-1 entry inhibitors

One representative of the next generation of dual anti-
HIV-1 entry entities is compound 1, a pyrazolo-
piperidine. Like AMD3541 (the first reported dual
antagonist of CXCR4 and CCR5), compound 1 is also a
dual antagonist of CXCR4 and CCR5.* It not only inhibits
the non-nucleoside reverse transcriptase, but it also blocks
both X4-tropic (ICsp =236 pM) and R5-tropic (ICsp =52 uM)
viral entries at low micromolar levels.*> A modeling study
was carried out and demonstrated that the protonated
piperidine ring of compound 1 could undergo an electro-
static interaction with Asp262 and the pyrazole ring; the 4-
pyridyl ring could form hydrogen bonds with GIn200,
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Table 1. Representatives of CXCR4-targeted small-molecule compounds that inhibit HIV-1 entry into cells.

Anti-HIV-1 IC5o or EC5q (M)

Name of inhibitor Chemical structure M-tropic T-tropic Ref.
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Table 1. Continued.
Anti-HIV-1 IC5, or EC5, (uM)
Name of inhibitor Chemical structure M-tropic T-tropic Ref.
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Ser283, and Arg30. Penicillixanthone A (PXA), a natural
xanthone dimer from Aspergillus fungi, is another dual
antagonist of CXCR4 and CCR5* with potent anti-
M-tropic HIV-1 SF162 and T-tropic HIV-1 NL4-3 entry
activities (ICso of 0.36 and 0.26 uM, respec’cively).44
A series of chloro-1,4-dimethyl-9H-carbazoles also exhibits
promise as a class of dual antagonists of HIV-1 entry inhib-
itors that show encouraging potential for blocking HIV-1
entry for both R5-tropic (ICs0=5.3puM) and X4-tropic
(ICso = 1.4 uM) viruses (compound 2).**

T-tropic (X4-tropic) anti-HIV entry inhibitors

Studies on a series of T-tropic viral entry inhibitors have
identified compounds 3 and 4 as promising lead candi-
dates. These two compounds show selectivity toward
blocking HIV-1 entry over CXCR4 antagonism, based on
studies of HIV-1j;5 MAGI entry and of CXCL12-induced
calcium flux.*> Compounds 5-7, which share N-aryl piper-
azines, are another series of CXCR4-antagonists.
Compounds 6 and 7 exhibit high anti-HIV-1 entry activity
at very low nanomolar levels (20 and 0.5 nM, respectively).
Compound 7 (also a purine-based CXCR4 antagonist) inter-
acts with some critical CXCR4 residues (Asp193, His281,
and Glu288) that are essential for interaction of the HIV-1
gp120 V3 loop with CXCR4, and the inhibition of viral entry
(ECs0=0.5nM) is 130-fold stronger with compound 7 than
with AMD3100.*® Compound 7 could strongly bind to
CXCR4 at a sub-nanomolar level (16.4nM) with high selec-
tivity through a panel of related chemokine receptors,

including CXCR2, CCR2, CCR4, and CCR5, whose binding
affinities were >10,000 nM.

CXCR4-targeted peptides that function as
HIV-1 entry inhibitors

The earliest anti-HIV-1 entry peptides to be designed and
developed included some cationic antimicrobial peptides,
such as polyphemusins,””" these showed high antiviral
activities but also strong toxicities. This toxicity issue led
to the development of T22, an 18-residue peptide analog of
polyphemusin-II with nine positive charged residues. T22
also targets CXCR4 and blocks CXCR4-mediated HIV-1
entry into host cells but with a lower cytotoxicity.”* A struc-
ture-activity relationship (SAR) study of T22 identified its
analog, T140, a 14-residue peptide that had a stronger anti-
HIV-1 entry activity and maintained the antiparallel f-sheet
conformation, but had a lower molecular weigh’c.%'54
Subsequent efforts that employed a combination of SAR
analysis and sequence-based library screening resulted in
the discovery of FC131, a small cyclic pentapeptide that
showed high stability, CXCR4-binding affinity, and anti-
HIV-1 entry activity, and again had a smaller molecular
weight than T22.>>® Evaluation of the cocrystal structure
of CXCR4 in complex with CVX15 (which shares similar
binding modes to those of FC131) identified a new conju-
gate, MCo-CVX-5¢c, which was produced by grafting
CVX15 amino acid sequence into MCo-TI-I scaffold.
MCo-CVX-5¢ shows very high CXCR4-binding affinity



