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Abstract The cyclic peptide, cRGDf[N(me)]V, binds to
the a, 33 integrin and can disrupt binding of the integrin to
its natural ligands in the extracellular matrix. In this work,
the ability of a water-soluble, fluorescently labeled variant
of the RGD-containing peptide (cCRGDfK-488) to bind to
integrins on human umbilical vascular endothelial cells
(HUVEC) and subsequently undergo endocytosis was
characterized. This information was compared to the
binding and uptake properties of an «,f}; integrin-specific
monoclonal antibody, LM609X. The specificity of the
RGD-containing peptide is assessed by comparison with
control peptide that does not bind to the o,f; integrin,
cRADfK-488. Using a high purity construct, it is shown
that the RGD ligand exhibits dissociation constants in the
micromolar range whereas LM609X exhibits dissociation
constants in the nanomolar range. However, the RGD
ligand showed greater uptake following incubation at
temperatures which permit endocytosis. A 7.4-fold increase
in uptake of the RGD peptide was observed following a 1 h
incubation with HUVEC at 37°C (an endocytosis permis-
sive temperature), as compared to that at 4°C (an
endocytosis prohibitive temperature). In contrast, only a
1.9-fold increase in cell-associated fluorescence was
observed for similar incubations with LM609X. Results
from fluorescence microscopy supports the notion that the
RGD peptide is rapidly endocytosed at 37°C as compared
to LM609X. These results are discussed with regard to
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previous work indicating that RGD ligands enter cells by
integrin-independent pathways. These studies provide
well-controlled measures of how RGD ligands stimulate
endocytosis. This may be of considerable interest for
intracellular delivery of ligand-associated drugs in anti-
angiogenic applications.
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Introduction

Integrins are transmembrane proteins that mediate cell—cell
interactions as well as interactions between cells and the
extracellular matrix. The o,f; integrins have become
important targets in the development of new anticancer
strategies as they are expressed at high levels on the surface
of many cancer cells (e.g., gliomas Gladson and Cheresh
1991, melanomas Albelda et al. 1990, ovarian carcinomas
Liapis et al. 1997) as well as tumor-associated endothelial
cells (Brooks et al. 1994). In addition, the o, f33 integrins are
involved in angiogenesis (Brooks et al. 1994), metastasis
(Hieken et al. 1996) and resistance to radiotherapy (Albert
et al. 2006; Smith and Giorgio 2004). The «,f3; integrins on
tumour-associated endothelial cells are considered to be
particularly important targets given that all tumors require
a blood supply for survival (Folkman 1990).

The wide variety of natural ligands for the a, 55 integrins
(e.g., vitronectin, fibronectin, osteopontin, denatured/pro-
teolysed collagen and the foot and mouth disease virus)
bind to the integrin by a conserved RGD tripeptide motif
that is usually located on a flexible loop that extends out
from the protein (Ruoslahti and Pierschbacher 1987).
RGD-containing peptides antagonize the o, f; integrin and
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have anti-angiogenic activity both in vitro (Brassard et al.
1999) and in vivo (Storgard et al. 1999). They are also
thought to mimic structural features at the binding site of
the natural integrin ligands. Kessler and colleagues have
investigated in detail the binding sites between the peptide
and the integrin that are responsible for anti-adhesive
activity (Haubner et al. 1996), leading to the development
of ¢cRGDf[N(me)]V, a specific «,f3 antagonist that is
currently pursued as an anti-angiogenic drug candidate,
known as CilengitideTM (Dechantsreiter et al. 1999). A
single substitution of glycine with alanine renders the
RAD-containing peptides inactive, thus the equivalent
RAD-containing peptides are a strong negative control for
investigating the biological activity mediated by the o, f3;
integrin. Kessler and colleagues also demonstrate that
Cilengitide™ and similar versions of Cilengitide™
(cRGDfK-) have negligible affinity for non-o, 3 integrins,
making these peptides ideal for the study of o,f3 binding
mechanisms (Pfaff et al. 1994).

