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The development of novel peptide and peptidomimetic ligands for the CXC chemokine receptor 4
(CXCR4) as therapeutic agents for HIV-1 infection, cancer, and immune system diseases has grown over
the last decade. In this perspective article, the design of CXCR4 agonists and antagonists from
endogenous stromal cell-derived factor-1 (SDF-1)/CXCL12 and horseshoe crab-derived antimicrobial
peptides and their therapeutic and diagnostic applications are described.

1. Introduction

CXC chemokine receptor 4 (CXCR4) is a G protein-coupled
receptor (GPCR) of stromal cell-derived factor-1 (SDF-1)/
CXCL12,1 which has been implicated in a number of develop-
mental and physiological processes including directed migrations
of stem cells and immune cells.2 In terms of a target molecule
in drug discovery, CXCR4 is well-known to be a co-receptor
for human immunodeficiency virus type-1 (HIV-1) infection
into T cells.3 Compounds exerting inhibitory activity on the
gp120–CXCR4 interaction have been considered as promising
anti-HIV agents, because attachment of envelope glycoprotein
gp120 of HIV-1 to CD4 and CXCR4 on the host cell surface is a
critical step leading to membrane fusion and virus entry.

The organ-specific metastasis of breast cancer cells was first
documented in 2001.4 It was demonstrated that CXCR4-expres-
sing cancer cells migrate based on the magnitude of the concen-
tration gradient of SDF-1 from the distant metastatic lesions.4

During the last decade, the clinical importance and therapeutic
implications of the pivotal SDF-1–CXCR4 interaction in cancer
biology including progression, metastasis and angiogenesis,
have been revealed.5 CXCR4 antagonists are expected to
behave as anti-tumor and anti-metastatic agents in cancer
chemotherapy.6

To date, a number of CXCR4 ligands (agonists and antagon-
ists) have been reported. The most representative agent is the
small-molecule CXCR4 antagonist, plerixafor (Mozobil,
AMD3100), which was approved for clinical use in the United
States and in Europe in 2008 and 2009, respectively.7 Although
plerixafor was originally developed as an anti-HIV agent, it is

now employed for the mobilization of hematopoietic stem cells
(HSC) into the peripheral blood in combination with granulocyte
colony-stimulating factor (G-CSF). Autologous transplantation
of HSC facilitates the restoration of normal hematopoietic func-
tion in patients with non-Hodgkin’s lymphoma and multiple
myeloma after receiving high-dose chemotherapy. Several other
peptide and non-peptide CXCR4 antagonists have also been
reported to be inhibitory compounds for CXCR4-mediated
HIV-1 infection.8

In this review article, we focus on the development of peptide
and peptidomimetic CXCR4 ligands, which are mainly deriv-
atives of horseshoe crab-derived antimicrobial peptides or the
endogenous SDF-1 sequence. The application of these ligands as
therapeutic and diagnostic agents for immune system diseases
and oncologic conditions are also introduced.

2. CXCR4 antagonists derived from self-defense
peptides of horseshoe crabs

2.1. Identification of T22 and its derivatives: the first
generation of CXCR4 antagonists

In 1991, Morimoto et al. reported that tachyplesin I showed anti-
viral activity against HIV-1, vesicular stomatitis virus and
influenza A virus.9 Subsequently, the anti-HIV activities of the
isopeptides of tachyplesin I such as tachyplesin II and polyphe-
musin I and II, which were isolated from the hemocytes of
horseshoe crabs (Tachypleus tridentatus and Limulus polyphe-
mus),10 were reported (Table 1).11 These antimicrobial peptides
contain two disulfide bridges which stabilize the antiparallel
β-sheet structure connected by a β-turn.

T22 ([Tyr5,12,Lys7]-polyphemusin II) is a first-generation
peptide of highly potent anti-HIV peptides that was designed
from horseshoe crab-derived natural product peptides.11,12 On
the basis of the highly cationic sequences of tachyplesins and
polyphemusins, more than twenty analogs were synthesized and

†This article is part of the Organic & Biomolecular Chemistry 10th
Anniversary issue.
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evaluated. Among the peptides, T22 showed excellent anti-HIV
activity with a high selectivity index. The solution structure of
T22 takes an anti-parallel β-sheet structure, which is similar to
that of tachyplesin I.13 Given the attractive lead-like properties of
the T22 peptide for anti-HIV agents, intensive structural analysis
and structure–activity relationship (SAR) studies have been
conducted. The stereochemically antipodal peptide of T22
(all-D-isomers) was 8.5-fold less potent in comparison with the
parent T22. Peptides with retro- and retro/inverse-sequences were
much less potent, suggesting that the target molecule(s) of T22
should be the chiral components on the host cells or virus.14 SAR
study of T22 demonstrated that the two disulfide bridges and two
repeated Tyr-Arg-Lys (Y-R-K) motifs are indispensable to the
anti-HIV activity of T22.15 The disulfide bonds are substituted
with a Zn(II) ion to form a tetracoordinate complex with equipo-
tent anti-HIV activity.16 Substitution of Trp3 with 3-(2-naphthyl)-
alanine (Nal) in T22 led to the most potent T22 analogue.15b

The target molecule of T22 for the anti-HIV activity was orig-
inally thought to be cell surface CD4 on T-cells or viral gp120.
Weeks et al. reported that a phorbol ester stimulates the attachment
of lymphocytes to T22, suggesting the presence of a cell surface
receptor for T22.17 In contrast, CD4-negative HeLa and U87MG
cells did not bind to T22.18 In an affinity chromatography exper-
iment, a 55 kDa molecule, which was captured using a T22
affinity column, was detected with anti-CD4 antibody by western
blotting.18 Biosensor analysis by surface plasmon resonance also
demonstrated that T22 binds to both immobilized CD4 and gp120
with the same affinity.19 It was subsequently revealed in 1997 that
the anti-HIV activity of T22 was derived from CXCR4 binding.20