and anti-HIV-1 entry activity, with ECs, value of 2nM.”
Currently, cyclotide analogs have become important lead
candidates against CXCR4 mediated HIV-1 entry. Some of
them (e.g., 4 F-benzoyl-TN14003 [BKT140]) are being tested
in clinical trials in cancer patients who have undergone
hematopoietic stem cell transplantation.®

CXCR4 interacts with many small protein ligands, like
CXCL12 (SDF-1a), viral vMIP-II, and microphage migra-
tion inhibition factor; therefore, peptides derived from the
motifs of these ligands or from the mimics of natural ligand
proteins represent other sources of lead candidates for
developing CXCR4-targeted HIV-1 entry inhibitors. One
approach has been the derivation of CXCR4-targted pepti-
des or mimics (conjugated or non-conjugated) from viral
proteins. For example, the V1 peptide derived from the
N-terminus 21-residues of vMIP-II can bind to CXCR4
and inhibit HIV-1 entry. However, its synthetic analog
DV1, which is an all-D-amino-acids substituted V1, shows
much stronger activity in both CXCR4-binding and anti-
HIV-1 entry. Chemical grafting and/or conjugating of
DV1 to the other fragment of vMIP-II (e.g.,, RCP168) or
DV1 (e.g., DV1 dimer, DV1-K-DV3, 4DV3) yields new con-
jugates that further enhance the CXCR4 antagonist and
antiviral activities.”**® In addition, peptide or mimic
drug leads have also been derived from the partial struc-
tures of a coreceptor CXCR4 or CCR5. Two examples of
these new inhibitors are peptide 2C (which is derived
from the residues 178-191 of CCR5) and its analog peptide
40-2; both are R5- and X4-tropic HIV-1 entry inhibitors.
Peptide 40-2 has a better anti-HIV-1 entry activity when
compared to its parental peptide 2C.***° The wise applica-
tion of a combination of chemical, molecular
modeling, mutagenesis, and biological approaches has led
to the continuous discovery and development of
more potent cyclic, bivalent, and multivalent analogs
(Table 2).52°3°657596062-69 The molecular modeling of
CXCR4 dimer-synthetic ligand interactions based on the
crystal structure of CXCR4 has demonstrated that synthetic
dimeric ligands are capable of interacting with the CXCR4
dimeric structure by allowing the essential amino acid res-
idues to interact with binding or signaling pockets of
CXCR4 molecules. The use of different linkers, including
polyethylene glycol, poly(L-proline), or Ahx, could allow
the maintenance of an appropriate distance between the
two binding sites of the ligands, consistent with that of
CXCR4 dimers.®®® This part of research will surely be
expanded in the future, not only to develop drug leads,
but also to elucidate how the lead ligands interact with
the amino acid residues of CXCR4.

Challenges in the development of synthetic
CXCR4-targeting anti-HIV-1 drugs

CXCR4 inhibitors that have entered clinical trials for anti-
HIV-1 therapy mainly include AMD3100 derivatives.*’
New drug candidates are also emerging and have been
designed based on the structural features of CXCR4 and
the chemokine or viral ligands of CXCR4, such as
CXCL12, the V3 loop of gp120, and vMIP-II. Some of
these new inhibitors show promise as therapeutic
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candidates for drug development and clinical applications,
not only limited to inhibit HIV-1 entry, but also hinder
HIV-1-induced actin rearrangement (which facilitates
viral genome integration into host chromosome), and
induce apoptosis of latently infected resting memory
T cells.**37%7! The use of physiological ligand sequences,
the viral ligand sequences, and conjugation strategies has
led to a serious of peptide-peptide, peptide-small-mole-
cule, or small molecule-small-molecule conjugates that
possess bivalent or multivalent properties with enhanced
or improved CXCR4 binding and anti-HIV-1 entry activities
against either sole-tropic or dual-tropic HIV-1 iso-
lates.>**%® The use of natural protease-resistant D-pepti-
des can be advantageous for drug development, because
these peptides are highly stable and resistant to proteolytic
degradation.”> Some of these peptides have potent anti-
HIV-1 activities that are comparable to that of enfuvirtide
(T20), a marketed drug targeting HIV-1 gp41 and entry.*