Conjugates of Cilengitide™\-like peptides (typically
pentapeptides cyclized by disulphide linkages or more
commonly by head-to-tail condensation) have also been
used to target drugs (Arap et al. 1998; Burkhart et al. 2004;
Kim and Lee 2004; Chen et al. 2005), antibodies (Schraa
et al. 2004), imaging agents (von Wallbrunn et al. 2006;
Montet et al. 2006b; Beer et al. 2006) and liposome
encapsulated drugs (Dubey et al. 2004; Schiffelers et al.
2003; Xiong et al. 2005) to tumor sites. Improved drug
delivery has been achieved when the targeting ligand is
displayed in a multivalent form, a strategy also used by
viruses and antibodies. When radionuclides are conjugated
with dimeric (Chen et al. 2005) or (even better) tetrameric
(Wu et al. 2005) RGD-containing peptides, localization to
the site of a tumor is greatly enhanced. However, because
of the complexity of their biology, the response of integrins
to even monomeric RGD ligands remains poorly under-
stood (Puklin-Faucher et al. 2006). This applies
particularly to basic aspects such as endocytosis following
binding of RGD ligands to integrins, where some reports
suggest that binding does not lead to endocytosis (Castel
et al. 2001) and others assume that binding is accompanied
by endocytosis (Balasubramanian and Kuppuswamy 2003).

In this work we develop a highly purified and water-
soluble, fluorescently labeled version of Cilengitide™,
cRGDfK-488, and employ this ligand to investigate bind-
ing and subsequent endocytosis of RGD ligands to o, /3
integrins, which are highly expressed on HUVECs. It is
shown that the cRGDfK-488 is accumulated into HUVEC
in a manner that is consistent with binding to the integrin
receptor and subsequent endocytosis. Further, it is shown
that the rate of endocytosis promoted by the presence of the
RGD ligand is considerably greater than may be achieved
by monoclonal antibodies against the integrin, a feature
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that supports the use of RGD peptides for enhancing
intracellular delivery of ligand-associated drugs.

Materials and Methods
Materials

Unless specified, all reagents were obtained from Aldrich
(Milwaukee, WI). Peptides were synthesized using 9-flu-
orenylmethyloxycarbonyl (FMOC) protected amino acids
and resins obtained from EMD Biosciences (San Diego,
CA), and dimethylformamide (DMF) as the main solvent.
All solvents, of reagent grade or higher, were obtained
from Fisher Scientific (Nepean, ON, Canada).

Reversed phase-high pressure liquid chromatography
(RP-HPLC) was performed using gradients of aqueous
acetonitrile (aqACN) containing 0.1% trifluoroacetic acid
(TFA) on C18 columns purchased from Grace Vydac
(Hesperia, CA). Analytical gradients were applied using
column # 218TP5415 (dimensions 150 mm x 4.6 mm)
with a flow rate of 1 ml per minute. All peptides were
purified on a semi-preparative column (column # 218TP510,
250 mm x 10 mm) at a flow rate of 3 ml per minute.

Peptide Synthesis, Cyclization and Labeling

The linear sequences D(~-Bu)fK(Z)R(Pbf)G (the RGD-
containing peptide) or D(z-Bu)fK(Z)R(Pbf)A (the control,
alanine-containing peptide) were synthesized by FMOC-
based solid phase peptide synthesis according to estab-
lished methods. Briefly, peptides were assembled on
0.5 mM of 2-chlorotrityl resin using 1.3 molar equivalents
(to carboxylic acid) of the following activating agents:
O-benzotriazole-N,N,N',N -tetramethyl-uronium-hexafluoro-
phosphate (HBTU) (Advanced Chemtech, Louisville, KT)
and N-hydroxybenzotriazole (HOBT) (Advanced Chem-
tech, Louisville, KT) HOBT and HBTU. Peptides were
activated in situ with triethylamine (TEA) then coupled to
the resin for at least 1 h. FMOC removal steps were per-
formed upon each amino acid addition by soaking the resin
in a solution of 20% piperidine in DMF for 5 min, and
repeated once. Between each step, the resin was washed
with a constant flow of DMF for at least 1 min. Linear
peptides were cleaved in 0.1% TFA in dichloromethane
(DCM) with 2.5% triisopropyl silane (TIS) and H,O (v/v).
The crude peptide was analyzed by RP-HLPC with a linear
gradient of 30-90% aqACN over 30 min (retention time
6.3 min) and by electrospray mass spectrometry (ESI-MS).

Lyophilized linear peptides were cyclized at 0.5 mM
concentrations in DMF using benzotriazol-1-yl-oxytri-
pyrrolidinophosphonium hexafluorophosphate (PyBop) and
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HOBT to produce cR(Pbf)GD(#-Bu)fK(Z) or cR(Pbf)AD(z-
Buw)fK(Z). Cyclization yields were typically over 95% and
occurred within 30 min as indicated by RP-HPLC, with a
retention time of 19.5 min on the same gradient as the
linear peptide and a mass difference of 18 Da in the
observed MW as measured by ESI-MS. 'H NMR NOE
assignments for all a-amide bonds confirmed a head-to-tail
cyclic compound.

