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ARTICLE INFO ABSTRACT

Keywords: The feasibility of utilizing the cell surface chemokine receptor CXCR4 for human immunodeficiency virus (HIV)
CXCR4 entry inhibition and as an intracellular portal for targeted drug delivery was evaluated. Novel DV3 ligands
DV3 (1DV3, 2DV3, and 4DV3) were designed, synthesized and conjugated to various probes (fluorescein iso-
Allosteric enhancer thiocyanate (FITC) or biotin) and cargos with sizes ranging from 10 to 50 nm (polyethylene glycol (PEG),
Z%’)lsfggy inhibitor streptavidin, and a polymeric nanoparticle). 4DV3 conjugated probes inhibited HIV-1 entry into the CXCR4-
Nanocarrier expressing reporter cell line TZM-bl (ICso at 553 nM) whereas 1DV3 and 2DV3 did not. 4DV3 also inhibited
Targeted drug delivery binding of anti-CXCR4 antibody 44,708 to TZM-bl cells with nanomolar potency, while the small-molecule
CXCR4 antagonist AMD3100 did not. Molecular modeling suggested simultaneous binding of a single 4DV3
molecule to four CXCR4 molecules. Differences in CXCR4-binding sites could explain the discrete inhibitory
effects observed for 4DV3, the 44,708 antibody and AMD3100. In the Sup-T1 cell chemotaxis assay, the 4DV3
ligand functioned as a CXCR4 allosteric enhancer. In addition, 4DV3 ligand-conjugated cargos with sizes ranging
from 10 to 50 nm were taken up into CXCR4-expressing Sup-T1 and TZM-bl cells, demonstrating that CXCR4
could serve as a drug delivery portal for nanocarriers. The uptake of 4DV3 functionalized nanocarriers combined
with the allosteric interaction with CXCR4 suggests enhanced endocytosis occurs when 4DV3 is the targeting
ligand. The current results indicate that 4DV3 might serve as a prototype for a new type of dual function ligand,
one that acts as a HIV-1 entry inhibitor and a CXCR4 drug delivery targeting ligand.

is also associated with oncogenesis as well as the pathogenesis of in-
flammatory diseases and fibro-proliferative diseases [18,19].

1. Introduction

CXCR4 is a member of the chemokine receptor family, which is a
subset of the rhodopsin superfamily of G protein-coupled receptors that
bind to small protein ligands called chemokines [1-3]. CXCR4 is critical
to numerous endogenous functions like T cell activation and migration,
embryogenesis, brain development, hematopoiesis, and vascularization
[4-13]. The chemokine molecule CXCL12 (or SDF-1a) is the physiolo-
gical ligand of CXCR4. The CXCL12-CXCR4 signaling axis plays a
principal role in the retention/homing of hematopoietic stem and
progenitor cells (HSPCs) in/to the bone marrow and the migration/
mobilization of some of these cells into peripheral tissues upon tissue
injury or stress. Besides its importance to normal physiology and
homeostasis, CXCR4 plays a significant role in several pathologies.
CXCR4 is used by some strains of human immunodeficiency virus (HIV)
as a co-receptor to infect host cells and its overexpression is associated
with metastasis of numerous cancers [13-17]. The CXCL12-CXCR4 axis
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Disruption of CXCL12-CXCR4 interactions is a strategy that has long
been pursued for intervention in these pathological conditions [20,21].
For example, administration of the small-molecule CXCR4 antagonist
AMD-3100 (plerixafor) reduced CXCL12 signaling and retention within
the bone marrow [21]. CXCL12-CXCR4 signaling is also affected by
CXCR4 homo- and hetero-oligomerization and is subject to allosteric
modulation [18,22,23]. Finally, chemotaxis is the most important cel-
lular activity resulting from CXCL12-CXCR4 signaling, as with the
majority of all chemokine receptors. Recently, a pro-inflammatory
macrophage migration inhibitory factor (MIF) was identified as the
second physiological ligand of CXCR4 and shown to mediate chemo-
taxis and arrest of CXCR4-expressing T cells, complicating the under-
standing of CXCR4-mediated signaling and associated biological pro-
cesses [22].

CXCL12 is rapidly cleared from the blood circulation, by the

E-mail addresses: inheon@rutgers.edu (I. Heon Lee), matthew.s.palombo@gsk.com (M.S. Palombo), xzhang@pharmacy.rutgers.edu (X. Zhang),

zoltan@pharmacy.rutgers.edu (Z. Szekely), sinko@rutgers.edu (P.J. Sinko).
 These authors contributed equally.
2 Present address: 709 Swedeland Rd., King of Prussia, PA 19406, USA.

https://doi.org/10.1016/j.ejpb.2018.06.004

Received 18 February 2018; Received in revised form 27 April 2018; Accepted 4 June 2018

Available online 09 June 2018
0939-6411/ © 2018 Elsevier B.V. All rights reserved.


http://www.sciencedirect.com/science/journal/09396411
https://www.elsevier.com/locate/ejpb
https://doi.org/10.1016/j.ejpb.2018.06.004
https://doi.org/10.1016/j.ejpb.2018.06.004
mailto:inheon@rutgers.edu
mailto:matthew.s.palombo@gsk.com
mailto:xzhang@pharmacy.rutgers.edu
mailto:zoltan@pharmacy.rutgers.edu
mailto:sinko@rutgers.edu
https://doi.org/10.1016/j.ejpb.2018.06.004
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ejpb.2018.06.004&domain=pdf

1. Heon Lee et al.

combined processes of proteolysis and sequestration through binding to
heparin on surrounding CXCL12-secreting cells [22]. Nevertheless,
damaged or stressed tissues produce and release large amounts of
CXCL12 resulting in elevated blood concentrations. Its fast clearance,
however, does create a local CXCL12 concentration gradient around
CXCL12-secreting cells, thus enabling chemotaxis/homing of CXCR4-
expressing immune or stem/progenitor cells, or the arrest of infiltrating
leukocytes at the blood-brain barrier during CNS inflammation [24].

An HIV-1 virion, by its size and shape, somewhat resembles a na-
noparticle (NP) with an approximate size of 145nm [25,26]. Its
structure allows for both protection of its cargo [27,28] and its inter-
action with target cells (e.g., CD4 " T cells, macrophages, dendritic and
microglial cells) through specific ligands displayed on its surface. This
interplay is mediated by viral proteins gp120 and gp41, and host CD4
and chemokine receptors (CXCR4 or CCR5) [29]. Often hitchhiking on
infected immune cells, HIV-1 is capable of crossing physiological bar-
riers (e.g., the blood-brain barrier, the blood-testes barrier) and pene-
trating tissues (e.g., gut-associated lymphoid tissue, mucosa-associated
lymphoid tissue and other lymphoid tissues) that are traditionally dif-
ficult to access with therapeutic agents [30-32]. The communication
among the negatively charged amino acid residues of CXCR4, in the N-
terminus and extracellular loops, is critical to the interaction with the
positively charged amino acids of gp120 [33-35], as well as CXCL12
[36]. Inhibition of the interface between gp120 and CXCR4 by CXCL12
has been shown to reduce viral entry and replication in vitro [37-39].
Conceptually, the HIV-1 entry process demonstrates that it is feasible
for a NP with a properly designed targeting ligand to be transported by
means of a cell surface receptor into a cell.