The challenge in the development of new CXCR4-
targeted HIV-1 entry inhibitor is still overcoming the
impediment of undesirable side effects of the CXCR4 antag-
onists. Concern arise regarding the full antagonist activity,
as this affects the normal CXCR4-CXCL12 functions in HIV-
1 therapy. For this reason, an increasing number of alloste-
ric antagonists (e.g., RSVM, ASLW) are now being sought
and developed.” These allosteric modulators are consid-
ered to modulate orthosteric ligand-CXCR4 binding affin-
ity and/or efficacy at sites that topographically distinct
from the orthosteric agonists binding sites. These allosteric
modulators can be physiological or non-physiological, and
they can behave either as partial agonists or super agonists.
A combination or conjugation of allosteric agonists with
orthosteric antagonists for anti-HIV-1 therapy represents a
new drug development strategy that could specifically
target therapeutically relevant binding sites of CXCR4
that are selectively implicated in HIV-1 infection, while
sparing binding sites that contribute to essential non-HIV-
1-related CXCR4 functions.

Bioengineered coreceptor and CD4
co-targeted HIV-1 entry inhibitors

Besides synthetic small-molecule and peptide HIV-1 entry
inhibitors, other kinds of HIV-1 entry inhibitors have also
been developed in recent years. Based on the participation
of multiple and complexity of the HIV-1 viral proteins and
host receptors, a series of CXCR4-targeting nanobodies
(Nbs) have been reported that can provide effective inhibi-
tion of HIV-1 infection. Among these are VUN400,
VUN401, and VUN402, which exhibit potent inhibitory
activity against a wide range of T-tropic HIV-1 strain infec-
tion with ICsy values of 6.9, 7.5 and 6.7 nM, respectively.74
Interestingly, the anti-HIV-1 activity of these Nbs does not
always correlate with their ability to modulate CXCR4 sig-
naling and function. This indicates that anti-HIV-1 proper-
ties and CXCR4 antagonism do not entirely overlap and
may be functionally separate, so the Nbs only minimally
disturb the physiological function of CXCR4.”” VUN401
binds to the N-terminus of CXCR4, VUN400 binds to the
second extracellular loop of CXCR4, and VUN402 binds to
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Table 2. Representatives of CXCR4-targeted peptides that function as HIV-1 entry inhibitors.

Name of inhibitor Amino acid sequence?® Ref.
T22 § § 52
H—R—R—W—C—Y—R—K—Q—Y—K—G—Y—Q—Y—R—K—C—R—CONHz
S S

140 HoN-R-R-Nal-C—Y—-R—k %3

S AN

] P

S

\
HO—-R-C-Cit—R-Y
FC131 N al\ 56
R” /G
R—y
MCo-CVX-5¢ 57
Lf\.’gﬁPKlLQR!;,‘RRDSD(;I’GA(,‘IQ?RGI\]Ci‘u’ICGSYR Cit CRGpRR-2-Nal-CY Cit K—
[ — — I |
Al LGASWHRPDKCCLGYQKRPLP 60
DVA Igaswhrpdkcclgygkrplp 59
Dimer DV1 lgaswhrpdkcalgygkrplp 66
Igaswhrpdkcalgygkrplp
DV3 lgaswhrpdk 69
DV1-K-(DV3) Igaswhrpdkcclgygkrplpk 62
lgaswhrpdk