The lysine side chain was deprotected by hydrogenation
with a palladium over carbon catalyst. The resulting
compound (cR(Pbf)GD(+-Bu)fK or cR(Pbf)AD(s-Bu)fK)
eluted at 11 min using the same RP-HPLC gradient as for
the fully protected peptide. Conjugation of the cyclized
RGD peptide to the Alexa Fluor-488 pentafluorophenol
ester (Invitrogen, Carlesbad, CA) was performed in DMF,
with the pH adjusted to 7.2 with TEA, and RP-HPLC
purification was repeated using the same conditions as for
the non-labelled peptide (Scheme 1).

Deprotection of the arginine and aspartic acid side
chains was performed using a solution of 95% aqueous
TFA and the reaction was subsequently purified by RP-
HPLC with a gradient between 0 and 65% aqACN over
60 min. Both cRADfK-488 and cRGDfK-488 eluted at
19.5 min.

All peptides exhibited >95% purity as determined by
capillary electrophoresis (CE). Product identification was
validated by ESI-MS as follows: cRGDfK-488 (observed
MW 1120.6; calculated MW 1120.1) and cRADfK-488
(observed MW 1134.2, calculated MW 1134.3). Peptides
were lyophilized, weighed, and a standard curve for pep-
tide quantification was established using the absorbance
peak areas from chromatograms collected at 214 nm for
peaks eluting between 12 and 13 min on a 0-65% AqACN
analytical gradient over 30 min for the Alexa Fluor-488
labeled peptides. Typically, a 0.5 mM scale synthesis
would yield 450 mg of the dry linear peptide. The final
yield of the unlabelled peptide was 20 dry mg (overall
yield 11%) and the fluorescently labelled peptide was 8§ mg
(yield 2%).

Scheme 1 Synthesis of fluorescnetly labelled ligands. Cyclised and
protected peptides were selectively deprotected at lysine e-amines,
and labeled with Alexa Fluor-488. a H,/Pd, b Alexa Fluor-488-TFP,

Conditions and Procedures for Capillary
Electrophoresis

CE experiments were carried out on a Beckman Coulter
ProteomeLab PA800 (Beckman Coulter Inc., Fullerton,
CA) instrument with a laser induced fluorescence (LIF)
detector (488 nm excitation and 520 nm emission).
Uncoated fused-silica capillaries were used for analysis
throughout (50 cm total length, 42 cm length to detector,
50 pm inner diameter, 360 um outer diameter) (Polymicro
Technologies, Phoenix, AZ). Prior to use, the capillary was
rinsed with 1 M NaOH (30 min), MeOH (30 min), purified
water (30 min), and finally the background electrolyte
(BGE) (30 min), and was conditioned overnight. At the
beginning of each day and between each run, the capillary
was rinsed with 0.1 M NaOH (5 min), followed by MeOH
(5 min), and water (5 min) and then with corresponding
BGE (5 min).

A voltage of +10 kV was then applied across the cap-
illary and the fluorescence signals were recorded. The
peptide was injected into a capillary filled with the BGE
under a pressure of 0.5 psi (3,447 Pa) for 5 s, and then a
voltage of +10 kV was applied when both inlet and outlet
vials contained the BGE.

Cell Culture

HUVEC seed cells, media and supplements were obtained
from Cascade Biologics (Portland, OR). All other cell
culture supplies were obtained from Invitrogen, (Carlesbad,
CA). HUVECs were grown in Med200 supplemented with
10% (v/v) Low Serum Growth Supplement. M21 and
M21L melanoma cell lines (M21L cells do not express the
o, component of the o, 3 heterodimer, a kind gift from
Dr. D. Cheresh) were maintained in 1640 RMPI medium
with 10% fetal bovine serum (FBS), in an atmosphere
containing 5% CO,. Cells were grown to confluence
yielding approximately 1.0 x 10° cells per 75 cm? tissue
culture flask for HUVEC and 1.8 x 10° cells/flask for
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TEA, ¢ RP-HPLC, d 95% TFA, 2.5% H,0, 2.5% TIS, e 2 X RP-
HPLC. For cRGDfK-488, X=H and for cRADfK-488, X=CHj;
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melanoma cell lines. At the time of harvest, media was
removed and cells were rinsed twice with 10 ml phosphate
buffered saline (PBS) (with Ca’>" and Mg2+ present).
Adhered cells (HUVEC and M21) were harvested manu-
ally with a cell scraper to preserve the integrity of the
integrins. Unadhered cell suspensions were washed then
centrifuged at 1,100 rpm for 5 min and resuspended in 5%
FBS in PBS (herein referred to as PBS/FBS) to a final
volume that contained 500,000 cells/ml.

