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Novel Bivalent and D-Peptide Ligands of
CXCR4 Mobilize Hematopoietic Progenitor
Cells to the Blood in C3H/HeJ Mice
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Abstract
The interaction of SDF-1a (also known as CXCL12) with the CXCR4 receptor plays a critical role in the retention of
hematopoietic stem cells (HSCs) in bone marrow. The viral macrophage inflammatory protein-II (vMIP-II), a human
herpesvirus-8 (HHV-8)-encoded viral chemokine, can bind the CXCR4 receptor and inhibit endogenous ligand-induced
calcium responses and cell migration. Previously, we used the bivalent ligand approach to link synthetically two unnatural
D-amino acid peptides derived from the N-terminus of vMIP-II (DV1 and DV3, respectively) to generate a dimeric peptide,
DV1-K-(DV3) (also named HC4319), which shows very high affinity for CXCR4. Here, we studied the biological effects of this
dimeric peptide, HC4319, and its monomeric counterpart, DV1, on SDF-1a-induced signaling in CXCR4- or CXCR7-
transfected Chinese hamster ovary cells and mobilization of hematopoietic progenitor cells (HPCs) in C3H/HeJ mice using
an HPC assay. HC4319 and DV1 inhibited significantly the phosphorylation of Akt and Erk, known to be downstream signaling
events of CXCR4. This in vivo study in C3H/HeJ mice showed that HC4319 and DV-1 strongly induced rapid mobilization of
granulocyte–macrophage colony-forming units (CFUs), erythrocyte burst-forming units, and granulocyte–erythrocyte–
monocyte–megakaryocyte CFUs from the bone marrow to the blood. These results provide the first reported experimental
evidence that bivalent and D-amino acid peptides derived from the N-terminus of vMIP-II are potent mobilizers of HPCs in
C3H/HeJ mice and support the further development of such agents for clinical application.
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Introduction

Hematopoietic stem cells (HSCs) have the ability to produce

multipotential and lineage-committed progenitor cells and

blood cells. Under normal conditions, hematopoiesis occurs

mainly in the bone marrow, so the peripheral blood typically

contains only a few HSCs and hematopoietic progenitor cells

(HPCs). However, HSCs and HPCs can be mobilized from

the bone marrow into the circulation in response to certain

cytokines (e.g., granulocyte colony-stimulating factor), mye-

losuppressive anti-tumor drugs, or CXCR4 antagonists such

as AMD3100, which block the interaction between CXCR4

on HSCs and SDF-1a on bone marrow stromal cells.

CXCR4 belongs to the G-protein-coupled receptor super-

family and is a member of the CXC chemokine receptor

family. It recognizes a specific ligand, SDF-1a (CXCL12).

Such binding increases the phosphorylation of CXCR4

downstream signaling molecules such as Erk1/2 kinases,

Akt, and nuclear factor-kappa beta1. CXCR4 plays a critical

role in cell migration and survival and in the proliferation

and retention of HSCs in the bone marrow2–5. Clinical stud-

ies have shown that blockade of the interaction of CXCR4

and SDF-1a by a CXCR4 antagonist, AMD3100, results in

rapid mobilization of HSCs to the peripheral blood6.

Viral macrophage inflammatory protein-II (vMIP-II) is a

viral CC chemokine encoded by the human herpesvirus-8
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(HHV-8) virus. It binds to a variety of chemokine receptors,

including CXCR4, and acts as an antagonist or agonist to mod-

ulate the migration of different immune cell subsets for selec-

tive recruitment of Th2 cells and evasion from cell-mediated

immunity7–12. The inhibitory properties of vMIP-II on proin-

flammatory chemokine receptors has led to investigations on

its ability to reduce the lymphocyte infiltration and Th1-cell-

driven inflammatory responses in mice with spinal cord con-

tusion injury, focal cerebral ischemia, or allografts13–16. Under

pathological conditions, vMIP-II also binds to CXCR4 or

CCR5, which are HIV entry co-receptors, thereby moderating

the inhibitory effect on HIV-1 entry17,18. In a CXCR4-

transfected cell line, vMIP-II inhibits endogenous CXCR4

agonist-induced calcium responses and cell migration.