Viral macrophage inflammatory protein-II (vMIP-II) is a virus-en-
coded chemokine that can bind to the major HIV-1 co-receptors CCR5
and CXCR4 [40,41]. Synthetic peptides derived from the N-terminus of
VMIP-II retain affinity for CXCR4, while also demonstrating anti-HIV
activity [42,43]. The derivatives of vMIP-II are antagonists to CXCL12
and HIV-1, yet do not activate CXCR4 receptors [44]. Preliminary re-
search showed significant antagonistic activity of a positively charged,
ten-amino acid-long segment of the vMIP-II, the V3 peptide (Leu-Gly-
Ala-Ser-Trp-His-Arg-Pro-Asp-Lys). This peptide binds to CXCR4, albeit
with an affinity 1400 times less than CXCL12 [41,42,44]. In a mono-
clonal antibody (mAb) competitive binding assay, D-amino acid iso-
mers of V3 (DV3) improved serum stability as well as CXCR4 binding
(by 13.7-fold), as compared to its parent 21-residue L-amino acid V1
peptide [45]. The DV3 peptide is unique in that it enhances affinity
upon stereoconversion (inverso) from L- to D-amino acids, without re-
versing the amino acid sequence [45,46]. DV3 has been used in anti-
cancer applications, as part of fusion proteins containing proapoptotic
segments that target cancer cells overexpressing CXCR4, resulting in
cell death [47,48]. Recently, in an effort to increase DV3's potency,
DV1-K-(DV3) was identified and evaluated [49]. This peptide consists
of DV1 and DV3 linked together through lysine. DV1-K-(DV3) exhibited
a significant improvement in CXCR4 binding affinity compared to the
monovalent DV3 (ICso of 4nM vs. 440 nM) and demonstrated micro-
molar potency in anti-HIV-1 activity (ICso of about 1 uM).

Nanocarriers with multivalent ligand moieties may be advantageous
versus monovalent ligands in disrupting the interaction between CXCR4
and its ligands such as HIV-1 and CXCL12, due to the enhanced avidity
for the receptor as a result of interacting with multiple receptors
[50-53]. This clustering event could also benefit receptor mediated
uptake of NPs for drug delivery. A single copy of ligand bound to the
bulky carrier group like a branched polyethylene glycol (PEG) can
sterically interfere with ligand interaction with its cellular receptor,
leading to its reduced binding avidity relative to free peptide; however,
this interference can be overcome by multivalency of ligands [50,53]
(see Fig. 1).

In the current investigation, novel DV3 ligands were conjugated to
various probes and cargos with sizes ranging from 10 to 50 nm. The
constructs were then evaluated for their ability to prevent HIV entry
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and to utilize CXCR4 as a drug delivery portal. The results of the current
study demonstrate that 4DV3 conjugated to various cargos can not only
block HIV entry into cells but also enter cells via CXCR4, which serves
as a portal for drug delivery. Unexpectedly, 4DV3 demonstrated a novel
allosteric enhancement of CXCR4 activity, suggesting that the ligand-
receptor interaction altered the configuration of CXCR4 enabling it to
be a drug delivery portal. This finding may also prove to be clinically
useful, specifically for the mobilization of HSPCs from bone marrow or
homing of these cells to tissue repair sites. Given the significance of
CXCR4 in HIV/AIDS and cancer, further probing of this mechanism may
lead to better utilization of CXCR4 as a drug delivery portal. The results
of the current investigation suggest that 4DV3, through a novel allos-
teric interaction, may play a role in a dual mechanism anti-HIV drug
delivery system (i.e., HIV entry inhibition and utilizing CXCR4 as a
portal).

2. Materials and methods

Materials. Reagents for solid-phase peptide synthesis are listed in the
Supplementary Information. The following reagents were used for la-
beling and conjugation: fluorescein isothiocynate (FITC) (Chem-Impex
International, Wood Dale, IL); 10 kDa linear PEG (Nanocs, New York,
NY); FITC-labeled streptavidin (FITC-SA) (AnaSpec, Fremont, CA); a-
amino w-hydroxyl terminated polycaprolactone(6000)-b-polyethylene
glycol(5000) (PCL-b-PEG) (Polymer Source, Dorval, Canada); and a
click chemistry reagent DBCO-PEGs-NHS (Quanta Biodesign, Plain City,
OH).

Some biologics and chemicals were obtained through the NIH AIDS
Research and Reference Reagent Program, Division of AIDS, NIAID,
NIH, and included: TZM-bl cells from Dr. John C. Kappes, Dr. Xiaoyun
Wu, and Tranzyme Inc.; HTLV-IIIz/H9 (HIV-1 IIIB) from Dr. Robert
Gallo; HIV-1 BaL from Dr. Suzanne Gartner, Dr. Mikulas Popovic and
Dr. Robert Gallo; CXCR4 mAD clone 44,708 and Sup-T1 cells from Dr.
Dharam Ablashi; and bicyclam JM-2987 (the octahydrobromide salt of
AMD-3100, referred to as AMD3100 throughout this paper). The fol-
lowing reagents were purchased for in vitro studies: Steady Glo®
Luciferase System (Promega, Madison, WI); Rhodamine-dextran
10,000 Da (Rho-DEX), Hank’s Balanced Salt Solutions (HBSS),
Dulbecco’s Modified Eagle Medium (DMEM), RPMI 1640 Medium
(RPMI), heat-inactivated fetal bovine serum (FBS), penicillin-strepto-
mycin (100x, PenStrep), phosphate buffered saline (PBS), non-essential
amino acids (NEAA) and LysoTracker (Life Technologies, Grand Island,
NY); SuperBlock Blocking Buffer (Thermo Fisher Scientific, Rockford,
IL); 5-carboxyfluorescein-streptavidin (FAM-SA) and 4',6-diamidino-2-
phynylindole dihydrochloride (DAPI) (AnaSpec); goat anti-mouse IgG
conjugated with horseradish peroxidase (HRP) (Santa Cruz
Biotechnology, Inc., Santa Cruz, CA); 3,3’,5,5’-tetramethylbenzidine
(TMB) substrate solution (eBioscience.com, San Diego, CA); and 3-(4,5,-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) (Sigma-
Aldrich, St. Louis, MO).

Synthesis of DV3 conjugates and nanoparticles: DV3 conjugates were
synthesized utilizing Fmoc solid phase peptide synthesis followed by
standard cleavage protocol. The compounds were purified by semi-
preparative HPLC and the fractions were analyzed by HPLC-MS. The
fractions containing the desired compounds were pooled and lyophi-
lized. Synthetic details and structures of the individual compounds
appear in the Supplementary Information.