Cell Binding and Uptake

Harvested cells were aliquoted in 200 pl volumes contain-
ing approximately 100,000 cells. An antibody saturation
curve, Fig. 2b, was made by adding 0—14 nM (in PBS/FBS)
of the Alexa Fluor 488-1labelled LM609X antibody, which is
specific for the o,f; integrin (Chemicon International,
Temecula, CA, USA) to the cells. The Alexa Fluor labelled
peptides were quantitated using a standard curve produced
from the fluorescence emission at 520 nm following exci-
tation at 495 nm. Once accurately prepared, solutions of the
peptides were added to cells over a final concentration range
of 0-5 uM. The final volume was adjusted to 500 pl with
PBS/FBS. For the kinetic binding experiments shown in
Fig. 5, the peptides were added to cells at a concentration of
13.5 uM. Each data point was determined in triplicate.
Ligands and cells were incubated at either 37 or 4°C for 1 h
for equilibrium binding experiments and 0, 1, 5, 15, 30, 60
and 90 min incubation times for the kinetic binding study.
Unbound ligands were removed by rinsing with 5 ml of
FACS rinsing buffer (130 mM NaCl, 3 mM KCl, 10.4 mM
Na,PO,, 1.7 mM KH,PO,), followed by centrifugation at
1,100 rpm for 5 min, and repeated twice. Unfixed cells
were kept on ice and immediately analyzed by flow
cytometry on a BD LSR II flow cytometer equipped with an
air—cooled argon-ion laser. The instrument was calibrated
weekly for fluorescence and light scattering with 2 pM
Calbrite beads. Light scattering and fluorescence channels
were set to a logarithmic scale and 10,000 events were
collected per sample. Data was analyzed with the program
“Flow Joe” (Version 4.5.9, Stanford, CA). Electronic gates
were established on unstained live cells based on their
ability to exclude the uptake of propidium iodide. The mean
fluorescent intensity (MFI) was plotted versus the concen-
tration of peptide and fit to non-linear regression curves
using Sigma Plot software from Jandel Scientific (Version
10.1, San Rafael, CA).

Receptor Quantitation
The amount of cell-bound antibody (and thus the number of

oy f3 integrins) was determined using a Quantum Simply
Cellular kit for antigen quantitation (Bang Laboratories,
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Cat. No.815A, Fishers, IN). The kit contains microspheres
with a series of known amounts of IgG antibody binding
sites. A standard curve was constructed by measurement of
the signal that the labeled antibody, LM609X, emits when
bound to the microspheres (see Fig. 2a). LM609X was
added to each series of microspheres in triplicate, and
incubated at 4°C for 1 h. The actual amount of antibody
used (2 pg) was higher than the manufacturer’s recom-
mended value to ensure sufficient saturation of the binding
sites on the microspheres. After binding, the excess anti-
body was removed by washing with 5 ml of FACS rinsing
buffer, centrifuging at 1,500 rpm, and repeated twice and
the fluorescent signal that was measured was used to con-
struct the standard curve shown in Fig. 2a. The antibody
was added to HUVECs, M21 and M21L over a concentra-
tion range between 0 and 14 nM and unbound ligands were
removed as described above. The number of o, 5 receptors
could then be calculated from the maximum level of cell-
associated fluorescence (B,.x) by using the standard curve.

Microscopy

HUVECs were grown to confluence on eight-chambered,
glass slides (BD, Franklin Lakes, NJ). Cells were rinsed
three times with PBS/FBS and ligands were together with
50 pg of rhodamine-conjugated dextran, a fluid-phase
endocytosis marker, (Molecular Probes, Eugene, OR) as
follows: 13.5 uM of cRGDfK-488 or cRADfK-488 (4 pg)
in PBS/FBS, at a total volume of 200 pl, 1 pg of LM609X
in 200 pl of PBS/FBS and, for comparison, a treatment
control of 200 pl of PBS/FBS. Each slide was incubated at
either 4 or 37°C for 15 min and 1 h. Ligands were removed
by washing each slide three times with PBS/FBS then fixed
with 3.5% paraformaldehyde in PBS for 15 min. Immedi-
ately before imaging, chambers were removed, and the
slides were prepared using Vectashield mounting media
(Vector Laboratories, Burlingame, CA) containing the blue
nuclear stain, 4',6-diamidino-2-phenylindole (DAPI). Cells
were visualized on a Zeiss Axiovert 200 fluorescence
microscope equipped with a Retiga 2000R camera. Images
were captured under a bright field with a 0.3 s exposure
time. In the fluorescent fields, the exposure times were:
red-3.1 s, green-8.1 s, and blue-0.005 s for each image.
Images were compiled using Openlab software (Version
5.0, Improvision, Lexington, MA).