Previously, we designed a series of vMIP-II-derived

CXCR4 antagonists and demonstrated that the N-terminus of

vMIP-II was the critical sequence for binding to the CXCR4

receptor. Determination of the crystal structure of vMIP-II in

complex with CXCR4 and structure–function studies of pep-

tides derived from N-terminus of vMIP-II confirmed the impor-

tance of the N-terminus of vMIP-II19,20. We also found a

remarkable stereochemical flexibility of the interface between

CXCR4 and peptide inhibitors based on the observation that

both D- and L-peptides derived from the same amino acid

sequence of the N-terminus of vMIP-II showed strong and

specific binding for CXCR4 and potently inhibited the entry

and infection of the HIV strains for this particular co-receptor21.

We also reported previously a novel vMIP-II-derived

bivalent antagonist, DV1-K-(DV3), which is designated as

HC4319 hereafter and contains two CXCR4 monomeric

ligands, DV1 and DV3, linked chemically via the side chain

of a D-Lys residue22. Both DV1 and DV3 are D-amino acid

peptides derived from the N-terminus (residues 1–21 and 1–

10, respectively) of vMIP-II and have CXCR4-binding affi-

nity and anti-HIV entry activity. The synthetic linkage of

these two monomeric peptides led to the bivalent, dimeric

peptide ligand HC4319, which has much higher CXCR4

affinity and biological activity than the monomeric peptides.

In this study, we investigated the effect of HC4319 and

DV1 on SDF-1a-induced signaling in CXCR4- or CXCR7-

transfected Chinese hamster ovary (CHO) cells. We also per-

formed the first reported evaluation of the effect of peptides

derived from the N-terminus of vMIP-II on the mobilization

of HPCs in C3H/HeJ mice using a colony-forming unit (CFU)

assay. CXCR7 (RDC1) is the second identified receptor of

SDF-1a and its affinity to SDF-1a is higher than that of SDF-

1a to CXCR423,24. Therefore, we investigated whether

CXCR7 is involved in the phosphorylation of Akt and Erk

and if vMIP-II-derived peptides can also bind CXCR7.

Materials and Methods

Peptide Synthesis

DV1 and HC4319 were prepared by 9-fluorenylmethoxy

carbonyl (Fmoc) chemistry and manual solid-phase peptide

synthesis using a TentaGel S RAM (0.24 mmol/g) resin as

the solid support. A 5-fold excess of Na-Fmoc-amino acid,

diisopropyl-carbodiimide, and hydroxybenzotriazole was

used in every coupling reaction step. Removal of the N-

terminal Fmoc group was accomplished by 20% piperidine

in dimethylformamide (DMF) for two cycles (5 min and 15

min, respectively). The Dde (N-[1-(4, 4-dimethyl-2, 6-diox-

ocyclohex-1-ylidene) ethyl]) group was de-protected with

2% hydrazine in DMF for 2 min and the step was repeated

three times. The synthesis of HC4319 was started from a

DV3/DV1 peptide with a C-terminal Lys. The second DV3

moiety was added from the C-terminus to N-terminus by

coupling it through the e-amine group of the Lys side chain.

The cleavage of the peptide from the resin was conducted

with a cleavage cocktail containing water (5%, vol/vol),

thiophenol (5%, vol/vol), and trifluoroacetic acid (90%,

vol/vol) for 2 h at room temperature with gentle stirring. The

peptide was precipitated by adding ice-cold diethyl ether and

washed repeatedly in cold diethyl ether. The crude peptide

was dissolved in 20% acetonitrile in deionized water before

lyophilization and purified using semi-preparative reverse-

phase high-performance liquid chromatography (RP-

HPLC). The fractions containing the peptide were pooled

together and lyophilized. The purity of the final product was

assessed by analytical RP-HPLC and matrix-assisted laser

desorption/ionization time-of-flight mass spectrometry. The

purity of all peptides was at least 95%.

Transfection of Adherent CHO Cells

The plasmids pcDNA3-hCXCR4 and pcDNA3-hCXCR7

were stably transfected into CHO cells using Lipofectamine

2000 (Invitrogen, Carlsbad, CA, USA) following the manu-

facturer’s instructions. A selective medium containing G418

(1.2 mg/mL) was used to isolate stably transfected cells,

which were subsequently singly cloned. CHO cells expres-

sing CXCR4 were obtained by fluorescence-activated cell

sorting (FACS) using a BD FACSAria III instrument (BD

Biosciences, San Jose, CA, USA).