To emulate NPs to which 4DV3 could be conjugated, FITC-SA
(MW ~ 60kDa) and linear PEG (MW ~ 10kDa) were used as surro-
gates. 4DV3-Biotin (4DV3-Biot) was mixed with FITC-SA, to allow for
the formation of FITC-SA-4DV3-Biot (F-SA-4DV3). 4DV3-PEG;,-N5 was
reacted with FITC-PEG-DBCO to form FITC-PEG-4DV3 (F-PEG-4DV3),
via copper-free click chemistry. Both F-SA-4DV3 and F-PEG-4DV3 were
purified and analyzed by HPLC and MALDI-TOF MS and showed at least
90% purity.

4DV3, as a ligand on NP surfaces, was covalently conjugated to PCL-
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R, = Biotin

n=1,2,or4

Fig. 1. Schematic representation of DV3 (n = 1, 2, 4) conjugates. The DV3 sequence is in blue, the Lys peptidyl core in red, and the tag in green. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web version of this article.)

PEG diblock copolymer via copper-free click chemistry. PCL-b-PEG was
derivatized by DBCO-PEGs-NHS in the presence of N,N-diisopropy-
lethylamine (DIEA). This was followed by click chemistry reaction with
4DV3-PEG;5-N3. The polymer-ligand conjugate was then premixed with
unmodified PCL-b-PEG prior to preparation of 4DV3-conjugated NPs, to
provide the desired surface coverage of either 1 or 5%.

HIV-1 entry inhibition assay: HIV-1 entry reporter cell line TZM-bl
cells were maintained in DMEM containing 10% FBS/100 U/ml of
PenStrep/1X NEAA (the medium). Cells were plated to 96-well plates at
a density of 2.5 x 10° cells/well in triplicate and allowed to attach
overnight. The medium was replaced using serial dilutions: for 4DV3-
FITC, from 5 to 0 uM; for CXCR4 mAD clone 44708, from 167 to 0 nM;
and for AMD3100, from 25 to 0 nM. The plates were then incubated for
1 h. The set of wells of cells without any treatment (0 nM) were de-
signated as the control. HIV-1 IIIB or HIV-1 BaL, at a multiplicity of
infection (MOI) of 0.038 in DMEM, was added to the treated wells,
while the medium with no virus was added to the control wells. Cells
were incubated for 72h at 37 °C with 5% CO,. After lysing, lumines-
cence was measured using Steady Glo® reagent.
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Cytotoxicity studies: Cell viability was determined using the MTT
assay (56). TZM-bl cells were seeded to 96-well plates at a density of
1.5 x 10° cells/well and allowed to attach to the well surfaces over-
night. The medium was replaced with various concentrations of 1DV3-
FITC, 2DV3-FITC, or 4DV3-FITC, to designated triplicate wells. This
was immediately followed by incubation for 72 h at 37 °C with 5% CO,.
Control cells were left untreated. The contents of the wells were re-
placed with PBS containing 5 mg/ml of MTT and incubated for at least
3h at 37°C. The formazan crystals that formed were dissolved in
DMSO. Absorbance at 570 nm was then measured. The absorbance was
normalized (100%) to the untreated controls.

Confocal microscopy: TZM-bl cells were seeded to a chambered cover
glass at a density of 1.0 x 10* cells/chamber and allowed to attach
overnight. 1DV3-FITC, 2DV3-FITC, 4DV3-FITC, or F-SA-4DV3 were
added to individual chambers, at a concentration of 1uM in HBSS
containing 1 ng/ml DAPI (a DNA dye) and 250 ng/ml Rho-DEX (a fluid
phase endocytosis marker). The cells were incubated for 2h (1.5 h for F-
SA-4DV3) at 37 °C. Cells were washed with PBS, fixed with 10% for-
malin and rewashed with PBS. Cells were then imaged in PBS on a Leica
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TCS SP5 confocal microscope (Leica Microsystems, Buffalo Grove, IL).
The brightness of each color was adjusted to the same extent for all
images using Adobe PhotoShop software or Zeiss fluorescent micro-
scopy SPOT software, to ensure good presentation and unbiased com-
parison. For TZM-bl cells treated with 4DV3 nanoparticles, an Olympus
IX81 inverted confocal microscope (Olympus America, Center Valley,
PA) was used. Again, color brightness was similarly corrected among all
images, to assure their clear display and provide equitable contrasting.

CXCR4 specificity studies: CXCR4 specificity was studied using biotin-
labeled 4DV3 (4DV3-Biot) and three known CXCR4-binding com-
pounds: (1) AMD3100, (2) CXCR4 mAb clone 44708, and (3) DV3.
Since the DV3 peptide in the 4DV3-FITC conjugate intramolecularly
quenched FITC fluorescence, 4DV3-Biot was substituted for 4DV3-FITC.

(A) Inhibition of 4DV3-Biot uptake into TZM-bl cells by AMD3100.
TZM-bl cells were plated to a 24-well plate, in 0.75ml at a cellular
density of 1.0 x 10 cells/ml, to triplicate wells in medium. Cells were
allowed to attach overnight. AMD3100 was added to the medium at the
final concentration of either 20 pM or 200 uM, while control wells were
left untreated. The plate was incubated for 30 min at 37 °C and washed
with HBSS. Cells were treated for 1 h at 37 °C with HBSS (control), 1 uM
4DV3-Biot, 1uM 4DV3-Biot + 20uM AMD3100, or 1uM 4DV3-
Biot + 200 uM AMD3100, then washed with HBSS. Cells were in-
cubated with 20 pg/ml of FAM-SA in HBSS for 30 min at room tem-
perature and washed with HBSS. Cells were lysed with 2N NaOH
overnight, neutralized with 2 N HCI, and then the lysate transferred to a
black 96-well plate. Fluorescence was measured on a microplate reader
at Ex 485nm/Em 535 nm.

(B) Inhibition of CXCR4 mAb-binding to TZM-bl cells by 4DV3-Biot
and AMD3100. TZM-bl cells were plated to triplicate wells of a 96-well
plate at 2.0 x 103 cells/well. Cells were incubated until they reached
confluence. Cells were fixed with 10% formalin, washed with PBS, and
incubated with serial dilutions of 4DV3-Biot or AMD3100 in 1 pug/ml
CXCR4 mAb in SuperBlock buffer for 40 min on ice. Control cells were
treated with SuperBlock buffer only. Cells were washed three times
with TBST (0.1% (v/v) Tween 20 in tris-buffered saline) and incubated
with the goat anti-mouse IgG conjugated with HRP diluted to 1:50000
at room temperature for 1 h. Cells were washed three times with TBST
and incubated with TMB solution. Enzymatic conversion was stopped
with 0.1 N HCI, and absorbance at 450 nm was measured. The ICso was
calculated after normalizing absorbance to both control cells (0%), and
cells treated with CXCR4 mAb alone (100%). Calculations were made
using GraphPad Prism (GraphPad Software, La Jolla, CA), after non-
linear curve fitting with the software’s dose-response equation.