Results and Discussion

Peptide Characterization

Particular attention was paid to achieving the maximum
purity of labeled peptides. The water-soluble compound,
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cRGDfK-488 was inherently difficult to separate from the
reactants and careful purification and analysis steps were
required to ensure low levels of contamination before
biological evaluation. CE proved to be a convenient
method for analyzing the purity of the peptide-conjugated
fluorochrome, which was poorly resolved by analytical
HPLC or various TLC methods. The cRGDfK-488 conju-
gate was characterized by an electrophoretic mobility,
which is determined by the charge to size ratio of the
molecule. A typical electrophoregram demonstrating the
purity of the cRGDfK-488 conjugate is shown in Fig. 1.
Advanced analytical techniques, such as CE separation, are
necessary for the accurate qualification of peptides that
contain a water-soluble label.

Number of o, f3 Integrins per Cell

Before the binding of cRGDfK-488 to o,f3 integrin
receptors on HUVECs was studied, it was important to
establish that the HUVECs express high levels of the o, f3;
integrin. The number of receptors was thus assayed by
incubating the cells with saturating levels of the Alexa
Fluor-488-conjugated antibody, LM609X, which is specific
for o, f3. The amount of cell-bound antibody was quanti-
tated using a standard curve produced from saturation of
antibody binding microspheres as detailed in Methods. The
mean fluorescent intensity (MFI) of the microspheres
increases linearly with the number of antibody binding
sites that are engineered on the particle (Fig. 2a). The
maximum MFI values resulting from a saturation curve of
LM609X binding to HUVEC, or M21L cell lines (shown in
Fig. 2b) were used to interpolate the number of integrins/
cell from the standard curve produced in Fig. 2a.

Using this method, HUVECs were determined to have
(2.63 £ 0.08) x 10° «,f; integrins per cell, in reasonable

700
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Fig. 1 A typical electrophoregram for cRGDfK-488, demonstrating
the high level of purity [i.e. >98%; ([A]/[A] + [B])] that was
obtained for the peptide ligands. This level of purity was made
possible by additional HPLC purification steps, which were found to
be necessary in order to resolve the labelled peptide (a) from the
unconjugated fluorophore (b)

agreement with previous estimates of (4.2 + 1.6) x 10°
integrins per HUVEC (Smith and Giorgio 2004). The
results from these assays showed that M21L cells had
(1.4 & 0.6) x 10 integrins per cell. To gain perspective
on published RGD-internalization studies using M21 mel-
anoma cells (Castel et al. 2001), this cell line was also
measured and found to express (5.6 & 0.3) x 10* integrins
per cell. The measured Ky value for LM609X binding to
HUVEC in this experiment was 14.4 nM.

cRGDfK-488 Binds to Cellular o, f3; Integrin
and is Subsequently Endocytosed

Binding by the Alexa Fluor-labelled peptides is illustrated
in Fig. 3a, where the non-specific binding to HUVEC of
cRADfK-488 (cRADfK does not contribute to o,f3 inte-
grin antagonism Pfaff et al. 1994) is shown to increase
linearly while the total binding of cRGDfK-488 produces a
hyperbolic curve. Figure 3b shows a similar trend when
M2I1L cells, which do not have a functional «-subunit
(Cheresh and Spiro 1987), are used.

Previous studies employing M21 and M2I1L cells
(Castel et al. 2001) have suggested that cRGDfK ligands
are accumulated into cells via an integrin-independent fluid
phase endocytosis mechanism, and that the cell-associated
ligand is independent of the presence of integrin on the cell
membrane. In order to investigate the influence of integrin
density on cell-associated ligands, the binding of cRGDfK-
488 to M21L cells, which exhibit much lower levels of
integrin expression than HUVECs, was investigated. As
shown in Fig. 3, the HUVEC cells incorporate a much
larger concentration of cRGDfK-488 compared to the
M21L cells. Additionally, the non-specific binding, as
measured by the uptake of cRADfK-488, contributes a
larger proportion of the total binding for M2IL cells,
compared to HUVEC cells in Fig. 3a. This is consistent
with the requirement for expression of a,f3; for association
of cRGDfK-488 to cells. It is important to note that the
levels of binding observed for the cRGDfK-488 ligands are
not significantly larger than observed for background
binding as assayed by the cRADfK-488 ligand, suggesting
that specific binding may well be obscured by non-specific
effects for cells with low densities of integrin receptors.

