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ABSTRACT: Recombinant protein therapeutics have in-

creased in number and frequency since the introduction of
human insulin, 25 years ago. Presently, proteins and peptides
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are commonly used in the clinic. However, the incorporation 8 1::
of peptides into clinically approved nanomedicines has been n
limited. Reasons for this include the challenges of decorating £ w
pharmaceutical-grade nanoparticles with proteins by a process  protein .
that is robust, scalable, and cost-effective. As an alternative to F’(‘/’\'z’g*g T as huvec

covalent bioconjugation between a protein and nanoparticle,
we report that biologically active proteins may themselves
mediate the formation of small multimers through steric stabilization by large protein polymers. Unlike multistep purification and
bioconjugation, this approach is completed during biosynthesis. As proof-of-principle, the disintegrin protein called vicrostatin
(VCN) was fused to an elastin-like polypeptide (A192). A significant fraction of fusion proteins self-assembled into multimers
with a hydrodynamic radius of 15.9 nm. The A192-VCN fusion proteins compete specifically for cell-surface integrins on human
umbilical vein endothelial cells (HUVECs) and two breast cancer cell lines, MDA-MB-231 and MDA-MB-43S. Confocal
microscopy revealed that, unlike linear RGD-containing protein polymers, the disintegrin fusion protein undergoes rapid cellular
internalization. To explore their potential clinical applications, fusion proteins were characterized using small animal positron
emission tomography (microPET). Passive tumor accumulation was observed for control protein polymers; however, the tumor
accumulation of A192-VCN was saturable, which is consistent with integrin-mediated binding. The fusion of a protein polymer
and disintegrin results in a higher intratumoral contrast compared to free VCN or A192 alone. Given the diversity of disintegrin
proteins with specificity for various cell-surface integrins, disintegrin fusions are a new source of biomaterials with potential
diagnostic and therapeutic applications.

INTRODUCTION

some of these peptides even induce apoptosis and inhibit
3,7

Targeting tumor angiogenesis for drug delivery has been
identified as a promising approach for three main reasons:' (i)
angiogenesis is a common and genetically stable characteristic
of most solid tumors; (ii) the tumor vasculature is readily
accessible from the bloodstream; (iii) neovasculature can be
targeted by RGD-containing peptides that bind to specific
integrins. For example, the integrin a,f3; is poorly expressed on
quiescent endothelium and is selectively overexpressed on
activated endothelial cells of growing vessels.”” Overexpression
of a,f; correlates with tumor progression and poor
prognosis.* ® The RGD peptide is the dominant model for
targeting vascular integrins. Through competitive inhibition,
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angiogenesis.

A source of naturally occurring high affinity ligands for
integrins is found in the family of proteins known as
disintegrins. These small (40—100 amino acids), cysteine-rich
polypeptides were first isolated from viper venoms, which
include contortrostatin (CN). Homologous domains are a part
of the family of human ADAM (A disintegrin and metal-
loproteinase) proteins.”” Many disintegrins contain the RGD
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Table 1. Recombinant Proteins Evaluated in This Study

MW
name amino acid sequence* (kDa) construct
VCN DAPANPCCDAATCKLTTGSQCADGLCCDQCKF MKEGTVCRRARGDDLDDYCNGISAGCPRNPHKGPATY 7.1 small protein
A192 G(VPGAG),5,Y 73.6 unimeric
A192-RGD  G(VPGAG),,YRGDGG 74.0 unimeric
A192-VCN  G(VPGAG),y, 80.7 multimeric

DAPANPCCDAATCKLTTGSQCADGLCCDQCKFMKEGTVCRRARGDDLDDYCNGISAGCPRNPHKGPATY
“Bold: ELP guest residue; Underline: Arg-Gly-Asp consensus tripeptide.

or KGD peptide sequence, which target integrins involved in
the aggregation of activated platelets.'®'" Correct folding of
disintegrins is important for their biological activity. Their
proper folding depends on the appropriate pairing of 8—14
cysteine residues by disulfide bridges, which maintains the
RGD-containing loop in its most active conformation.'” Unlike
free RGD peptides, the disintegrin specificity and affinity is
enhanced by the tertiary structure of the disulfide framework
and the amino acid chain at the carboxy terminus of the
disintegrin.>"3~"