(C) Inhibition of 4DV3-Biot uptake into TZM-bl cells by free DV3.
TZM-bl cells were seeded to 6 wells of a 24 well plate at 1.0 x 10°
cells/well and allowed to attach. One pair of wells was left untreated as
control. A second pair of wells was treated with 1 pM 4DV3-Biot in
HBSS. A third pair of wells was treated with 1 pM 4DV3-Biot/100 uM
DV3. The plate was incubated for 1 h at 37 °C with 5% CO,. Cells were
washed with PBS, fixed with formalin, then washed with PBS again.
Cell membranes were permeated by using 0.2% Triton-X 100 in PBS.
Cells were washed with PBS and incubated with 10 pg/ml of FAM-SA in
PBS for 1h at room temperature. The cells were then lysed overnight
with 2N NaOH, neutralized with 2 N HCI, and the lysate transferred to
an opaque microplate. The fluorescence was measured at Ex 485 nm/
Em 535nm. Relative intracellular fluorescence for the wells treated
with 1 uM 4DV3-Biot/100 uM DV3 was calculated and normalized to
cells treated with 4DV3-Biot only.

Molecular modeling of 4DV3-CXCR4 interactions: A 4DV3-bound
CXCR4 structure was modeled using Discovery Studio 3.5 software suite
(Accelrys, Inc., San Diego, CA). The dimeric X-ray structure of CXCR4
(PDB entry ID: 30DU, consisting of A and B chains) was used as the
starting data set [54]. Two identical copies of CXCR4 dimers were
positioned to form a tetramer that would bind to one 4DV3 molecule
(the ligand). The 4DV3 ligand was manually docked to the CXCR4
tetramer, using a set of H-bond interactions published previously by
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Choi and his colleagues. Their publications describe the binding of a
bivalent DV1 ligand (DV1 is a 21-amino acid parent peptide, encom-
passing DV3 and derived from vMIP-II) [55]. For energy minimization
and molecular dynamics calculations, CHARMM force field was used to
provide a conformer for the CXCR4 — 4DV3 complex at an energy level
of -107566.2 kcal/mol, and with a satisfactory gradient tolerance of
0.0001 keal/mol A. The molecular dynamics simulation was performed
for 100 ps, at a temperature of 300 K.

Chemotaxis assay: Sup-T1 cells were maintained in RPMI 1640
medium, supplemented with 10% FBS and 100 units/ml of PenStrep.
Cells were counted using a hematocytometer and washed once by
centrifugation with serum-free RPMI medium. The cell pellet was then
re-suspended in RPMI medium containing 0.5% BSA to a density of
20 x 10° cells/ml. 0.15ml of cell suspension was added to the top
compartment of each Transwell insert (8-um pore size) that was seated
in 24-well plates. Each well was filled with 0.6 ml of RPMI medium/
0.5% BSA, with or without different concentrations of a test chemoat-
tractant (CXCL12, FC131 or 4DV3). The plates were incubated in a CO,
incubator for 2h, to allow for cell migration through the insert mem-
brane and into the wells. The inserts were discarded and migrated cells
from each well were counted for 2-10 times. Two inserts were used for
each treatment per experiment.

Cellular uptake of 4DV3-conjugated macromolecules: TZM-bl cells
were plated to 12-well plates at 5 x 10° cells/well and allowed to at-
tach overnight. Cells were treated with medium containing 1ng/ml
DAPI, 0.2 uM LysoTracker, and 2uM of 4DV3-FITC, F-SA-4DV3 or F-
PEG-4DV3, with or without 100 uM AMD3100. After treatment, cells
were incubated for 3 h with 5% CO,. Cells were then washed twice with
HBSS, detached by trypsinization, and washed once again with HBSS.
The cell pellet was then resuspended in 0.5ml of 10% formalin, for
analysis by flow cytometry on their cell-associated green fluorescence.
Analysis was conducted with blanking (gating), using cells not treated
with FITC-labeled compounds. The value was expressed as the per-
centage of cell-associated fluorescence relative to that of the cells in-
cubated with no AMD3100, i.e., the fluorescence level of cells treated
with 4DV3-FITC, F-SA-4DV3 or F-PEG-4DV3, but without AMD3100,
was set at 100%.

Preparation of 4DV3-conjugated nanoparticles: Plain and 4DV3-con-
jugated NPs were prepared using Flash Nanoprecipitation. For plain
NPs, vitamin E (0.05 mg), PCL-b-PEG (2.5 mg) and coumarin-6 (2.5 mg)
were dissolved in THF (1 ml). For 4DV3 NPs with either 1 or 5% surface
coverage, 1 or 5% (by weight) of PCL-b-PEG was replaced by the cor-
responding amount of 4DV3-conjugated PCL-b-PEG. Equal volumes of
the THF stream and ultrapure water were rapidly mixed, by injecting
into a dual-inlet mixer. The resulting solution was immediately dis-
persed into ultrapure water (final THF:water 1:9 by volume) and dia-
lyzed against ultrapure water (1:100 vol of nanoparticle sample to vo-
lume of water) overnight. NP sizes and zeta potentials were measured
by dynamic light scattering (DLS) using a Zetasizer Nano Series DLS
(Malvern, UK).

Cellular uptake of 4DV3-conjugated nanoparticles: TZM-bl cells were
seeded on 24-well cell culture plates, at a density of 1 X 10 cells/well.
After 24 h, different concentrations of plain, 1 or 5% 4DV3 NPs were
added to the wells and incubated for one hour. Cells were washed twice
with HBSS. To prepare the samples for flow cytometry, cells were de-
tached from each well via trypsinization and neutralization, and cen-
trifuged at 300g for 2 min. After the supernatant was discarded, each
cell pellet was resuspended in HBSS (200 pL) and transferred to a 96-
well microplate. The fluorescence intensity of the cells was recorded for
5000 cell events for each group, using a CytoFLEX flow cytometer
(Beckman Coulter, USA).

Statistical analysis: Statistical analyses were performed using
GraphPad Prism, using either One Way ANOVA analysis and Tukey’s
post-hoc test, or a two-tailed t test between columns. Statistical sig-
nificance was determined by obtaining a p value of < 0.05. Nonlinear
regression analysis from three separate experiments was also
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Fig. 2. 4DV3-FITC inhibits luciferase activity in HIV-1 entry reporter cell line TZM-bl demonstrating HIV entry inhibition. (A) Luciferase activity of 1DV3-FITC,

2DV3-FITC and 4DV3-FITC conjugates. Values are mean *+

SD of three independent experiments, with each treatment in an experiment consisting of triplicate wells.

Control (CTRL) indicates the wells of cells incubated with no conjugates. The “*” symbol indicates statistical difference (p < 0.001) by One Way ANOVA from “+
HIV-1 IIIB” in the figure (the CTRL wells exposed to HIV-1 IIIB). Each bar in a group corresponds to a treatment with a DV3 conjugate, at a concentration of 0.5, 2.5,
or 5 M. 4DV3-FITC significantly inhibited HIV-1 entry at each of the concentrations investigated. (B) MTT assay activity of 1DV3-FITC, 2DV3-FITC and 4DV3-FITC.
Values are mean + SD of three independent experiments, with each treatment in an experiment consisting of triplicate wells. The values are relative to the CTRL,
treated with no conjugates. Each bar in a group corresponds to a treatment with a DV3 conjugate at the concentration of 0.5, 2.5, or 5 tM. One Way ANOVA analysis
showed no statistical difference between the CTRL and any of the treatment bars.

performed, using a downhill dose-response model. Statistical analyses
between curves and curve parameters were determined by F test, at a
value of p < 0.05.