The saturation curves shown in Fig. 3 describe peptides
that are bound to surface integrins and the peptides that are
endocytosed. In order to investigate the influence of endo-
cytosis on binding, the association of peptides with HUVEC
following 1 h incubations at 4°C (endocytosis inhibiting)
and 37°C (endocytosis permitting) was investigated.

Using the specific binding curves produced at endocytosis
inhibiting temperatures, an apparent dissociation constant,
K4, for cRGDfK-488 binding to cellular o, /3 was determined
to be 0.20 uM =+ 0.04. As shown in Fig. 4a, a marked
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Fig. 2 Quantitation of o, 3 integrin expression on the cell surface a
Standard curve for antibody-induced-fluorescence (MFI) of calibrated
microspheres that have a known antibody binding capacity (ABC).
The best fit to this data was for the linear equation y =
11.889 + (0.002)x. MFI is a measure of the mean fluorescence
intensity (arbitrary units) detected by a flow cytometry (cytometer
with n = 3). £ SD. b Regression curves generated by titrating the
antibody to achieve saturation of the o, f3 receptor on HUVEC (solid
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[Peptide] (uM)

Fig. 3 Binding isotherms for the fluorescently labeled RGD and
RAD peptides to HUVEC or M21L cells following 1 h incubations
with the peptide ligands at 37°C. a Saturation curves characterizing
the binding of cRGDfK-488 (closed circles) and cRADfK-488 (open
circles) to HUVEC (live cell population) as measured by mean
fluorescence intensity following incubation at the peptide

difference in the specific binding of cRGDfK-488 between 4
and 37°C was observed, corresponding to a 7.4-fold increase
in the measured B,... In contrast, binding of the antibody
(LM609X) is only moderately elevated (1.9-fold) when
endocytosis is permitted, as shown in Fig. 4b. Similarly,
M21L cells that express low levels of the o, ff3 integrin exhibit
amodest 2.8-fold increase in the measured binding (Fig. 4c).
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curve) M21 melanoma cells (medium dashed curve) and M2I1L
melanoma cells (dotted curve), with the fluorescently labeled
antibody LM609X. The maximum number of binding sites (Bpax)
and standard error values were calculated by fitting the saturation
curves to the equation y = B, (x)/(Kyq + X). Bnax Was then used to
determine the average number of receptors for each cell line as
indicated in the text &+ the standard error
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concentrations indicated. b Saturation curves describing the binding
of Alexa-Fluor 488 labeled RGD (closed circles) and RAD (open
circles) peptides to M21L cells that express low levels of the a,f3
integrin. Measurements were done in triplicate with error bars
representing the standard deviation

In order to further characterize the increased cell-asso-
ciated fluorescence observed at endocytosis permitting
temperatures, a kinetic study of peptide binding to HUVECs
at both 4 and 37°C was performed. The time-dependent
binding of cRGDfK-488 and of the control peptide (cRA-
DfK-488) to HUVEC over 2 h is illustrated in Fig. 5. It is
observed that saturation occurs more rapidly at 4°C than at
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Fig. 4 Binding of cRGDfK-488 and LM609 to HUVEC and M21
cells at endocytosis permitting and endocytosis inhibiting tempera-
tures. Saturation curves describing the binding of RGD peptide and
mAb to HUVEC following a 1 h incubation at endocytosis enabling
(37°C, closed circles) and endocytosis inhibiting (4°C, open circles)
temperatures. a Specific binding (total binding minus non-specific
binding, as assayed employing the RAD peptide) of cRGDfK-488 to
HUVEC. b Specific binding of the antibody, LM609X, to HUVEC ¢
Specific binding of cRGDfK-488 to M21L cells, which do not express
the full o,f; integrin on their surface. Error bars were calculated
from the square root of the sum of squares of the error from non-
specific binding and total binding

37°C due to the fact that binding at low temperatures is
limited to a finite number of integrin sites on the cell sur-
face. However, at 37°C the saturation point is still not
reached after 2 h. This may be explained by the fact that, in
receptor-mediated endocytosis, integrins become tempo-
rarily unavailable as they chaperone ligands into the cell,
but then reappear at the surface following dissociation of
the ligand.