CXCR7 Competitive Binding Assays Using
a Labeled Antibody

CXCR7-transfected CHO cells were cultured in Dulbecco’s

modified Eagle’s medium with 10% (v/v) fetal bovine

serum, 100 IU penicillin, 0.1 mg/mL streptomycin, and 2

mM L-glutamine. G418 (400 mg/mL) was used as an agent

to select CHO cells that stably expressed CXCR7. The trans-

fected cells were washed twice with FACS buffer [0.5%
bovine serum albumin (BSA), 0.05% sodium azide in

phosphate-buffered saline (PBS)] prior to the binding assay.

The cells were then seeded in V-shaped 96-well plates at 5�
105 cells/well and incubated with various concentrations of

DV1 or HC4319 and primary antibody (1:3000, mouse anti-

human CD184 antibody, BD Biosciences) for 40 min on ice.

After two washes with assay buffer, cells were incubated
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with secondary antibody (1:250, anti-mouse IgG-FITC anti-

body, Sigma-Aldrich, St. Louis, MO, USA) for 30 min on

ice. After two washes by centrifugation with assay buffer, 50

mL of FACS buffer was added to each well. The fluorescence

(485EX/528EM) value was recorded using a Synergy 2

microplate reader (BioTek Instruments, Winooski, VT,

USA) and expressed as a percentage of the control group

values. The competitive binding assays were performed in

duplicate and the results are presented as mean + standard

error of the mean.

Flow Cytometric Analysis

CHO cells transfected with either CXCR4 or CXCR7 and

wild-type CHO cells were washed with PBS containing 1%
BSA and then stained at 4�C for 20 min with monoclonal

anti-CXCR4 or anti-CXCR7 antibodies. The stained cells

were analyzed by flow cytometry on an Accuri C6 flow

cytometer (BD Biosciences). Data were analyzed using

FlowJo Software (TreeStar Inc., Ashland, OR, USA).

Western Blotting

Cells were lysed in lysis buffer [100 mM NaCl, 50 mM Tris-

HCl, 1 mM EGTA, 0.5% sodium deoxycholate, 1% Triton

X-100, and 0.2% sodium dodecyl sulfate (SDS), pH 7.2] in

the presence of phosphatase and protease inhibitor cocktail

(Pierce, IL, USA) for 30 min on ice. Cell lysates were cen-

trifuged at 17,000 g for 15 min at 4�C and the protein con-

centrations of the supernatants were determined with a BCA

assay (Pierce). Equal amounts of protein mixed with 5�
SDS loading buffer were loaded and separated on 8%
SDS-PAGE gels and then transferred to nitrocellulose mem-

branes (GE Healthcare, NJ, USA). After blocking with 5%
milk or 7.5% BSA in Tris-buffered saline plus Tween-20

(TBST) (0.1% Tween-20 in TBS), the membranes were

incubated with primary antibodies overnight at 4�C, washed

three times in TBST, incubated with horseradish peroxidase

(HRP)-coupled secondary antibodies for 1 hour at room tem-

perature, and washed three times in TBST. The immunos-

tained proteins were detected using a chemiluminescent

HRP detection substrate (Pierce).

Colony-Forming Assays

All animal experiments were approved by the Laboratory

Animal Research Center of Tsinghua University. C3H/HeJ

Mice were administered subcutaneously with a vehicle con-

trol or the peptides. After 1 hour, peripheral blood was col-

lected into heparin-treated tubes and peripheral blood cells

were obtained after lysis with ammonium chloride solution

(StemCell, Canada). Cells were cultured in MethoCult GF

M3434 (StemCell, Canada) for 7 days under a humidified

atmosphere with 5% CO2 and granulocyte–macrophage

CFUs (CFU-GMs), erythrocyte burst-forming units

(BFU-Es), and granulocyte–erythrocyte–monocyte–

megakaryocyte CFUs (CFU-GEMMs) were counted.

Results

Enhanced Inhibitory Effect of Bivalent Peptide on
CXCR4 Signaling

We determined the effect of vMIP-II-derived peptides on

signaling transduction through the CXCR4 receptor by sta-

bly transfecting human CXCR4 into CHO cells and detecting

the phosphorylation of Akt and Erk. Approximately 95% of

CHO cells were positive for CXCR4 after transfection (Fig.