3. Results

Synthesis of multivalent DV3 conjugates: 1DV3-FITC, 2DV3-FITC, and
4DV3-FITC conjugates, as well as free DV3 peptide and 4DV3-con-
jugated macromolecules, were successfully synthesized and thoroughly
characterized (See Supplementary Information). The purified con-
jugates were stored lyophilized. For cellular assays, stock solutions
were prepared with sterile PBS and stored in aliquots, to avoid ex-
cessive freeze-thaw cycles.

HIV-1 entry inhibition by DV3 conjugates: 1DV3-FITC, 2DV3-FITC,
and 4DV3-FITC were investigated as HIV-1 entry inhibitors using the
TZM-bl HIV entry reporter cell line. TZM-bl cells incubated with the X4
strain IIIB alone (+HIV-1 IIIB group) generated high levels of lumi-
nescence, as compared to the untreated controls (-HIV-1 IIIB group).
4DV3-FITC inhibited the HIV-1 induced luciferase luminescence, as
compared to the +HIV-1 IIIB group (p < 0.001), at the tested con-
centrations of 0.5, 2.5 and 5.0 uM (Fig. 2A). However, 1DV3-FITC and
2DV3-FITC were unable to inhibit luminescence at any of the tested
concentrations. At a conjugate concentration equivalent to 10 pM of
1DV3 peptide, 2.5 uM of 4DV3-FITC significantly inhibited viral entry,
but 5uM of 2DV3-FITC did not. Similarly, 0.5uM of 4DV3-FITC
(equivalent to 2.0 uM of 1DV3) significantly inhibited viral entry, but
2.5uM of 1DV3-FITC (equivalent to 2.5uM of 1DV3) did not. There-
fore, at concentrations equal to or less than that of 1DV3-equivalent,
the four-copy conjugate exhibited HIV entry inhibitory activity, while
2- and 1-copy conjugates did not. This suggests multivalent enhance-
ment of 4DV3-FITC binding to CXCR4, a hallmark of avidity [56]. The
results demonstrate that at least 4 copies of the DV3 peptide per con-
jugate were necessary to inhibit HIV-1 entry, at the concentrations
tested.

Concentration-dependent viral entry inhibition by 4DV3-FITC was
further investigated in TZM-bl cells, in the absence and presence of
known CXCR4 antagonists. The ICsy of 4DV3-FITC for the X4 strain
HIV-1 IIIB calculated was 553 nM, with a 95% confidence interval (95%
CD) from 246 nM to 1.24 pM (Fig. 3A). The ICsq of viral entry of 4DV3-
FITC against the R5 strain (HIV-1 Bal) was approximately 10-fold
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weaker than that of the X4 strain. The calculated ICsq was 4.32 uM
(95% CI 2.85 to 6.55 uM) (Fig. 3B). The difference between the X4 and
R5 viral strains entry inhibition indicates 4DV3-FITC’s selectivity for
CXCR4 over CCR5. Comparison of 4DV3-FITC entry inhibition of HIV-1
I1IB to that of AMD3100 demonstrated that AMD3100 was more potent
(1000-fold), with an ICs50 equal to 0.415nM  (95%
CI = 0.219-0.785 nM) (Fig. 3C). However, the inhibition (ICsq) of HIV-
1 entry by the CXCR4 mAD clone 44,708 was only about 5-fold better
than 4DV3, at 106 nM (95% CI = 60-187 nM, Fig. 3D). The influence of
the FITC tag on the performance of 4DV3 was investigated. 4DV3
(without any tag) was evaluated for anti-HIV-1 activity, measured by
both viral replication (p24 production) and entry reporter (luciferase)
activity in TZM-bl cells. Neither of these two tested activities was in-
fluenced by the presence of FITC (data not shown). The results in-
dicated that 4DV3-FITC inhibited viral entry in the TZM-bl reporter cell
system, in a CXCR4-dependent manner.

Cytotoxicity of DV3 conjugates: Cell viability was determined by the
MTT assay, in the presence of 1DV3-FITC, 2DV3-FITC, or 4DV3-FITC.
At all tested concentrations, none of the DV3 conjugates significantly
reduced cell viability, compared to the untreated controls (Fig. 2B). The
results from the MTT assays demonstrate that the observed anti-HIV
activity (i.e., the reduction of luminescence) resulted from viral entry
inhibition, and not from a loss in cell viability.

Cellular uptake of DV3 conjugates: Confocal microscopic images
(Fig. 4) depicted that TZM-bl cells treated with 1DV3-FITC had very
weak intracellular fluorescence, and cells treated with 2DV3-FITC
showed only faint intracellular green fluorescence. By comparison, cells
treated with 4DV3-FITC displayed strong intracellular fluorescence. All
conjugates exhibited very slight cell surface green FITC fluorescence,
indicating that the fluorescence consisted almost exclusively of inter-
nalized conjugates. Co-localization of 4DV3-FITC with Rho-Dex (a fluid
phase endocytosis marker) was observed in the merged images, sug-
gesting that 4DV3-FITC internalization occurred through endocytosis.
This hypothesis is consistent with the known fact that CXCR4 and its
bound ligand undergo endocytosis together, following ligand engage-
ment [18].

CXCR4 specificity of 4DV3-Biot: To further assess the specificity of
4DV3 interaction with CXCR4 on TZM-bl cells, competition for CXCR4-
interaction between 4DV3-Biot and three known CXCR4 ligands in
TZM-bl cells was investigated. Precisely, the three CXCR4 ligands were
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Fig. 3. 4DV3-FITC, as well as known compounds that bind to CXCR4, inhibited HIV-1 entry into TZM-bl reporter cells. Luminescence values are expressed as values
relative to the control wells treated with no compounds. Each panel depicts concentration-dependent inhibition by a compound, compiled from at least three
independent experiments (mean = SD). Non-linear curve fitting was carried out using GraphPad’s Prism software and its dose-response equation, yielding the ICsq
values. (A) ICso of 4DV3-FITC against the X4 strain (HIV-1 IIIB) is 553 nM, with a 95% confidence interval (95% CI) of 246 nM to 1.24 pM. (B). ICs, of 4DV3-FITC
against the R5 strain (HIV-1 Bal) is 4.32uM (95% CI = 2.85-6.55uM). (C) ICso of CXCR4 mAb clone 44,708 against the HIV-1 IIIB was 106 nM (95%
CI = 60-187 nM). (D) ICso of AMD3100 against HIV-1 IIIB is 0.415nM (95% CI = 0.219-0.785 nM).