As the amount of receptor on the surface of cells is very
low compared to the amount of the ligand in solution, a
first-order kinetic analysis was applied to the time-course
data in order to estimate the rate constants, kg, listed in
Table 1. Because of the many systematic changes that
accompany a decrease in temperature, including reduced
solubility of ligands and reduced rates of diffusion, it is
difficult to interpret the rate constants individually. Instead
it is simpler to consider the rate of cRGDfK-488 relative to
the rate of cRADfK-488. At endocytosis inhibiting tem-
peratures the ratio, R, is 0.26, indicating that the control
peptide, cRADfK-488, is binding to the cell surface more
quickly than cRGDfK-488. However, at endocytosis per-
mitting temperatures, R = 1.75, suggesting that there is a
different mechanism in place which is preferential towards
the uptake of cRGDfK-488. These findings support the
hypothesis of receptor-mediated endocytosis as the primary
mechanism for the uptake of cRGDfK-488. In order to
evaluate this more definitively, fluorescence microscopy
studies were undertaken.

Endocytosis as Visualized by Fluorescence Microscopy

In order to lend support to the notion that HUVECs
endocytose the cRGDfK-488 ligands at permissive tem-
peratures, uptake was followed by fluorescence micro-
scopy. Images of cells following either 15 min or 1 h
incubations at 37°C are shown in Fig. 6. Similar to cells in
suspension, as analyzed by flow-cytometry, the ligand
cRGDfK-488 appears to be rapidly endocytosed. Co-
localization of the green peptide label with the red
endocytosis marker (rhodamine-conjugated dextran) com-
menced as early as 15 min and within 1 h, the two labels
overlap. Internalization of the LM609X antibody was
weakly visible, consistent with the modest increase in Bjyax
with temperature, observed for LM609X binding to sus-
pended HUVEC (Fig. 4a). It is important to note that the
cRGDfK-488 peptide induced unique morphological
changes (seen best in the bright field images) that are dif-
ferent from those seen for LM609X or cRADfK-488
treated cells. In particular, the cells lost their adhesive
properties and detached from the glass surface. Few cells
remained adhered to the glass slide after cRGDfK-488 was
removed by the required washing steps (Fig. 7).
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Fig. 5 Uptake of labelled peptides by HUVEC. Cells were incubated
with 13.5 uM cRGDfK-488 (closed circles) or cRADfK-488 (open
circles) at a Endocytosis inhibiting (4°C) and b Endocytosis

Table 1 Estimated kinetic parameters for the uptake of labeled
peptides by HUVEC under endocytosis inhibiting (4°C) and permit-
ting (37°C) conditions

Temperature ~ cRGDfK-488  cRADfK-488 R = (ﬁ%)
[°C]
kobsl ti kobsl tin
(™) (®) ) (s)
4 0.0024 288 0.009 77026
37 0.0007 1,004 0.0004 1,732 175

The same ligand incubations were carried out at 4°C
with less overall binding detected for all ligands and most
cells remain adhered to the glass slide. LM609X and to a
lesser degree, cRGDfK-488, can be seen at the periphery of
the cell after 1 h.

Relative Findings

The major finding of this work is that the cRGDfK-488
peptide binds to o, f3; integrins on HUVECS and stimulates
endocytosis when compared to the LM609X monoclonal
antibody or the cRADfK-488 negative control. There are
three interesting aspects of this observation. First, it is of
interest to compare the ability of the RGD-containing
ligand used here to stimulate endocytosis following bind-
ing to the o,f3 integrin with the properties of RGD-
containing ligands reported by other investigators. The
second area concerns the mechanism by which the peptide
ligand could stimulate greater endocytosis than other
ligands such as the monoclonal antibody. The final point
concerns the potential utility of the cRGDfK-488 peptide
as a useful agent to target drugs in vivo.

The relation between RGD peptide binding to integrins
and subsequent uptake into cells is a subject of much
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permitting (37°C) temperatures. The curves represent the best fit of
the data to the first order rate equation, y(t) = a(1 — e~%)