T22 specifically inhibits the T-cell line-tropic (T-tropic) HIV-1
infection of cells expressing CXCR4 and CD4, whilst no inhibi-
tory effect by T22 was observed against macrophage-tropic
(M-tropic) HIV-1 infection of CCR5-expressing cells. T22 also
inhibits SDF-1α-induced Ca2+ mobilization, chemotaxis of per-
ipheral blood mononuclear cells (PBMC) and migration of pan-
creatic cancer cell lines through binding to CXCR4.21

2.2. Design of T140 and its derivatives: the second generation
of CXCR4 antagonists

In an attempt to reduce the molecular size of T22, a second
generation of polyphemusin II-derived CXCR4 antagonist was

identified (Table 1).22 During the molecular design from T22,
the outer disulfide bond, that is more conductive to the anti-par-
allel β-sheet structure and two repeats of indispensable Tyr-Arg-
Lys (Y-R-K) sequences were retained to reproduce the potent
anti-HIV activity. In addition, the β-turn moiety of T22 was
stabilized using turn-stabilizing motifs, such as D-Lys-Pro or
Pro-D-Lys sequences. TW70 (des-Cys8,13,Tyr9,12-[D-Lys10,Pro11]-
T22) was the first 14-residue CXCR4 antagonist, which showed
bioactivity comparable to that of T22.22 Analysis by CD and
NMR spectroscopies revealed that TW70 maintains an antiparal-
lel β-sheet structure with a type II′ β-turn motif.23

Following on from the milestone discovery of TW70, inten-
sive SAR studies of 14-residue β-sheet peptides have been
carried out. The first approach taken was for the purpose of
designing less cytotoxic analogues.24 TW70 contains a number
of basic amino acid residues (five Arg and three Lys residues)
which may be related to the high level of collateral cytotoxicity.
To decrease the number of these positively charged functional
groups, substitutions with glutamic acid (Glu) and citrulline (Cit)
were attempted. From a collection of 20 peptides designed,
T134 ([Cit12]-TW70) showed more potent anti-HIV activity and
significantly less cytotoxicity [selectivity index (SI) = 34 000]
when compared with T22 and TW70.24 Of interest, T134 is
effective even against drug-resistant HIV strains which were
non-responsive to the small-molecule CXCR4 antagonist
AMD3100.25

T140 is a key 14-residue peptide CXCR4 antagonist that
was obtained by lead optimization of TW70 derivatives,26 in
which the Trp3 of T134 was substituted with Nal, in a modifi-
cation similar to that of T22.15b The significant contribution of
Nal3 to the potent bioactivity was demonstrated by the sub-
sequent SAR study at the 3-position of T140 of inhibitory
activity on SDF-1-induced Ca2+ mobilization and anti-HIV
activity.27 Although both T22 and T140 upregulate the
provirus transcription level driven by the HIV-1 long terminal
repeat (LTR) promoter,28 the binding of anti-
CXCR4 monoclonal antibody 12G5 was more efficiently
inhibited by T140 than by T22, suggesting that the potent
anti-HIV activity of T140 was derived from the enhanced
binding affinity to CXCR4.29 It is noteworthy that T140 is an
inverse agonist for a constitutively active mutant (CAM) of
CXCR4, whilst AMD3100 is a weak partial agonist.30

Table 1 Polyphemusin II-derived CXCR4 antagonists

Peptide Sequencea Ref.

Tachyplesin I H-KWC1FRVC2YRGIC2YRRC1R-NH2 (C
1–C1/C2–C2 bridged) 9

Polyphemsin II H-RRWC1FRVC2YKGFC2YRKC1R-NH2 (C
1–C1/C2–C2 bridged) 11

T22 H-RRWC1YRKC2YKGYC2YRKC1R-NH2 (C
1–C1/C2–C2 bridged) 11,12

TW70 H-RRWCYRKkPYRKCR-NH2 (C–C bridged) 22
T134 H-RRWCYRKkPYRX2CR-OH (C–C bridged) 24
T140 H-RRX1CYRKkPYRX2CR-OH (C–C bridged) 26
TN14003 H-RRX1CYX2KkPYRX2CR-NH2 (C–C bridged) 34
TC14012 H-RRX1CYX2Kx2PYRX2CR-NH2 (C–C bridged) 34
TE14011 H-RRX1CYX2KePYRX2CR-NH2 (C–C bridged) 35
TF14016 4FB-RRX1CYX2KkPYRX2CR-NH2 (C–C bridged) 36
FC131 cyclo(-D-Tyr-Arg-Arg-Nal-Gly-) [Fig. 2] 47
FC122 cyclo(-D-Tyr-D-MeArg-Arg-Nal-Gly-) [Fig. 2] 48c
FCA004 cyclo(-D-Tyr-Arg-Arg-Nal-ψ[C(vNH)–NH]-Gly-) [Fig. 2] 51

aX1: L-3-(2-naphthyl)alanine; X2: L-citrulline; x2: D-citrulline; 4FB: 4-fluorobenzoyl; Nal: L-3-(2-naphthyl)alanine.

This journal is © The Royal Society of Chemistry 2012 Org. Biomol. Chem., 2012, 10, 5720–5731 | 5721

D
ow

nl
oa

de
d 

by
 U

ni
ve

rs
ity

 o
f 

C
al

if
or

ni
a 

- 
Sa

n 
D

ie
go

 o
n 

01
 S

ep
te

m
be

r 
20

12
Pu

bl
is

he
d 

on
 1

9 
M

ar
ch

 2
01

2 
on

 h
ttp

://
pu

bs
.r

sc
.o

rg
 | 

do
i:1

0.
10

39
/C

2O
B

25
10

7H

View Online

http://dx.doi.org/10.1039/c2ob25107h


Alanine scanning experiments of T140 identified Arg2, Nal3,
Tyr5, Arg14 residues as indispensable to the bioactivity.31

An NMR-based conformational study suggested that these intrin-
sic residues exist in close proximity to a disulfide bridge.32 In
contrast, modifications at the β-turn moiety of T140 with peptide
backbone mimetics had little effect on CXCR4 binding and anti-
HIV activity.33 In light of this information, further optimization
of T140 was conducted using two separate approaches. The first
approach was focused on the design of less cytotoxic and bio-
logically stable analogues. C-terminally amidated T140 ana-
logues were designed, in which one or two Arg residue(s) were
substituted with Cit to further reduce the cytotoxicity, because
the C-terminal Arg14 in T140 was gradually cleaved in serum.34