Bright Field DAPI Fluorescence Fluorescence Merged
(FITC) (Rhodamine)
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Fig. 4. 4DV3-FITC entered TZM-bl cells by endocytosis and was mainly entrapped in intracellular vesicles. Shown are confocal microscope images of middle sections
along the cell Z-axis, acquired in the XYZ mode. TZM-bl cells were incubated with DV3 conjugates, as described in the text. Rows represent 1DV3-FITC, 2DV3-FITC,
or 4DV3-FITC, respectively. Columns represent images acquired using the bright field light, fluorescent DAPI (blue), fluorescent FITC (green), fluorescent rhodamine
(red), or the blue-green-red merged image (Merged). Red fluorescence originated from the fluid phase endosome marker Rho-Dex. The red fluorescence also shows up
in yellow, when co-localized with the green FITC fluorescence in the merged image. (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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AMD3100, the CXCR4 mAb clone 44708, and DV3 (equivalent to 1DV3-
FITC). 4DV3-Biot was used instead of 4DV3-FITC, because the fluor-
escence of 4DV3-FITC was weak due to intramolecular fluorescence
quenching. The quantity of cell-associated 4DV3-Biot was determined
by measuring fluorescence, after non-fluorescent 4DV3-Biot was com-
plexed with fluorescent 5-FAM-streptavidin. The amount of cell-asso-
ciated CXCR4 mAb clone 44,708 was assessed by the horseradish per-
oxidase (HRP) activity of an HRP-conjugated secondary Ab, one that
binds to the mAb. Only at relatively high concentrations did AMD3100
inhibit 4DV3-Biot uptake into TZM-bl cells. At 200 uM, AMD3100 in-
hibited cell-associated 4DV3-Biot by 47%, and at 20puM, by 31%
(Fig. 5A). By contrast, 4DV3-Biot was able to inhibit the binding of the
CXCR4 mAb to TZM-bl cells at much lower concentrations. Fig. 5B
shows that 4DV3-Biot inhibited the mAb’s binding, in a concentration-
dependent manner. The ICsy of 4DV3-Biot against 1 pg/ml of CXCR4
mADb 44,708 was 398 nM, with a 95% confidence interval of 101 nM to
1.57 uyM. In contrast, AMD3100 demonstrated poor ability to inhibit
mAD binding to TZM-bl cells (Fig. 5B). Uptake of 4DV3-Biot into TZM-
bl cells was inhibited by a 100-fold molar excess of free DV3, which has
previously shown a specificity for CXCR4 [45] (Fig. 5C). There was a
65% reduction in cell-associated fluorescence, compared to that which
occurred in the absence of the free DV3. The weak competitive in-
hibition of DV3 to 4DV3-Biot is consistent with the inferior HIV-1 entry
inhibition (Figs. 2 and 4) and intracellular fluorescence of 1DV3-FITC,
compared to 4DV3-FITC (Fig. 4). Altogether, the data indicate that
4DV3 is specific for CXCR4.

Molecular modeling of 4DV3-CXCR4 interactions: To gain more insight
into the binding site on the CXCR4 receptor, molecular modeling of
4DV3 interaction with CXCR4 was performed. The modeling was based
on: (1) the proposed binding site on CXCR4 by another multivalent
vMIP-II derivative, and (2) the effect of point mutations of CXCR4 on
DV3 binding, respectively [55,57]. In the 4DV3-(CXCR4), bound
structure, four individual DV3 chains in 4DV3 contact four individual
CXCR4 receptors (Fig. 6A). Interactions between 4DV3 chains 1 and 3
with receptor chains A and C were modeled as follows: Leu' of 4DV3
formed a hydrogen bond with Asp'”* of CXCR4, Ser* with Arg'®5, His®
with Asp®®, Arg” with Glu®?, and Asp® with Cys?® (Fig. 6B). For the
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interaction of 4DV3 chains 2 and 4 with CXCR4 chains B and D, the
binding residues were as follows: Leu! of 4DV3 formed a hydrogen
bond with Glu®®® of CXCR4, His® with Asp'®®, and Trp® with Arg'®s.
The simulations demonstrate the ability of 4DV3 to reach into the
binding pocket of multiple receptors, simultaneously. Overall, the
structural model shows that 4DV3 can bind to 4 CXCR4 receptors at
once. This characteristic explains the avidity effect of 4DV3 (4DV3-
FITC) in HIV-1 entry inhibition, as compared to free DV3 (1DV3-FITC)
at molar equivalent or higher concentrations (Fig. 2).

Effect of 4DV3 on CXCL12-elicited chemotaxis: The above results of
HIV entry inhibition and CXCR4 specificity were based on the concept
of 4DV3 binding to the CXCR4 receptor. To evaluate 4DV3's CXCR4
signaling property, a chemotaxis assay was performed using Sup-T1
cells and FC131, a known CXCR4 antagonist peptide, was used as
control. The physiological agonistic ligand CXCL12 at 50 nM increased
chemotaxis by 2.0-2.5-fold (Fig. 7). The CXCL12-elicited chemotaxis,
however, was reduced to the control level in the presence of 0.5 uM
FC131 (Fig. 7A), demonstrating that FC131 is an antagonist, as shown
previously by others [58]. Interestingly, FC131 was neither an agonist
nor an allosteric agonist (Fig. 7A). By contrast, 4DV3 boosted CXCL12-
elicited chemotaxis of Sup-T1 cells by 1.6-fold, while 4DV3 without
CXCL12 did not alter chemotactic activity as compared to the control
(Fig. 7B). Therefore, 4DV3 demonstrated a novel allosteric agonistic
property towards CXCR4.

Cellular uptake of 4DV3-conjugated cargos: To test whether 4DV3
would be able to deliver a nano-sized cargo into CXCR4-expressing
cells, three different cargos with sizes ranging from 10 to 50 nm were
studied: (homo-tetrameric) streptavidin, 10-kDa linear PEG and PCL-b-
PEG polymeric NP. FITC-SA was complexed with 4DV3-Biot, resulting
in F-SA-4DV3 (MW 58.5kDa). FITC-labeled PEG was conjugated to
4DV3, producing F-PEG-4DV3. Since 4DV3 is highly positively charged,
it would be expected that the four copies of 4DV3-Biot in F-SA-4DV3 to
be in an extended conformation, due to charge-charge repulsion. As a
result, the whole complex is estimated to have a diameter at around
10 nm, compared to the known and comparably sized 80 kDa globular
transferrin molecule (10 nm in diameter). Since the hydrodynamic vo-
lume of linear PEG is 3-10 times greater than that of a globular protein
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Fig. 6. 4DV3 interacts with multiple binding sites and pockets of CXCR4 clusters. (A) Molecular models of 4DV3 binding to CXCR4 tetramer. CXCR4 receptors are
represented as two sets of dimers (PDB 30DU): one dimer is in magenta and the other is in blue. 4DV3 is represented in green, with each of the DV3 sequences
interacting with a receptor binding pocket. (B) A closer view of the interaction between one CXCR4 receptor and one DV3 sequence of 4DV3. (C) Mesh surface
representation of a DV3 peptide sequence binding to CXCR4, and displacing AMD3100 (orange). (D) CXCR4 residues identified from alanine scanning, that effect the
binding of DV3 peptide (cyan) [55]. (E) CXCR4 residues identified from molecular dynamics, that are important to DV3 binding (green) [55]. (F) CXCR4 binding
residues of AMD3100 (orange) [64]. (G) Binding epitope of the CXCR4 mAb clone 44,708 (purple) [68]. (H) CXCR4 residues important to the binding of HIV-1
gp120, from the strain IIIB (yellow) [55]. All images generated using Accelrys Discovery Studio software, after 100 ps simulations at 300 K. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)

of the same molecular weight [59], F-PEG-4DV3 should have a dia-
meter of about 10 nm, as well. For PCL-b-PEG NPs, the size and zeta
potential of NPs in aqueous solution were determined by DLS (Table 1).
The number-average diameters of 1% and 5% 4DV3-conjugated NPs
were 50.46 and 39.86 nm, respectively, and was not significantly dif-
ferent from that of plain NPs. All the NPs were negatively charged,
consistent with other reports on characterization of PCL-PEG NPs
[60,61].