interest. For melanoma cells, it has been reported that mAb
binding to integrins results in receptor mediated endocy-
tosis, whereas cRGDfK is taken up by an integrin
independent process (Castel et al. 2001). The conclusion
that cRGDfK is taken up by an integrin independent pro-
cess was indicated by similar levels of uptake for
SH-cRGDfK and carboxyfluorescein (CF) labeled cRGDfK
for both M21 and M21L cells at both 4 and 37°C. These
results are not in agreement with the results presented here,
because little specific binding (and much reduced uptake)
of the cRGDfK-488 peptide is observed for the M21L cell
line that expresses low levels of receptors. Further, uptake
of the cRADfK-488 control peptide, which binds non-
specifically to the HUVEC, is considerably reduced com-
pared to the cRGDfK-488 ligand (Fig. 3a). The RGD
ligands employed in this study were designed to be soluble
in an aqueous environment to reduce background binding
and are highly purified as demonstrated by CE and mass
spectrometry analyses. Two effects may clarify discrep-
ancies in the literature. First, HUVECs express nearly
200 times more integrin receptors than M2I1L cells,
whereas the M21 cells have only 40 times higher levels of
receptors as compared to M21L cells. In our experience,
specific binding facilitates endocytosis and for cells that
express a very high level of the receptor, endocytosis is
more significant. A second and related point is that the use
of ligands with higher non-specific background binding
properties can lead to additional difficulties in detecting
integrin-specific effects. In the previous study the binding
and uptake properties of RAD control ligands were not
examined. Other studies demonstrating enhanced gene
delivery of vectors targeted by RGD ligands support a
specific receptor-mediated endocytotic process (Renigunta
et al. 2006). Specific uptake of RGD-containing ligands is
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Fig. 6 Fluorescence
microscopy of HUVEC
following incubation with the
LM609X mAb, cRGDfK-488
and cRADfK-488 ligands at
37°C. The Alexa Fluor 488
labeled ligands were added
together with dextran
rhodamine to visualize
endocytosis. Fluorescence
micrographs obtained a
Following a 15 min incubation
and b Following a 1 h
incubation. The data indicates
that cRGDfK-488 co-localizes
with endcytosed vesicles while
LM609X is largely visible at the
surface of the cell. Non-specific
binding by cRADfK-488 was
not detected

A) 15 minute incubation
PBS i

also supported by studies indicating that RGD internali-
zation coincides with the activation of a kinase (S6K1) that
is critical for cell growth. This effect is RGD specific since
the negative control (an RGE-containing peptide) is neither
internalized nor active in S6K1 phosphorylation (Bala-
subramanian and Kuppuswamy 2003).

The next area of discussion concerns the mechanism
whereby the cRGDfK-488 ligand could stimulate appre-
ciably higher levels of internalization on binding to the
oy f3 integrin as compared to the integrin-specific mAb,
LM609X. A number of studies suggest that the interactions
of RGD ligands with integrins have significantly different
features than binding of mAb. A two-step process has been
proposed for fluorescently labeled RGD-peptides that bind
to the main integrin on activated platelets, GPIIb/IIIa. In
this study, a rearrangement process was proposed to follow
the initial binding event (Bednar et al. 1997). The ratio of
koti/kon for the first step was observed to be high compared
to the second step, indicating that the subsequent rear-
rangement stabilizes a complex that is less prone to
dissociation. Capillary electrophoresis studies on the
binding of the cRGDfK-488 ligand to isolated o, f35 inte-
grins indicate that two binding sites for the RGD ligand
exist on the receptor. However, the second binding event
seems to have a similar affinity compared to the first one
(Sun et al. 2007). While it is not clear how these different
binding characteristics of the RGD ligand as compared to
the mAb lead to enhanced endocytosis for the RGD ligand,
it is clear that the possibility exists for substantially dif-
ferent conformational and functional consequences for

B) 1 hour incubation

RGD binding as compared to mAb binding. It will be of
interest to pursue the correlation between these differences
and subsequent endocytotic events.

The use of RGD-containing peptides for the targeted
delivery of associated therapeutics is clearly improved by
an enhanced probability of endocytosis. A related question
concerns whether the specific type of RGD peptide influ-
ences the levels of endocytosis or whether RGD ligands
have the same endocytotic index. In this study, the
AlexaFluor-488 cargo was highly soluble in water and had
a similar molecular weight to that of the RGD targeting
peptide. This condition may improve the chances that RGD
peptides will carry fluorescent labels into cells. It will be of
additional interest to examine the endocytotic index of
multivalent RGD targeting ligands, which demonstrate
improved binding to the o,f; integrins (Montet et al.
2006a).

Concluding Remarks

The results presented in this study established that
cRGDfK-488 stimulates enhanced endocytosis in HUVECs
as compared to the mAb LM609X, and that the uptake of
the RGD ligand proceeds via an endocytotic process that
involves RGD-specific interactions with cells that express a
very high level of the o, f3 integrin. It is anticipated that for
RGD-targeted therapeutics the maximum therapeutic ben-
efit will result from the use of targeting ligands that
maximize intracellular delivery of associated cargo,
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Fig. 7 Fluorescence
microscopy of HUVEC
following incubation with the
LM609XmAb, cRGDfK-488
and cRADfK-488 ligands at
4°C. The Alexa Fluor 488
labeledligands were added
together with dextran
rhodamine to visualize
endocytosis. Imageswere
obtained a following a 15 min
incubation and b following a 1 h
incubation. Only antibody
binding can be detected at the
surface of the cell

A) 15 minute incubation

— .\
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pointing out a need to characterize targeting peptides
according to their relative ability to stimulate endocytosis
in target cells.
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