1A). SDF-1a (12.5 nM) induced the phosphorylation of Akt

and Erk significantly and both DV1 (30 mM) and HC4319

(30 mM) inhibited the phosphorylation of Akt and Erk mark-

edly. Compared with the monovalent peptide DV1, the biva-

lent peptide HC4319 has more potent inhibitory effect on the

phosphorylation of Akt and Erk (Fig. 1B). These results

demonstrated that vMIP-II-derived peptides can inhibit the

phosphorylation of Akt and Erk induced by SDF-1a
significantly.

Weak Inhibitory Effect of vMIP-II-Derived Peptides on
CXCR7-Mediated Akt Phosphorylation

To determine whether the above observed phosphorylation

was possibly due to CXCR7, which is known to be the alter-

native receptor of SDF-1a, we constructed CXCR7-

transfected CHO cells and examined the phosphorylation

of Akt and Erk at 5, 15, 30, 45, and 60 minutes in the

presence of SDF-1a. Approximately 95% of CHO cells were

positive for CXCR7 after transfection (Fig. 2A). At 5, 15, 30,

45, and 60 minutes after SDF-1a (12.5 nM) treatment, only

Akt phosphorylation was observed consistently from 5 to 60

minutes; no phosphorylation changes were observed for Erk

Fig. 1. Inhibitory effect of vMIP-II-derived peptides on SDF-1a-
induced phosphorylation of signaling molecules in CXCR4-
transfected CHO cells. (A) Expression of CXCR4 by the infected
CHO cells analyzed by flow cytometry. (B) Effect of HC4319 and
DV1 on SDF-1a-induced phosphorylation of Akt and Erk in
CXCR4-transfected CHO cells detected by Western blotting.
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in CXCR7-transfected CHO cells (Fig. 2B). We further

determined that Akt phosphorylation was induced through

the transfected CXCR7 receptor and not by any other pre-

existing receptors on the CHO cells by examining the phos-

phorylation changes in Akt in wild-type CHO cells treated

with SDF-1a (12.5 nM). We found no changes in Akt phos-

phorylation in the wild-type CHO cells (Fig. 2C) in response

to SDF-1a, which confirmed that the Akt phosphorylation

observed in CXCR7-transfected cells was mediated through

the CXCR7 receptor. We also examined the effect of vMIP-

II-derived peptides on the Akt phosphorylation induced by

SDF-1a in these CXCR7-transfected CHO cells. Only DV1

had a slight effect on the SDF-1a-induced Akt phosphoryla-

tion in CXCR7-transfected cells (Fig. 2D). Therefore, SDF-

1a could induce Akt phosphorylation, but had no effect on

the phosphorylation of Erk in CXCR7-transfected CHO

cells. vMIP-II-derived peptides had almost no effect on the

Akt phosphorylation induced by SDF-1a in these cells.

Little or No Binding of vMIP-II-Derived Peptides
to CXCR7

We used antibody receptor competition assays to further

evaluate the weak inhibitory effect of DV1 on Akt phosphor-

ylation in CXCR7-transfected CHO cells and to confirm the

selectivity of vMIP-II-derived peptides for CXCR4. Both

peptides, but especially HC4319 (Fig. 3), showed only very

slight binding to CXCR7. This lack of binding may explain

why HC4319 and DV1 had little or no effect on the phos-

phorylation of Akt in CXCR7-transfected CHO cells.

Significant Mobilization of HPCs to the Blood by
vMIP-II-Derived Peptides in C3H/HeJ mice

We used an HPC assay to investigate the effect of vMIP-II-

derived peptides on HPC mobilization in C3H/HeJ mice.

Administration of either the monovalent peptide (37.5 and

150 mg/kg) or the bivalent peptide (57.5 and 230 mg/kg)

caused a rapid and significant mobilization of HPCs to the

peripheral blood 1 h after subcutaneous administration to

C3H/HeJ mice. The numbers of BFU-Es, CFU-GMs, and

CFU-GEMMs in the peripheral blood were *5–10 times

greater than those in the control group (Fig. 4).