TZM-bl cells were incubated for 3 h with 2 uM of 4DV3-FITC, F-SA-
4DV3, or F-PEG-4DV3, in medium containing DAPI/Lysotracker, in the
presence or absence of 100 uM of AMD3100. The cells were washed and
fixed, followed by flow cytometry and confocal microscopy. All three
FITC-labeled conjugates/complex were taken up by TZM-bl cells, but
the uptake was essentially abolished by 50x-molar excess of AMD3100
(uptake reduced by 98.2% for 4DV3-FITC, by 96.6% for F-SA-4DV3,
and by 97.8% for F-PEG-4DV3). This indicated that all three 4DV3-
containing conjugates/complexes were taken up in a CXCR4-dependent
manner (Fig. 8). F-SA-4DV3 was localized inside the cytosol with poor
cell surface association, demonstrating that the uptake observed in the
flow cytometry represented the internalized F-SA-4DV3 (Fig. 9). Al-
though the intensities of the green fluorescence of 4DV3-FITC and F-
PEG-4DV3 were less than that of F-SA-4DV3, these two conjugates were
also localized in the cytosol, with little cell surface binding (images not

Table 1
The average diameters, polydispersity indices and zeta potentials of plain and
4DV3-conjugated polymeric NPs (n = 3). Numbers are shown as mean = SD.

Nanoparticles  Diameter (nm)  Polydispersity index Zeta potential (mV)
(PDI)
Plain NP 41.38 + 1.78 0.246 = 0.010 —8.74 = 0.48
1% 4DV3 NP 50.46 = 2.73 0.158 + 0.024 —-12.2 * 0.85
5% 4DV3 NP 39.86 + 5.38 0.308 + 0.021 —-10.2 = 0.41
shown). Therefore, these data show that 4DV3 was indeed able to de-

liver the two large cargos into the TZM-bl cells.

To investigate the ability of 4DV3 as a surface ligand to enhance
cellular uptake of NPs, NPs were prepared using 4DV3-conjugated di-
block copolymer and the fluorescent marker coumarin-6. Using flow
cytometry, cell-associated fluorescence was compared with that of plain
(surface-unmodified) NPs. The cellular uptake of NPs in TZM-bl cells
was improved by surface modification with 4DV3, as both 4DV3-con-
jugated NP groups showed greater cell-associated fluorescence than
plain NPs at different concentrations (Fig. 10).

Fig. 7. 4DV3 boosts CXCL12-elicited chemo-
taxis, in Sup-T1 T cells. The number of cells
migrated in the absence of any test agent was
designated as CTRL (expressed as the reference
value of 1 in each experiment). The number of
cells migrated in the presence of a test agent
(FC131 at 0.5 uM, CXCL12 at 50 nM, 4DV3 at
0.5 uM, a combination of CXCL12/FC131, or a
combination of CXCL12/4DV3) are labeled as
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such (expressed as values relative to that of
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column represents the mean + SEM of five
independent experiments, each consisting of
duplicates of Transwell inserts. (A) Cells
treated with FC131 and its control agents. (B)
Cells treated with 4DV3 and its control agents.
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Fig. 8. AMD3100 abolished cell-associated green fluorescence in TZM-bl cells
treated for 3h with 2 uM of 4DV3-FITC, F-SA-4DV3, or F-PEG-4DV3, in the
absence or presence of AMD3100 (100 uM). The treated TZM-bl cells were then
washed and analyzed by flow cytometry.

4. Discussion

In the current studies, novel multimeric DV3 ligands based on a
branched peptide core were synthesized and conjugated to fluorescent
probes, biotin or nano-sized cargos in order to investigate their ability
to target CXCR4. The DV3 conjugates were designed for use as HIV
entry inhibitors and drug delivery targeting ligands. Earlier studies of
DV3 demonstrated its ability to inhibit the CXCR4 mAb clone 12G5, but
it exhibited weak inhibitory activity of HIV-1 cell entry (V3) [44,45].
Here, we report its ability to inhibit HIV-1 entry when DV3 is in a
multiple copy (i.e., multimeric) format. 4DV3-FITC was shown to have
more significant cellular uptake (Fig. 4) and better HIV-1 cell entry
inhibition (Fig. 2) than 1DV3-FITC and 2DV3-FITC. The observations
made are consistent with trends from previous work done both by our
lab and others, supporting the hypothesis that multivalent ligand-re-
ceptor interactions improve the cellular association of targeted nano-
carriers [51,53]. The studies also demonstrated that enhanced anti-HIV
activity and cellular uptake was dependent on the number of DV3
targeting moieties per conjugate molecule, not the overall concentra-
tion of the DV3 targeting moiety, a well-accepted hallmark of avidity
[56].

While this study was in progress, a bivalent peptidyl CXCR4 ligand
DV1-K-(DV3), which was derived from the same chemokine vMIP-II as
was our 4DV3, was published [49]. Excluding the core lysine linker,
DV1-K-(DV3) is comprised of 31 amino acids, and whereas the tetra-
valent 4DV3 has 40 amino acids. Similar avidity principles and the use
of a lysine core linker were employed in designing both DV1-K-(DV3)
and 4DV3 to allow for simultaneous engagement of more than one
CXCR4 receptor. A direct comparison of the results of the two peptides
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is impossible due to the different experimental methods that were used,
especially different mAb’s and cell lines used in competitive mAb
binding to CXCR4-expressing cells and different cell lines and assays
used in anti-HIV-1 activity studies. Nevertheless, the results were si-
milar in that multivalency of a CXCR4 ligand led to greater binding
affinity and anti-HIV-1 activity. In terms of the latter, 4DV3 exhibited
an ICs, of 553 nM, suggesting 4DV3 is a better anti-HIV-1 peptide than
DV1-K-(DV3) (~1 pM). Another difference between these two peptidyl
CXCR4 ligands is that DV1-K-(DV3) is an antagonist while 4DV3 is an
allosteric agonist.