TN14003 ([Cit6]-T140 with the C-terminal amide) and TC14012
([Cit6,D-Cit8]-T140 with the C-terminal amide) showed high
selectivity indexes (SIs) and complete stability in serum.34 Sub-
stitution of D-Lys8 with the negatively charged D-Glu8 also effec-
tively enhanced the anti-HIV activity whilst lowering
cytotoxicity to provide TE14011 ([Cit6,D-Glu8]-T140 with the
C-terminal amide).35 The second approach was the attachment of
an additional functional group onto the T140 N-terminus. An
SAR study using a wide variety of acyl groups revealed that the
4-fluorobenzoyl group constituted a novel pharmacophore for
T140-based CXCR4 antagonists, providing the most potent
antagonist, TF14016 (4-fluorobenzoyl-TN14003), with subnano-
molar inhibition of the binding of SDF-1 to CXCR4.36

T140 and related peptides have been further researched for
applications in a number of basic biology and drug discovery
approaches including effective inhibition of SDF-1-induced cell
migration of breast and prostate cancers,37 prevention of pulmon-
ary metastasis of melanoma cells,38 and suppression of rheuma-
toid arthritis.39 More efficient mobilization of stem cells from
bone marrow was reported by TF14016 compared with plerixa-
for/AMD3100.40 It was also demonstrated that T140 serves as a
cargo molecule carrying anti-HIV agents such as azidothymidine
(AZT) to the target cells.41 In a separate experiment, Ichiyama
et al. reported that small-molecule KRH-1636, which mimics the
N-terminal motif of T140, is a potent and selective CXCR4
antagonist with high anti-HIV activity.42

Prior to the recent publication of X-ray crystallography analy-
sis of CXCR4 (Fig. 1),43 there had been several attempts made
to estimate the binding mode of T140 derivatives. For example,
intensive point mutation experiments of CXCR4 identified the
residues responsible for ligand binding.44 It was demonstrated in
fusion assays using the HIV-1 89.6 envelope glycoprotein, that
conversion of Asp171, Arg188, Tyr190, Gly207, or Asp262 to
Ala led to the loss of T140 bioactivity. This suggested that these
five residues were critical for T140 binding. On the basis of
these experiments, a docking model was created, in which the
key T140 residues all interacted with the residues in the N-termi-
nus, the 4th and 5th transmembrane domains (TM4 and TM5),
extracellular loop 2 (EL2) and EL3 of CXCR4.

To date, two experiments have been reported using a photola-
beling approach to determine the CXCR4 binding sites of T140.
Using photoaffinity probes 125I-[Bpa5]-T140 and 125I-[Bpa10]-
T140 [p-benzoyl-L-phenylalanine (Bpa)], a fragment of Lys154-
Glu179 in CXCR4 4TM was identified as the interactive site of
T140.45 In contrast, Grunbeck et al. employed several Bpa-con-
taining CXCR4 mutants, which were constructed using stop

codon suppression technology. From the eight positions substi-
tuted, Phe189 in EL2 was identified as the binding site of
T140.46

In a recent report on the crystal structure of CXCR4 in
complex with a T140 analogue peptide, CVX15, the binding
mode of the polyphemusin II-derived CXCR4 antagonists was
clearly revealed (Fig. 1, PDB code: 3OE0).43 CVX15 was bound
to the receptor with the key residues (Arg2, Nal3, Tyr5 and
Arg14) inside the receptor pocket and the β-turn site exposed to
the extracellular milieu. The Arg1, Arg2 and Arg14 residues in
CVX15 interacted with Asp187, Asp171 and Asp262, respect-
ively, and the hydrophobic group of CVX15 Nal3 was anchored
in the hydrophobic region of TM5.

2.3. Identification of a novel cyclic pentapeptide scaffold for
CXCR4 antagonists: the third generation of antagonists

FC131 [cyclo(-D-Tyr-Arg-Arg-Nal-Gly-)] is a cyclic pentapep-
tide-based CXCR4 antagonist, which was developed using a
molecular-size reduction approach (Table 1). Using the four
indispensable residues (Tyr, Nal, and two Arg) in T140 and an
additional Gly linker, bioevaluation of two cyclic pentapeptide
libraries led to the identification of an anti-HIV peptide with
CXCR4 antagonism, which was equipotent to the parent T140.47

Further SAR studies of cyclic pentapeptides including alanine-
scanning, N-methyl amino acid scanning, optimization of amino

Fig. 1 Crystal structure of CXCR4 in complex with a T140 analogue
peptide, CVX15 (PDB code: 3OE0). (a) CVX15–CXCR4 interaction in
the receptor pocket. (b) Charge interactions between CVX15 and
CXCR4.

5722 | Org. Biomol. Chem., 2012, 10, 5720–5731 This journal is © The Royal Society of Chemistry 2012
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acids and design of retro-inverso sequence peptides suggested
the indispensable side-chain functional groups and potential
bioactive conformations of FC131.48 FC122 [cyclo(-D-Tyr-D-
MeArg-Arg-Nal-Gly-)] is the most potent cyclic pentapeptide-
based CXCR4 antagonist.48c Recently, the in vivo inhibitory
effects on the growth of GH3 somatotrope tumor cell xenografts
by one of the analogous peptides FC092 ([D-Arg2]-FC131) was
reported.49

Several peptidomimetic analogues of FC131 have been
reported (Fig. 2).50 Replacements of the dipeptide unit (Nal-Gly)
with a γ-amino acid 1, disulfide bridge 2 and olefin bridge 3
have provided novel scaffold structures.50a Cluzeau et al.
reported 11-membered ring core peptidomimetic 4 with the key
functional groups, which were prepared by a divergent method-
ology from L- and D-glutamic acids and by ring closing meta-
thesis.50c Modification of FC131 with alkene-type dipeptide
isosteres (5 and 6) has also been conducted to investigate the
possible hydrogen bonding contributions of each peptide
bond.50d–g Some of these FC131 derivatives with the modifi-
cation to the peptide backbone showed high to moderate CXCR4
antagonistic activity, although the approaches failed to improve
the bioactivity of FC131 derivatives. In contrast, amidine-type
peptide bond mimetics significantly improved the CXCR4
binding and anti-HIV activities of FC131 derivatives.51 On the
basis of the highly basic properties of T140 derivatives and the
known small-molecule CXCR4 antagonists, each peptide bond
of the FC131 backbone was substituted with a planar and basic
amidine unit to provide potent FC131 analogues. The best

analogue FCA004 [cyclo(-D-Tyr-Arg-Arg-Nal-ψ[C(vNH)–NH]-
Gly-)] 7 exhibited a 30-fold increase in potency compared with
the parent FC131.