Discussion

Previous studies by many groups, including ours, have

shown that the N-terminus of vMIP-II is the critical deter-

minant for CXCR4 recognition20,25–30. The synthetic pep-

tides DV1 and DV3, which contain 21 and 10 D-amino

acids, respectively, from the N-terminus of vMIP-II (Table

1), displayed selective binding to CXCR4 with half-maximal

inhibitory concentration (IC50) values of 236 and 440 nM,

respectively. Mutational studies of DV1 peptide indicated

that N-terminal residues 1–10 were essential for CXCR4

binding, whereas C-terminal residues 11–21 played a sec-

ondary role in binding to CXCR421. We generated HC4319

by chemically linking DV1 and DV3, a shortened version of

DV1 that contains the essential first 10 residues of DV1 as

described above, via the side chain of a D-Lys residue. Pre-

vious binding studies using the antibody receptor competi-

tion assay on HEK293 cells that stably expressed CXCR4

demonstrated that HC4319 has very high affinity for

CXCR4, with an IC50 value of *4 nM, and is much more

potent than the monomeric counterparts DV1 and DV3

(Table 1). In the chemotaxis assays using SUP-T1 cells,

Fig. 2. Weak phosphorylation of Akt induced by SDF-1a through
the CXCR7 receptor and little inhibitory effects on CXCR7-
mediated Akt phosphorylation by HC4319 and DV-1. (A) Expres-
sion of CXCR7 on infected CHO cells analyzed by flow cytometry.
(B) Effects of SDF-1a on the phosphorylation of Akt and Erk in
CXCR7high CHO cells detected by Western blotting. (C) Effects
of SDF-1a on the phosphorylation of Akt in wild-type CHO cells
detected by Western blotting. (D) Effects of HC4319 and DV-1 on
SDF-1a-induced phosphorylation of Akt in CXCR7high CHO cells
assessed by Western blotting.

Fig. 3. Lack of binding of HC4319 and DV1 to CXCR7. The binding
of HC4319 and DV1 in CXCR7- or CXCR4-transfected CHO cells
was detected by antibody competition binding assays. The results
shown are the mean values of at least three independent experi-
ments.
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HC4319 could block the cell migration induced by SDF-1a

and the IC50 value was 500 nM22.

In this study, we found that two of the above described

peptides derived from the N-terminus of vMIP-II, HC4319

and DV1, inhibited the phosphorylation of Akt and Erk

induced by SDF-1a significantly. Because CXCR7 (RDC1)

is the second identified receptor of SDF-1a and its affinity

for SDF-1a is higher than that of CXCR4 for SDF-1a23,24,

we also examined the effects of SDF-1a on the phosphoryla-

tion of Akt and Erk in CXCR7-transfected CHO cells or

wild-type CHO cells. Our data showed that only weak phos-

phorylation of Akt was induced by SDF-1a in CXCR7-

transfected CHO cells and that vMIP-II-derived peptides had

little inhibitory effect on Akt phosphorylation in CXCR7-

transfected CHO cells, which was consistent with their lack

of binding to CXCR7.

Many novel synthetic peptides derived from the N-

terminus of vMIP-II, including bivalent and D-peptides,

were reported previously to have significant antiviral activ-

ity by inhibiting the replication of CXCR4-dependent HIV-1

strains21,28,30. However, the in vivo activity of these peptide

inhibitors of CXCR4 as HSC mobilizers in animal models

has not been studied. This is the first report that these biva-

lent and D-peptides have a strong in vivo HPC mobilization

effect. In general, D-peptides containing unnatural D-amino

acids are thought to be more resistant to enzymatic

degradation than natural L-peptides, which may result in

higher stability and be advantageous for in vivo and eventual

clinical applications. For example, a D-peptide agonist of the

calcium-sensing receptor AMG 416 (velcalcetide) has been

approved recently for the treatment of secondary hyperpar-

athyroidism in hemodialysis patients31–33. Therefore, the in

vitro and in vivo activities of our synthetic bivalent and D-

peptide inhibitors of CXCR4 reported here suggest that these

novel molecules merit further development as new therapeu-

tic agents for mobilizing HSCs to the peripheral blood in

regenerative medicine.

Ethical Approval

This study was approved by our institutional review board.

Statement of Human and Animal Rights

All animal experiments were approved by the Laboratory Animal

Research Center of Tsinghua University.

Statement of Informed Consent

There are no human subjects in this article and informed consent is

not applicable.