In addition to HIV entry inhibition, 4DV3 was able to deliver three
large cargos: the proteinaceous FITC-SA, the polymeric FITC-PEG and
the block-co-polymer based PCL-b-PEG NP. Delivery of FITC-SA and
FITC-PEG that were conjugated to 4DV3 was made into CXCR4-ex-
pressing TZM-bl cells, in a CXCR4-dependent matter (Fig. 8). Confocal
images showed that 4DV3-FITC and F-SA-4DV3 had been transported
inside the cells, most likely in endosomes (not shown). When the mo-
lecular target of a delivered drug is located in the cytosol/nuclear
compartment, an endosomal escape mechanism can be engineered into
the NP [62]. An anti-HIV drug could therefore use 4DV3 to target the
viral CXCR4 co-receptor. Moreover, it is conceivable that there could be
an additive effect between the entry inhibition property of 4DV3 and
the pharmacology of the drug encapsulated within NPs, an effect that
could interrupt the HIV life cycle. Our data has shown that different
types of nanocarriers could enter cells in a CXCR4-mediated manner.
The mechanism of cell entry is likely through endocytosis. Further
studies will be needed to find the optimal size of a nanocarrier, which
will depend on its physicochemical characteristics as well as the type
and mechanism of endocytosis.

4DV3 displayed nanomolar level inhibition toward CXCR4 mAb.
AMD3100 was unable to significantly reduce 4DV3-binding to CXCR4,
except at high concentrations (200 uM). In addition, the difference
between the inhibition of 4DV3 binding by mAb and AMD3100 may be
attributed to two factors: (1) the size of the molecule (AMD3100
MW = 502 Da, 4DV3-Biot MW = 5.4kDa and mAb MW = 150 kDa,
respectively); and (2) the binding sites of each molecule.

Peptides containing DV3 sequences have been shown to interact
with the following CXCR4 residues: Tyr45, Phe®”, Asp%’, Tyr121, Asp'”?,
Trp?®2, Tyr*>®, Glu®®® and the N-terminus (Fig. 6D and 6E) [63]. The
binding of AMD3100 to CXCR4 receptors requires Asp'”?, Asp®®? and
Glu?®®, and overlaps several of the binding residues for 4DV3 (Fig. 6F)
[64-66]. Mutations of Asp*”?, Glu'7°, Asp*®!, Tyr'®4, Tyr'*® and Asp’*®
of CXCR4 reduce the binding capacity of the CXCR4 mAb (Clone
44708) (Fig. 6G) [67,68]. Insights derived from molecular modeling
showed the capacity of 4DV3 to interact with multiple CXCR4 mole-
cules, simultaneously resulting in a capping effect on the receptor tet-
ramer. This binding conformation would explain the competitive

Fig. 9. Confocal microscopic images of TZM-bl
cells treated with F-SA-4DV3. The cells were
incubated with 2 uM of F-SA-4DV3 for 3 h, then
washed and subjected to confocal microscopic
examination. A middle section in Z stacks is
shown. (A) Blue fluorescence image showing
DAPI-bound cell nuclei; (B) Green fluorescence
image showing punctate F-SA-4DV3 within the
cytosol, with no noticeable cell surface binding.
(For interpretation of the references to colour in
this figure legend, the reader is referred to the
web version of this article.)
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Fig. 10. Cellular uptake of plain and 4DV3-modified NPs at (A) all concentrations, and (B) various concentrations of NPs. The fluorescence intensity relative to that of
plain NPs is presented as mean =+ SD of at least five independent experiments. One-way ANOVA was used for graph (A). Two-way ANOVA, followed by Dunnett’s
multiple comparisons test, was used for graph (B). An asterisk on a bar indicates a statistical significance (p < 0.05) vs. plain NP.

inhibition of the mAb, despite a lack of overlap in the binding sites. The
extended binding surface of 4DV3 could explain the different inhibitory
effects observed for mAb and AMD3100, as well as its anti-viral ac-
tivity. The steric hindrance from the size and binding proximities of the
4DV3 and the CXCR4 mAb may account for the inhibition of binding
observed, based on concentration of 4DV3.

By comparison, the small size of AMD3100 and its lack of binding to
the N-terminus weakly inhibited 4DV3-CXCR4 interactions. Yet in
contrast to its poor inhibition of the mAb binding, AMD3100 was much
more potent than 4DV3 in HIV-1 entry inhibition (Fig. 3). The ICsq of
AMD3100 against the X4 strain (HIV-1 IIIB) was 0.4 nM, versus an ICsq
of 553 nM of 4DV3-FITC. This may be fully explained by the overlap of
AMD3100 binding sites on CXCR4 with that of the X4 HIV-1 strains
[65,67]. Therefore, the analysis suggests that 4DV3 could be an effec-
tive CXCR4-targeting moiety on a drug delivery carrier such as a NP,
but not a potent HIV-1 entry inhibitor, due to the lack of sufficient
overlap of its binding site with the HIV-binding site on CXCR4. This
suggestion is supported by the moderate anti-HIV-1 activity that was
discovered on a DV1-DV3 dimer, containing two DV3 sequences (ICsq at
~1uM) [49]. The potential synergy between simultaneously blocking
HIV-1 and delivering anti-HIV drug cargoes is a novel and potentially
promising approach worthy of further study.

4DV3 by itself did not influence chemotaxis of Sup-T1 cells (i.e., not
an agonist). Unlike FC131, however, 4DV3 boosted CXCL12-elicited
chemotaxis. This behavior conforms to the classification of an allosteric
enhancer [69]. To our knowledge, this is the first reported true CXCR4
allosteric enhancer that binds from the extracellular side of the receptor
and is not derived from the activation domain of CXCL12 (cf. [70,71]).
These characteristics make it suitable for use as a CXCR4-targeted li-
gand on a NP. Consequently, this type of allosteric enhancement could
have the advantage over standard orthosteric drugs, since allosteric
modulators alone are less likely to interfere with the physiological re-
sponse of normal cells that express the cognate receptor. In theory, this
type of allosteric enhancer can be used either alone, or as an adjuvant
drug to a CXCR4 antagonist (such as AMD3100) in HSPC mobilization
[21,70]. Although both are based on the same principle of mobilizing
CXCR4-expressing HSPCs from bone marrow, the mechanism is dif-
ferent. AMD3100 works by disrupting HSPC retention in the bone
marrow. In contrast, this novel type of allosteric enhancement directly
mobilizes HSPCs. It could also be used in disease conditions where
CXCL12 is beneficial to tissue repair, such as in cardiac infarction [72],
and CNS inflammation-mediated tissue damage [24].

Further study of 4DV3's allosterism may reveal a new step in CXCR4
signaling, where the allosteric agonism occurs. This revelation could
help guide the design of new GPCR-targeted drugs, ones that would
avoid the pitfalls of orthosteric ligands (i.e., binding to the same site on
a GPCR as that of the receptor’s natural ligand) [73]. For example, this
discovery could lead to screening for molecules that suppress signaling
at this step, which could uncover a new type of antagonist. Such an
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“allosteric” antagonist could, in turn, have a therapeutic use, such as
antagonizing cancer metastasis, which relies on CXCR4 activation.

In conclusion, the uptake of 4DV3 functionalized nanocarriers
combined with the allosteric interaction with CXCR4 suggests enhanced
endocytosis occurs when 4DV3 is the targeting ligand. The current re-
sults indicate that 4DV3 might serve as a prototype for a new type of
dual function ligand, one that acts as a HIV-1 entry inhibitor and as a
CXCR4 drug delivery targeting ligand.
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