An alternative approach for FC131-based antagonists is the
design of bivalent ligands with an appropriate linker against
potential dimerized CXCR4 receptors.52 Tanaka et al. reported
the design of dimeric FC131 derivatives with a rigid poly(L-
proline) linker to determine the distance between the two ligand
binding sites of the CXCR4 dimer. When the possible linker
length was in the range of 5.5–6.5 nm, the maximum increase in
the binding affinity to CXCR4 was observed.52a In a further
example of dimeric FC131, derivatives with a shorter spacer
were designed based on the known bivalent small-molecule
CXCR4 antagonists, in which diacids with a variety of carbo-
hydrate linkers were employed to bridge the ornithine side-
chains of the FC131 analogue ([D-MeOrn2]–FC131). Dimer pep-
tides of [D-MeOrn2]–FC131 with a 5–10 carbon atom spacer
showed similarly potent bioactivity.52b

There have been several recent reports describing the pharma-
cophore and binding models of FC131 derivatives using hom-
ology models53 and crystal structures50g,52b,54 of CXCR4.
Demmer et al. reported that [D-MeOrn2]–FC131 had a similar
binding mode to that of CVX15, in which two basic groups
from MeOrn2 and Arg3 residues interact with the Asp187 and
Asp171 residues of CXCR4, respectively.52b We also revealed
the binding modes of FC131 and FC122 by NMR analysis and
molecular modeling studies (Fig. 3).50g,54 The hydroxyl group of
D-Tyr1 forms a hydrogen bond with Tyr45. The L-Arg2 side

Fig. 2 Structure of peptidomimetic analogues of FC131.

This journal is © The Royal Society of Chemistry 2012 Org. Biomol. Chem., 2012, 10, 5720–5731 | 5723
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chain forms polar interactions with both Asp97 and Asp187 in
CXCR4, and the L-Arg3 side-chain interacts with His113,
Thr117, and Asp171 in CXCR4. Glu288 in CXCR4 is involved
in the FC131 binding by hydrogen bond networks via two water
molecules. The L-Nal4 carbonyl oxygen is involved in a
hydrogen bond network including Tyr255 and Glu288 side
chains via a crystal water molecule, and the backbone NH of
L-Arg2 makes another hydrogen bond network with CXCR4
Glu288 through a water molecule. FC122 binds with CXCR4 by
an alternative binding mode with the flipped D-Tyr1-D-MeArg2

peptide bond, which was obtained on the basis of the character-
istic binding mode of the congeneric peptidomimetics.50g The D-
Tyr1 carbonyl oxygen in FC122 formed a hydrogen bond
network via a water molecule.

2.4. β-Hairpin peptidomimetic CXCR4 antagonists

DeMarco et al. reported the identification of potent β-hairpin
CXCR4 antagonists55 using a macrocyclic peptide template of
β-hairpin protein epitope mimetics (PEM).56 In the β-hairpin
PEM design, the template D-Pro-L-Pro dipeptide can stabilize a
type-II′ β-turn substructure. In addition, a disulfide bridge
between two cysteine residues in each strand contributed to the
stabilization of the β-hairpin conformation of the macrocyclic
peptide. The loop sequence from the protein/peptide of interest
could be incorporated into the other residues.

In the first step to design β-hairpin PEM molecules for
CXCR4 antagonists from T140 derivatives, D-Cit-L-Pro dipeptide
in TC14011 was substituted with a D-Pro-L-Pro peptide template
to provide an equipotent peptide POL1638 (Fig. 4). Develop-
ment of the appropriate linker unit for macrocyclization was then
explored using a peptidomimetic library. A Gly-D-Pro dipeptide
linkage between the N- and C-termini of POL1638 gave the
bicyclic peptides, POL2438 and POL3026, with a ten-fold
increase in potency. The macrocyclic structure of both peptides
resulted in higher plasma and metabolic stabilities. In vivo
pharmacokinetic experiments on POL3026 demonstrated an
excellent bioavailability profile following subcutaneous adminis-
tration. POL2438 and POL3026 inhibited HIV replication for a
broad panel of X4 and dualtropic strains and POL3026 prevented
the emergence of X4 variants from an R5 strain.56a,57 The
specificity for CXCR4 was verified by the inhibitory effect on
staining by monoclonal antibodies for the potential receptors. As
described above, the binding modes of CVX15 with CXCR4
were determined recently by X-ray crystallography (Fig. 1).43

The peptide ligand CVX15 in the complex with CXCR4 is an
open-chain analogue of POL3026.

The alternative CXCR4 antagonists with a β-hairpin peptido-
mimetic scaffold were reported by the researchers at Polyphor
and the University of Zurich (Fig. 4).58 The 16-residue bicyclic
peptides 8 exhibited a highly potent inhibitory effect against
SDF-1-mediated Ca2+ mobilization. Depsipeptides, including
lactic acid (Lac) and (S)-4-amino-2-hydroxybutyric acid (Ahb) 9
also showed potent CXCR4 antagonism with good plasma stab-
ility.59 Optimization of the D-Pro-L-Pro dipeptide template

Fig. 3 Binding modes of FC131 (a) and FC122 (b) with CXCR4.