Declaration of Conflicting Interests

The authors declared no potential conflicts of interest with respect

to the research, authorship, and/or publication of this article.

Funding

The authors disclosed receipt of the following financial support for

the research, authorship, and/or publication of this article: This

work was supported by grants from Tsinghua University and the

Tsinghua-Peking Joint Center for Life Sciences (to Z. H.), the

National Institutes of Health (GM 57761, to Z.H and J.A.), and

the California Institute for Regenerative Medicine (RS1-00225 -

1, to Z.H.).

References

1. Ganju RK, Brubaker SA, Meyer J, Dutt P, Yang Y, Qin S,

Newman W, Groopman JE. The alpha-chemokine, stromal

cell-derived factor-1alpha, binds to the transmembrane G-

protein-coupled CXCR-4 receptor and activates multiple signal

transduction pathways. J Biol Chem. 1998;273(36):

23169–23175.

Fig. 4. Significant mobilization of HPCs to the blood in C3H/HeJ mice by HC4319 and DV1. Both HC4319 and DV1 caused strong
mobilization of HPCs from the bone marrow to the peripheral blood 1 h after subcutaneous administration compared with the control
group (P < 0.01) administered vehicle only. The results shown are the mean values of at least three independent experiments.

Table 1. Sequences and IC50 Values of CXCR4 Competitive Bind-
ing of DV-1, HC4319, and vMIP-II.

Name Peptide Sequencea IC50 (nM)b

vMIP-II LGASWHRPDKCCLGYQKRPLPQVL
LSSWYPTSQLCSKPGVIFLTKRGRQ
VCADKSKDWVKKLMQQLPVTAR

3

DV1 LGASWHRPDKCCLGYQKRPLP 236
DV3 LGASWHRPDK 440
HC4319 LGASWHRPDKCCLGYQKRPLPK 4

|
LGASWHRPDK

aUnderlined text indicates D-amino acids.
bThe IC50 values are from our previously published results.21,22,28

Mao et al 1253



2. Aiuti A, Webb IJ, Bleul C, Springer T, GutierrezRamos JC.

The chemokine SDF-1 is a chemoattractant for human

CD34(þ) hematopoietic progenitor cells and provides a new

mechanism to explain the mobilization of CD34(þ) progeni-

tors to peripheral blood. J Exp Med. 1997;185(1):111–120.

3. Bleul CC, Fuhlbrigge RC, Casasnovas JM, Aiuti A, Springer

TA. A highly efficacious lymphocyte chemoattractant, stromal

cell-derived factor 1 (SDF-1). J Exp Med. 1996;184(3):

1101–1109.

4. Choi WT, Duggineni S, Xu Y, Huang Z, An J. Drug discovery

research targeting the CXC chemokine receptor 4 (CXCR4). J

Med Chem. 2012;55(3):977–994.

5. Lapidot T, Kollet O. The essential roles of the chemokine SDF-

1 and its receptor CXCR4 in human stem cell homing and

repopulation of transplanted immune-deficient NOD/SCID and

NOD/SCID/B2m(null) mice. Leukemia. 2002;16(10):

1992–2003.

6. Broxmeyer HE, Orschell CM, Clapp DW, Hangoc G, Cooper

S, Plett PA, Liles WC, Li X, Graham-Evans B, Campbell TB,

Calandra G, Bridger G, Dale DC, Srour EF. Rapid mobilization

of murine and human hematopoietic stem and progenitor cells

with AMD3100, a CXCR4 antagonist. J Exp Med. 2005;

201(8):1307–1318.

7. Weber KS, Grone HJ, Rocken M, Klier C, Gu S, Wank R,

Proudfoot AE, Nelson PJ, Weber C. Selective recruitment of

Th2-type cells and evasion from a cytotoxic immune response

mediated by viral macrophage inhibitory protein-II. Eur J

Immunol 2001;31(8):2458–2466.

8. Sozzani S, Luini W, Bianchi G, Allavena P, Wells TN, Napo-

litano M, Bernardini G, Vecchi A, D’Ambrosio D, Mazzeo D,

Sinigaglia F, Santoni A, Maggi E, Romagnani S, Mantovani A.

The viral chemokine macrophage inflammatory protein-II is a

selective Th2 chemoattractant. Blood. 1998;92(11):

4036–4039.