4DV3 (lgaswhrpdkk), 63
AR5 Igaswhrpdkkr-Ahx-KRKGDIRQAHC 68
ARG Igaswhrpdkkr-Ahx-KRKTNNNPRTC 68
2C CSSHFPYSQYQFWK 64,65
40-2 YSSYFPFSQYQWWK 65

8Lowercase letters denote D-amino acids.

both the second extracellular loop and the top of transmem-
brane helices 4 and 5 of CXCR4. Constructing each of them
(VUN400, VUN401, and VUN402) to bivalent Nb-Fc forms
further enhances their potencies and therapeutic potentials
by increasing their CXCR4 binding affinities, making these
highly potent inhibitors of HIV-1 entry.

The Nbs target just one coreceptor for inhibition of HIV-1
entry, but some bispecific Nbs have been developed to
block CXCR4 and CD4, thereby enhancing the inhibition
of HIV-1 infection. One example is 281F12-35GS-3F11, a
bispecific CD4-CXCR4 Nb construct that can bind to both
CD4 and CXCR4 and that show extremely potent inhibition
of HIV-1 X4-tropic virus infection, with an HIV-1 inhibitory
ICs) of 1.5nM in peripheral blood mononuclear cells.”®
When compared with the monovalent CXCR4 and CD4
Nbs, the bispecific CXCR4-CD4 construct (281F12-35GS-
3F11) is 250-320 folds more potent. This indicates that the
simultaneous binding to both CD4 and CXCR4 by the bis-
pecific construct on HIV-1 attacked host cells could enhance
the potency for prevention of HIV-1 entry. This also pro-
vides a promising strategy and principle for developing
new and highly potent bivalent or multivalent HIV-1
entry inhibitors using either biological constructions or
chemical conjugations. With a similar idea, certain groups

have recently discovered and developed conjugated pepti-
des and small molecules that could co-target CD4, gp120,
and/or CXCR4/CCR5 to inhibit HIV-1 entry into host
cells.”67®

Conclusion and perspective

Although HIV-1 entry inhibitors that targeting CXCR4
presently undergoing extensive research, no drug has yet
been approved that targets CXCR4 to inhibit HIV-1 infec-
tion. Thus, the prevention, inhibition, and eradication of
HIV-1 infection remain a challenge using only the currently
available medicines. Developing new CXCR4-targeted
HIV-1 entry inhibitors is still a tough mission faced by
scientists.

The successful development of the CCR5 inhibitor, mar-
aviroc, an R5-tropic HIV-1 entry inhibitor, has encouraged
and accelerated the exploration of CXCR4-targeted X4-
tropic HIV-1 entry inhibitors. To date, various classes of
CXCR4-targeted anti-HIV-1 drug candidates have been
developed, including small-molecule, peptide, and macro-
molecule inhibitors that are now attracting much attention
(Figure 1).

Under the direction of rational medicinal chemistry
strategies, more potent small-molecule HIV-1 entry
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Figure 1. A cartoon illustration of coreceptor-targeted HIV-1 entry inhibitors (a) and the binding model of CD4/gp120/CXCR4 (b).'8-22:3% (A color version of this figure is

available in the online journal.)

inhibitor will be discovered or developed by optimizing or
linking the current compounds, either orthosterically and/
or allosterically. More effective peptide inhibitors could
also be developed by modifying molecular mimics of nat-
ural/physiological or viral ligands of CXCR4, CD4, moie-
ties of gp120 (V3 loop) or gp41, or some peptide sequences
of CXCR4/CCRb. Identification of multiprotein-targeted
micromolecular or bispecific or bivalent inhibitors is partic-
ularly promising for the discovery of new HIV-1 entry
inhibitors with enhanced CXCR4 binding affinity and
HIV-1 entry inhibition. As more novel molecules are ratio-
nally designed and evaluated, more potent and effective
HIV-1 entry inhibitors targeting CXCR4 will be identified
and that will promote the development of efficacious HIV-1
therapeutic drugs.
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