Fig. 4 Structures of β-hairpin peptidomimetic CXCR4 antagonists.
Abbreviations: Nal: L-3-(2-naphthyl)alanine; Cit: L-citrulline; Dab: L-
2,4-diaminobutyric acid; Ahb: (S)-4-amino-2-hydroxybutyric acid;
(Abu)Gly: N-(4-amino-n-butyl)glycine; Lac: lactic acid.

5724 | Org. Biomol. Chem., 2012, 10, 5720–5731 This journal is © The Royal Society of Chemistry 2012

D
ow

nl
oa

de
d 

by
 U

ni
ve

rs
ity

 o
f 

C
al

if
or

ni
a 

- 
Sa

n 
D

ie
go

 o
n 

01
 S

ep
te

m
be

r 
20

12
Pu

bl
is

he
d 

on
 1

9 
M

ar
ch

 2
01

2 
on

 h
ttp

://
pu

bs
.r

sc
.o

rg
 | 

do
i:1

0.
10

39
/C

2O
B

25
10

7H

View Online

http://dx.doi.org/10.1039/c2ob25107h


provided several potent peptidomimetics analogues such as 10,
including an N-alkylated Gly at the D-Pro residue.60 A recent
patent reveals the SAR of the side-chain functional groups.61

Potent derivatives such as 11 were obtained by substitution of
Gln with a modified Lys residue.

3. Small peptide analogues of SDF-1

Since it was demonstrated that SDF-1 prevents infection of T-
cell line tropic HIV strains,1 a number of SDF-1 small peptide
analogues have been designed as CXCR4 agonists and antagon-
ists (Table 2). The structure of SDF-1 was determined by NMR
spectroscopy62 and X-ray crystallography.63 SDF-1 had three
structural motifs, including an N-terminal unstructured sequence,
a central β-sheet structure and a C-terminal α-helix structure.
SAR studies of SDF-1 analogues demonstrated that the disor-
dered N-terminal region takes on a critical role in receptor
binding and activation.62,64 Crump et al. revealed that the
N-terminal sequence (KPVSLSYR) and secondary region
(RFFESH motif ) comprise interactive residues for CXCR4, and
that the N-terminal Lys1 and Pro2 residues in SDF-1 were
involved in receptor activation and function.62 Substitution of
Pro2 with Gly in SDF-1α and SDF-1β prevented the chemotactic
effect with potent receptor binding and the receptor internaliz-
ation effect.62,65 Heveker et al. identified several anti-HIV pep-
tides by the screening and subsequent optimization of SDF-1
peptide fragments.64 For example, SDF-1(1-13), an N-terminal
peptide of SDF-1, represents a CXCR4 agonist that induced an
intracellular Ca2+ response and receptor desensitization of HeLa
cells. In contrast, the analogous peptide L5H, in which the Leu5
of SDF-1(1-13) was substituted with His, did not elicit the same
Ca2+ response or desensitization with efficient inhibition of
HIV-1 entry. Sachpatzidis et al. reported two 17-residue allo-
steric peptide agonists for CXCR4 identified from 160 000
SDF-1-derived peptides using a yeast screening system.66

RSVM was a weak partial agonist, whilst ASLW showed

superagonistic activity with high chemotactic effects. It is of
interest that the biological effects of RSVM and ASLW peptides
were not prevented by AMD3100 and T140, suggesting binding
to alternative sites on CXCR4. However, the potencies of these
SDF-1-derived short peptides were significantly lower in com-
parison with the native SDF-1.

To improve the bioactivity of SDF-1 N-terminal peptides, two
approaches were developed to append positively charged
sequences to an SDF-1 small peptide.67 On the basis of the
common characteristics between the β-sheet region of SDF-1
and CXCR4 antagonists, a highly positive sequence was conju-
gated to the C-terminus of SDF-1(1-14). SD-2 containing the
β-sheet region of SDF-1 exerted greater binding activity for
CXCR4 and inhibitory activity of HIV-1 gp120-mediated cell–
cell fusion than SDF(1-14). SD-4 with a nine-arginine sequence
at the C-terminus is a distinct agonist that induces intracellular
Ca2+ flux showing a slow leakage in Sup T1 cells. The mecha-
nism of the Ca2+ flux by SD-4 may be different from those in
SDF-1 and SDF-1(1-14).

Luo et al. demonstrated the contribution of the C-terminal
α-helix region of SDF-1 to the bioactivity.68 NCT-tide was
designed by direct conjunction of SDF(5-14) and SDF(55-67)
through a four glycine linker in place of the central β-sheet
region. This linker mimicked the distance between the N- and
C-terminal regions of SDF-1. NCT-tide induced dose-dependent
migration of sup T1 cells and intracellular Ca2+ flux. More
recently, researchers at Chemokine Therapeutics have reported
more potent analogues of NCT-tide.69 The C-terminal α-helix
structure in an NCT-tide derivative was stabilized by lactamiza-
tion between Glu and Lys at the polar surface to provide
CTCE0021 with enhanced receptor binding and potent Ca2+

mobilization. CTCE0214 is an analogous cyclic peptide, in
which the two Cys residues of CTCE0021 were substituted to
improve the plasma stability.70 Dose-dependent chemotaxis
migration of CD34+ cells was observed in in vitro assays.
Evaluation of CTCE0214 for in vivo effects in a mouse study
also demonstrated increased migration of hematopoietic cells.

Table 2 CXCR4 ligands derived from the SDF-1 sequence

Peptide Sequence Agonist/antagonist Ref.