9. Rubant S, Ludwig RJ, Pfeffer J, Schulze-Johann P, Kaufmann

R, Pfeilschifter JM, Boehncke WH, Radeke HH. Eukaryotic

expression of the broad-spectrum chemokine receptor antago-

nist vMIP-II and its effects on T-cell function in vitro and in

vivo. Exp Dermatol. 2006;15(8):634–642.

10. Lindow M, Nansen A, Bartholdy C, Stryhn A, Hansen NJ,

Boesen TP, Wells TN, Schwartz TW, Thomsen AR.

The virus-encoded chemokine vMIP-II inhibits virus-

induced Tc1-driven inflammation. J Virol. 2003;77(13):

7393–7400.

11. Szpakowska M, Chevigne A. vCCL2/vMIP-II, the viral master

KEYmokine. J Leukoc Biol. 2016;99(6):893–900.

12. Kledal TN, Rosenkilde MM, Coulin F, Simmons G, Johnsen

AH, Alouani S, Power CA, Lüttichau HR, Gerstoft J, Clapham

PR, Clark-Lewis I, Wells TN, Schwartz TW. A broad-

spectrum chemokine antagonist encoded by Kaposi’s

sarcoma-associated herpesvirus. Science. 1997;277(5332):

1656–1659.

13. Ghirnikar RS, Lee YL, Eng LF. Chemokine antagonist infusion

attenuates cellular infiltration following spinal cord contusion

injury in rat. J Neurosci Res. 2000;59(1):63–73.

14. Ghirnikar RS, Lee YL, Eng LF. Chemokine antagonist infusion

promotes axonal sparing after spinal cord contusion injury in

rat. J Neurosci Res. 2001;64(6):582–589.

15. Takami S, Minami M, Nagata I, Namura S, Satoh M. Chemo-

kine receptor antagonist peptide, viral MIP-II, protects the

brain against focal cerebral ischemia in mice. J Cereb Blood

Flow Metab. 2001;21(12):1430–1435.

16. Pillai RG, Beutelspacher SC, Larkin DF, George AJ. Expres-

sion of the chemokine antagonist vMIP II using a non-viral

vector can prolong corneal allograft survival. Transplantation.

2008;85(11):1640–1647.

17. Boshoff C, Endo Y, Collins PD, Takeuchi Y, Reeves JD,

Schweickart VL, Siani MA, Sasaki T, Williams TJ, Gray

PW, Moore PS, Chang Y, Weiss RA. Angiogenic and HIV-

inhibitory functions of KSHV-encoded chemokines. Science.

1997;278(5336):290–294.

18. Morris KV, Higgins J, Shen X, Stine JT, Pedersen NC. The

effects of HHV-8 vMIP-II on SIVmac251 infection and repli-

cation competent and incompetent SIVmac239Delta3 vectors.

Virus Res. 2003;94(2):103–112.

19. Qin L, Kufareva I, Holden LG, Wang C, Zheng Y, Zhao C,

Fenalti G, Wu H, Han GW, Cherezov V, Abagyan R, Stevens

RC, Handel TM. Structural biology. Crystal structure of the

chemokine receptor CXCR4 in complex with a viral chemo-

kine. Science. 2015;347(6226):1117–1122.

20. Luo Z, Fan X, Zhou N, Hiraoka M, Luo J, Kaji H, Huang Z.

Structure-function study and anti-HIV activity of synthetic

peptide analogues derived from viral chemokine vMIP-II. Bio-

chemistry. 2000;39(44):13545–13550.

21. Zhou N, Luo Z, Luo J, Fan X, Cayabyab M, Hiraoka M, Liu D,

Han X, Pesavento J, Dong CZ, Wang Y, An J, Kaji H, Sodroski

JG, Huang Z. Exploring the stereochemistry of CXCR4-

peptide recognition and inhibiting HIV-1 entry with D-

peptides derived from chemokines. J Biol Chem. 2002;

277(20):17476–17485.

22. Xu Y, Duggineni S, Espitia S, Richman DD, An J, Huang Z. A

synthetic bivalent ligand of CXCR4 inhibits HIV infection.

Biochem Biophys Res Commun. 2013;435(4):646–650.

23. Balabanian K, Lagane B, Infantino S, Chow KY, Harriague J,

Moepps B, Arenzana-Seisdedos F, Thelen M, Bachelerie F.