SDF-1(2-67) Antagonist 62
SDF-1(3-67) Antagonist 62
SDF K1R Antagonist 62
SDF P2G Antagonist 62
SDF-1β P2G Antagonist 65
SDF-1(1-13) KPVSLSYRCPCRF Agonist 64
L5H KPVSHSYRCPCRF Antagonist 64
RSVM RSVMLSYRCPCRFFESH Partial agonist 66
ASLW ASLWLSYRCPCRFFESH Superagonist 66
SD-2 KPVSLSYRCPCRFF-AAAA-RARLKAKLHK —a 67
SD-4 KPVSLSYRCPCRFF-GGGG-RRRRRRRRR Agonist 67
NCT-tide LSYRCPCRFF-GGGG-LKWIQEYLEKALN Agonist 68
CTCE0021 [cyclo(Lys20-Glu24)-sdf-(1–31)-NH2] KPVSLSYRCPCRFF-GGGG-LKWIQEYLEKALNb Agonist 69,70
cyclo(Glu24-Lys28)-sdf-(1-31)-NH2 KPVSLSYRCPCRFF-GGGG-LKWIQEYLEKALNb Agonist 69
CTCE0214 KPVSLSYRAPFRFF-GGGG-LKWIQEYLEKALNb Agonist 70
SDF-1(1-9) KPVSLSYRC Agonist 71
SDF-1(1-9) dimer (KPVSLSYRC)2 Agonist 71
SDF-1(1-9) P2G dimer (KGVSLSYRC)2 Antagonist 71
CTCE-9908 (KGVSLSYR)2K Antagonist 73

aNo information on the receptor activation. bCyclic peptide by lactamization between Lys and Glu shown in bold.
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Loetscher et al. reported that symmetric dimer peptides of the
SDF-1 N-terminus bind to CXCR4 as agonists and antagonists.71

For example, dimerization of SDF-1(1-9) at Cys9 using a
disulfide bond provided SDF-1(1-9) dimer, which exhibited 10-
fold more potent receptor binding for CXCR4 compared with
the monomeric SDF-1(1-9). SDF-1(1-9) dimer can desensitize
only CXCR4 and no other chemokine receptor including
CXCR3, CCR1, CCR2 and CCR5 as native SDF-1, indicating
the specificity for CXCR4. Modification of Pro2 to Gly in the
SDF-1(1-9) dimer converted the ligand into an antagonist
[SDF-1(1-9) P2G dimer], which did not trigger detectable che-
motactic activity. Comparative NMR studies of the SDF(1-17)
and SDF-1(1-9) dimers demonstrated both peptide molecules
contained two β-αR turn motifs.72

CTCE-9908 is an alternative CXCR4 antagonist with a dimer-
ized sequence of SDF-1(1-8).73 Two peptides having P2G
were loaded on α- and ε-amino groups of the C-terminal Lys.
CTCE-9908 did not exert significant effects on migration and
adhesion of CD34+ cells, whilst increased podia formation of
CD34+ cells was observed.73 In contrast, there have been a
number of reports on the inhibition of metastasis of osteosar-
coma,74 melanoma,74 and breast cancer cells75 towards second-
ary organs such as the lung and bone. Additionally, direct effects
of CXCR4 inhibition by CTCE-9908 on cancer cell proliferation
have also been demonstrated.75b,d,76 For example, Kwong et al.
reported the cell death by mitotic catastrophe of ovarian cancer
cells by CTCE-9908.76a

4. Miscellaneous peptide and peptidomimetic
CXCR4 ligands

Although it is well known that SDF-1 is the sole endogenous
ligand for CXCR4, the viral macrophage inflammatory protein-II
(vMIP-II) encoded by Kaposi’s sarcoma-associated herpes virus
is a chemokine-like protein capable of binding with CXCR4
(Table 3).77 CXCR4-selective peptides were designed from the
vMIP-II sequence, because vMIP-II moderately inhibits HIV
infection through CCR5 and CXCR4. Zhou et al. reported that
the N-terminal 21-residue peptide of vMIP-II, named V1,
blocked SDF-1-mediated chemotaxis and HIV-mediated cell–cell
fusion.78 A subsequent structure–function analysis of the V1

peptide revealed that Leu1, Arg7 and Lys10 were indispensable
for CXCR4 binding. V1 derivatives with substitution at Cys11 in
V1 with Ala (V1-C11A) or Phe (V1-C11F) significantly
improved the receptor binding.79 A vMIP-II(1-11) dimer was
also designed on the basis of the success of the SDF-1(1-9)
dimer peptides as CXCR4 ligands.80 Two vMIP-II(1-11)
sequences were dimerized at the C-terminal Cys residue to
provide vMIP-II(1-11) dimer, which exhibited slightly more
potent receptor binding in comparison with the SDF-1(1-9)
dimer. Interestingly, the mirror image peptide DV1 exhibited
more potent CXCR4 antagonistic activity than V1.81 The short
sequence analogue DV3 is also a CXCR4 antagonist with less
receptor binding activity.81 NMR studies demonstrated that DV3
displayed partially structured turn conformations,82 which was
consistent with the mirror image conformations of vMIP-II
(1-10).80 When a part of the DV3 sequence was appended onto
SDF-1(9-68), the hybrid peptide RCP222 showed comparable
receptor binding to SDF-1α but no Ca2+ flux induction.83

Ligand binding site mapping using a panel of CXCR4 mutants
revealed that RCP222 shared the interactive residues on CXCR4
with HIV-1 gp120 rather than the parent ligand SDF-1α.84

Pepducins are synthetic lipopeptides of the intracellular loop
sequence in GPCRs.85 Following penetration through the cell
membrane, the pepducins interact with the intracellular com-
ponent including signaling molecules to regulate signal transduc-
tion. Tchernychev et al. reported that ATI-2341 is a potent
CXCR4 agonist to induce Ca2+ flux, chemotaxis and receptor
internalization.86 The palmitic acid-conjugated 16-residue
peptide in the intracellular loop 1 of CXCR4 induced the perito-
neal recruitment of polymorphonuclear neutrophils in vivo.
Recently, mechanistic insights for ATI-2341 bioactivity were
reported by photochemical crosslinking experiments using a
photoaffinity probe ATI-2766.87 The binding site of ATI-2766 on
CXCR4 was distinct from the ones of SDF-1 and T140,
suggesting ATI-2341 is an allosteric agonist for CXCR4.

In a separate study, several positively charged peptides were
reported to inhibit HIV-1 replication through competitive
binding with CXCR4. ALX40-4C is an anti-HIV peptide, which
was originally designed from the basic domain of the HIV-1
transactivation domain for an inhibitor of the Tat–TAR inter-
action.88 Subsequent investigations demonstrated that the anti-
HIV effects of ALX40-4C against X4 and dual-tropic HIV-1

Table 3 Miscellaneous CXCR4 ligands

Peptide Sequence Agonist/antagonist Ref.

vMIP-II Antagonist 77
V1 [vMIP-II(1-21)] LGASWHRPDKCCLGYQKRPLP Antagonist 78
V1-C11A LGASWHRPDKACLGYQKRPLP —a 79
V1-C11F LGASWHRPDKFCLGYQKRPLP —a 79
vMIP-II(1-11) dimer (LGASWHRPDKC)2 80
DV1 lgaswhrpdkcclgyqkrplp Antagonist 81
DV3 lgaswhrpdk Antagonist 81
RCP222
[D-vMIP-II(1-10)-SDF-1(9-68)] Antagonist 83
ATI-2341 palmitoyl-MGYQKKLRSMTDKYRL Agonist 86
ALX40-4C Ac-rrrrrrrrr Antagonist 88
DC13 Ac-rrmyrriyrr Antagonist 91
β-Defensin 3 (hBD3) Antagonist 92

aNo information of the receptor activation.
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strains (but not against R5 strains) were derived from the selec-
tive binding to CXCR4.89 The binding sites of ALX40-4C for
CXCR4 were overlapping with those of SDF-1 and 12G5. It is
worthy of note that Zhou et al. revealed that the APJ receptor is
an alternative target of ALX40-4C to block HIV gp120 binding
to the cell membrane.90 On the basis of the successes in ALX40-
4C and SDF-1-derived D-peptides, a library of D-amino acid dec-
apeptides was prepared for the development of novel HIV entry
inhibitors.91 Among the D-peptides tested, DC13 showed the
most potent inhibitory activity against both X4 and R5 HIV-1
strains. The mechanism of anti-HIV activity against X4 strains
was verified by the inhibitory effects of SDF-1 and 12G5
binding to CXCR4, whilst the mechanism of action for R5
strains has not been determined. β-Defensin 3 (hBD3) also inhi-
bits SDF-1-mediated Ca2+ mobilization and ERK phosphoryl-
ation.92 The anti-HIV activity of hBD3 is derived from the
receptor internalization of CXCR4 and direct interaction with
HIV-1 virions.92a

5. Imaging probes for CXCR4

5.1. Radiolabeled CXCR4 probes

The first report of radiolabeled imaging probes for CXCR4 was
the 111In-labeled T140 derivative [111In-DTPA-Ac-TZ14011
(DTPA: diethylenetriaminepentaacetic acid)] (Table 4, Fig. 5).93

Ac-TZ14011 with a single Lys residue was designed for the site-
selective conjugation of radiolabels. In biodistribution exper-
iments, high accumulation of 111In-DTPA-Ac-TZ14011 was
observed in the CXCR4-expressing tumors compared with the
blood and muscle. Recently, a more concise synthetic protocol
for In-DTPA-Ac-TZ14011 was reported.94 In the article, a more
potent analogue, In-DTPA-TF14016, with an N-terminal 4-
fluorobenzoyl group was also described. Kuil et al. reported
bimodal antagonist probes having a DTPA and a fluorescent
CyAL-5.5b.

95 Ac-TZ14011-MSAP was prepared using a multi-
functional single-attachment-point (MSAP) reagent96 and was
used for SPECT/CT and fluorescent imaging. Dimeric and

tetrameric Ac-TZ14011 units, which were conjugated to a
DTPA/CyAL-5.5b MSAP reagent, were also designed to
improve the receptor binding and biodistribution.95b

Jacobson et al. reported a CXCR4 antagonist probe, designated
T140-2D, in which two DOTA groups were appended onto Lys7

and D-Lys8 in TF14016 (DOTA: 1,4,7,10-tetraazacyclododecane-
1,4,7,10-tetraacetic acid).97 Using 64Cu and 68Ga as radionuclei
for PET imaging and biodistribution analysis, CXCR4-expressing
tumors were clearly visualized, although significant accumulation
in the liver and kidneys was also observed. Recently, the same
group reported DOTA- and NOTA-labeled CXCR4 tracers
(NOTA: 1,4,7-triazacyclononane-1,4,7-triacetic acid), which do
not bind to undesired targets such as red blood cells.98

Table 4 Imaging probes for CXCR4

Peptide Sequencea Ref.

In-DTPA-Ac-TZ14011 Ac-RRX1CYX2R-k(DTPA)-PYRX2CR-NH2 (C–C bridged) 93,94
In-DTPA-TN14003 Ac-RRX1CYX2K-k(DTPA)-PYRX2CR-NH2 (C–C bridged) 94
In-DTPA-TF14016 4FB-RRX1CYX2K-k(DTPA)-PYRX2CR-NH2 (C–C bridged) 94
Ac-TZ14011-MSAP Ac-RRX1CYX2R-k(linker-DTPA/CyAL-5.5b)-PYRX

2CR-NH2 (C–C bridged) 95
T140-2D 4FB-RRX1CYX2-K(DOTA)-k(DOTA)-PYRX2CR-NH2 (C–C bridged) 97
DOTA-NFB DOTA-RRX1CYX2KkPYRX2CR-NH2 (C–C bridged) 98
NOTA-NFB NOTA-RRX1CYX2KkPYRX2CR-NH2 (C–C bridged) 98
4-18F-T140 (18F-4FB)-RRX1CYX2KkPYRX2CR-NH2 (C–C bridged) 99
68Ga-CPCR4-2 see Fig. 6 100,101
68Ga-25 see Fig. 6 52b
FITC-SDF-1 102
CXCL12AF647 103
TY14003 Ac-RRX1CYX2R-k(FL)-PYRX2CR-NH2 (C–C bridged) 105
TAMRA-Ac-TZ14011 Ac-RRX1CYX2R-k(Acp-TAMRA)-PYRX2CR-NH2 (C–C bridged) 107
Ac-TZ14011-FITC Ac-RRX1CYX2R-k(FITC)-PYRX2CR-NH2 (C–C bridged) 108

aX1: L-3-(2-naphthyl)alanine; X2: L-citrulline; 4FB: 4-fluorobenzoyl; FL: carboxyfluorescein; Acp: 6-aminohexanoic acid; TAMRA:
tetramethylrhodamine; FITC: fluorescein isothiocyanate; DTPA: diethylenetriaminepentaacetic acid; DOTA: 1,4,7,10-tetraazacyclododecane-1,4,7,10-
tetraacetic acid; NOTA: 1,4,7-triazacyclononane-1,4,7-triacetic acid.