The chemokine SDF-1/CXCL12 binds to and signals through

the orphan receptor RDC1 in T lymphocytes. J Biol Chem.

2005;280(42):35760–35766.

24. Burns JM, Summers BC, Wang Y, Melikian A, Berahovich R,

Miao Z, Penfold ME, Sunshine MJ, Littman DR, Kuo CJ, Wei

K, McMaster BE, Wright K, Howard MC, Schall TJ. A novel

chemokine receptor for SDF-1 and I-TAC involved in cell

survival, cell adhesion, and tumor development. J Exp Med.

2006;203(9):2201–2213.

25. LiWang AC, Cao JJ, Zheng H, Lu Z, Peiper SC, LiWang PJ.

Dynamics study on the anti-human immunodeficiency virus

chemokine viral macrophage-inflammatory protein-II

(VMIP-II) reveals a fully monomeric protein. Biochemistry.

1999;38(1):442–453.

26. Crump MP, Elisseeva E, Gong J, Clark-Lewis I, Sykes BD.

Structure/function of human herpesvirus-8 MIP-II (1-71) and

1254 Cell Transplantation 27(8)



the antagonist N-terminal segment (1-10). FEBS Lett. 2001;

489(2–3):171–175.

27. Yang Q, Zhang F, Ding Y, Huang J, Chen S, Wu Q, Wang Z,

Wang Z, Chen C. Antitumour activity of the recombination

polypeptide GST-NT21MP is mediated by inhibition of

CXCR4 pathway in breast cancer. Br J Cancer. 2014;110(5):

1288–1297.

28. Zhou N, Luo Z, Luo J, Hall JW, Huang Z. A novel peptide

antagonist of CXCR4 derived from the N-terminus of

viral chemokine vMIP-II. Biochemistry. 2000;39(13):

3782–3787.

29. Yang Y, Zhang Q, Gao M, Yang X, Huang Z, An J. A novel

CXCR4-selective high-affinity fluorescent probe and its appli-

cation in competitive binding assays. Biochemistry. 2014;

53(30):4881–4883.

30. Choi WT, Kumar S, Madani N, Han X, Tian S, Dong CZ, Liu

D, Duggineni S, Yuan J, Sodroski JG, Huang Z, An J. A novel

synthetic bivalent ligand to probe chemokine receptor CXCR4

dimerization and inhibit HIV-1 entry. Biochemistry. 2012;

51(36):7078–7086.

31. Martin KJ, Pickthorn K, Huang S, Block GA, Vick A, Mount

PF, Power DA, Bell G. AMG 416 (velcalcetide) is a novel

peptide for the treatment of secondary hyperparathyroidism

in a single-dose study in hemodialysis patients. Kidney Int.

2014;85(1):191–197.

32. Walter S, Baruch A, Dong J, Tomlinson JE, Alexander ST,

Janes J, Hunter T, Yin Q, Maclean D, Bell G, Mendel DB,

Johnson RM, Karim F. Pharmacology of AMG 416 (Velcalce-

tide), a novel peptide agonist of the calcium-sensing receptor,

for the treatment of secondary hyperparathyroidism in hemo-

dialysis patients. J Pharmacol Exp Ther. 2013;346(2):229–240.

33. Martin KJ, Bell G, Pickthorn K, Huang S, Vick A, Hodsman P,

Peacock M. Velcalcetide (AMG 416), a novel peptide agonist

of the calcium-sensing receptor, reduces serum parathyroid

hormone and FGF23 levels in healthy male subjects. Nephrol

Dial Transplant. 2014;29(2):385–392.

Mao et al 1255



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 266
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Average
  /ColorImageResolution 175
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50286
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 266
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Average
  /GrayImageResolution 175
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50286
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 900
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Average
  /MonoImageResolution 175
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50286
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox false
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (U.S. Web Coated \050SWOP\051 v2)
  /PDFXOutputConditionIdentifier (CGATS TR 001)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /CreateJDFFile false
  /Description <<
    /ENU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        9
        9
        9
        9
      ]
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MarksOffset 9
      /MarksWeight 0.125000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
  /SyntheticBoldness 1.000000
>> setdistillerparams
<<
  /HWResolution [288 288]
  /PageSize [612.000 792.000]
>> setpagedevice