Fig. 5 Structures of metal-chelating and labeling functional groups for
imaging probes.
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4-18F-T140 is an alternative CXCR4 probe for PET imaging,
which was designed based on the structure of TF14016.99 An
18F-fluoride labeling was appended to the N-terminal 4-fluoro-
benzoyl group by using an N-succimidyl 4-18F-fluorobenzoate
(18F-SFB) reagent. For the site-selective labeling and short-time
treatment after 18F-SFB-mediated labeling, N-[1-(4,4-dimethyl-
2,6-dioxocyclohex-1-ylidene)ethyl] (Dde) groups were used as
protecting groups for two Lys side-chains. In PET studies and
biodistribution experiments using 4-18F-T140, clear visualization
of CXCR4-transfected CHO cells with high tumor-to-muscle
and tumor-to-blood ratios were observed.

Cyclic pentapeptide-based antagonist FC131 provided an
alternative series of CXCR4-specific probe molecules (Fig. 6).
Demmer et al. reported a DOTA-conjugated cyclic peptide
68Ga-CPCR4-2, in which the labeling group was appended
onto the side-chain of D-Nα-methylornithine (D-MeOrn) through
a (4-aminomethyl)benzoic acid (Amb) linker.100 This tracer
peptide showed equipotent receptor binding to the parent FC131
and high tumor accumulation.100,101 The 68Ga-labeled dimeric
peptide (68Ga-25) of the FC131 derivative was also designed on
the basis of the known antagonists with a C2 symmetry element,
allowing visualization of an OH1 h-SCLC xenograft by PET
imaging.52b

5.2. Fluorescent CXCR4 probes

There have been several reports on fluorescent SDF-1 deriva-
tives, which were used to detect CXCR4 expression and

localization (Table 4). Dar et al. studied the internalization of
SDF-1 by bone marrow endothelial cells using fluorescein iso-
thiocyanate (FITC)-labeled SDF-1 (FITC-SDF-1).102 In confocal
microscopy analysis, co-localization of the internalized
FITC-SDF-1 with α-adapton was observed, suggesting that the
internalization was mediated by clathrin-coated pits. Hatse et al.
evaluated the expression level of CXCR4 in peripheral blood
mononuclear cells using CXCL12AF647, in which AlexaFluor
647 was conjugated at the second residue to the C-terminus.103

The biological activities of CXCL12AF647 including intracellular
Ca2+ mobilization and MAPK phosphorylation were compatible
to those of unlabeled SDF-1. Strong et al. also utilized
CXCL12AF647 for flow cytometry and binding inhibition
experiments.104

Development and application of antagonist-based probes for
CXCR4 have also been reported (Table 4). TY14003 is a fluor-
escent T140 derivative, in which the Lys ε-amino group at the
β-turn of Ac-TZ14011 was modified with carboxyfluorescein.105

CXCR4 expression on migrated cells in the chemotaxis exper-
iments were clearly characterized by flow cytometry analysis
using TY14003. TY14003 also labeled a CXCR4-expressing
bladder cancer cell line as well as urothelial cells in urinary sedi-
ments from patients with invasive bladder cancer.106 In in vivo
fluorescent labeling experiments, mouse N-butyl-N-(4-hydroxy-
butyl)nitrosamine (BBN)-induced bladder cancer in the focal
areas was detected by intravesical administration of TY14003.106

Fluorescent labeling with TAMRA and FITC at the β-turn pos-
ition of Ac-TZ14011 was also tolerated. TAMRA-Ac-TZ14011
was employed for receptor staining of NP-2 CXCR4-GFP and
CCR-CD4-HeLa cells.107 When fluorescent immunohistochem-
istry of tumor tissue using Ac-TZ14011-FITC was performed,
a different staining pattern between MDAMB231 and
MDAMB231CXCR4+ cells was observed.108 Luminescent iridium
dye complexes of Ac-TZ14011 for CXCR4 imaging were
also reported recently, in which the cyclometalated octahedral
iridium(III) 2-phenylpyridine complex was modified with one or
multiple Ac-TZ14011 peptides. These probes detect CXCR4
expression efficiently by confocal microscopy and flow
cytometry.109

6. Conclusions and future perspectives

In this review article, the medicinal chemistry processes of
peptide and peptidomimetic CXCR4 ligands have been
described. Descriptions included polyphemusin II-derived antag-
onists, chemokine-derived agonists/antagonists and receptor
fragment pepducin. Several potent substances have also been
employed for the design of CXCR4 imaging probes with a
variety of labeling groups for cancer diagnostics. In the last
decade, considerable progress has been made in the cancer
biology of CXCR4-expressing cells. These peptide and peptido-
mimetic ligands have served as selective inhibitors and probe
molecules for basic biological and biophysical research on the
SDF-1/CXCR4 axis.

Although it had been believed that SDF-1 mediated biological
process via a sole receptor CXCR4, RDC1/CXCR7, an orphan
GPCR, was identified as another receptor of SDF-1 in 2005.110

CXCR7 recognizes SDF-1 and interferon-inducible T cell

Fig. 6 Structures of FC131-based imaging probes.
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α chemoattractant (I-TAC)/CXCL11 as the endogenous agonists
and CXCR7 expression provides tumor cells with cell growth
and adhesion properties.111,112 Future investigations using selec-
tive CXCR4 and CXCR7 ligands will reveal the distinct pivotal
roles of SDF-1/CXCR4 and SDF-1/CXCR7 axes in physiologi-
cal and pathogenetical processes.
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