Although the pharmacological properties of the disintegrin
CN have made it an intriguing molecule for potential anticancer
therapeutic strategies,'®'” it is produced in small quantities
from snake venom (~0.01%). To overcome this obstacle, a
recombinant disintegrin was designed by the Markland
laboratory, vicrostatin (VCN), which can be produced through
heterologous expression in E. coli."® VCN is antiangiogenic with
significant anticancer activity, as demonstrated in murine
models of human breast and prostate cancer.'® VCN is as
active as native CN in vitro and in vivo and has a higher affinity
for integrin a@sf;, which is overexpressed on angiogenic
endothelial cells.'"®' Unfortunately, with their low molecular
weight, small peptides like disintegrins are potentially
challenging to formulate due to their rapid renal clearance.'®
For other therapeutic peptides, pharmacokinetics may be
dramatically improved by through the use of macromolecular
carriers.”°">> Previously Swenson et al. determined the
circulatory half-life of CN and liposomal CN, and it was
observed that liposomal CN is cleared slowly compared to
“naked” CN with a circulatory half-life of 19 and 0.5 h,
respectively.'®

As an alternative to conventional macromolecular carriers,
protein polymers are under investigation for transport and
delivery of imaging and therapeutic agents.”>~>° These
bioconjugates are typically large hydrophilic molecules linked
to a therapeutic agent, which can target tumors either passively
through enhanced permeability and retention or actively
through affinity toward a molecular target. Composed of repeat
units of natural or unnatural amino acids, protein polymers
have emerged as a promising new class of biomaterials.”**’
Elastin-like polypeptides (ELPs) are protein polymers derived
from a structural motif found in mammalian elastin and have
sequence-dependent phase behavior that may be useful to
control their disposition in the body.”® ELPs consist of a five
amino acid repeat (Val-Pro-Gly-Xaa-Gly), where Xaa and !
determine their phase behavior. When the temperature is raised
above their transition temperature (T,), they undergo a sharp
(2—3 °C range) phase transition, leading to the coacervation of
the biopolymer.”®*® This process is fully reversible when the
temperature is lowered and can be used to efficiently purify
these materials. Below their T, ELPs remain highly water-
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soluble and have potential applications as biodegradable drug
carriers.>

Here we report that the fusion of a recombinant disintegrin
(VCN) to a high molecular weight ELP retains integrin-binding
properties with an IC, 30-fold lower than a control ELP fused
to a linear RGD. Unlike low molecular weight VCN, these
fusion proteins are well above the renal filtration cutoff, which
reduces their renal clearance. A192-VCN retains its specificity
for integrins expressed on human umbilical vein endothelial
cells (HUVECs); furthermore, they retain this specificity in
vivo.

B MATERIALS AND METHODS

HUVECs were purchased from PromoCell GmbH (Heidelberg,
Germany) and cultured in EC growth medium containing low
serum (2%) and EC growth supplements (PromoCell). MDA-MB-231
and MDA-MB-435 cell lines were purchased from the American Type
Culture Collection and grown in Dulbecco’s Modified Eagle Medium
(DMEM, Gibco) supplemented with 10% (v/v) fetal bovine serum.
All cells were maintained at 37 °C under an atmosphere containing 5%
carbon dioxide.

Recombinant Synthesis of ELP Protein Polymers. A synthetic
oligonucleotide containing the vicrostatin (VCN) and the RGD
peptide sequence was designed and inserted via cassette mutagenesis
into the pET25b(+) cloning vector (Table 1). To facilitate insertion of
the ELP sequence, the following plasmid reconstruction strategy was
employed.®" Two cloning vectors, one of which contained the ELP
gene and another that contained the targeting sequence, were cut with
two separate sets of restriction enzymes. The ELP vector was digested
with BssHII and Acul, while BssHII and BseRI were used to digest the
second vector. The two sets of cut vectors were gel purified and ligated
together using T4 DNA ligase (Invitrogen, Carlsbad, CA), generating
the ELP-fusion protein indicated (Table 1). Gene sequences encoding
for the desired polypeptides were confirmed using diagnostic DNA
digestion and DNA sequencing from both 5" and 3’ end of the open
reading frame.

Protein Purification by Inverse Transition Cycling. pET25b-
(+) expression vectors containing the desired constructs were
transformed into E. coli origami B(DE3) competent cells for protein
hyperexpression, and proteins were purified by inverse transition
cycling (ITC).** Briefly, the bacteria were grown overnight in 50 mL
of TB dry medium supplemented with ampicillin in an orbital shaker
at 37 °C. Bacteria were centrifuged down and the pellet was
resuspended in 1 L TB dry medium and cultured for 24 h in a 37 °C
shaking incubator. The cultures were collected by centrifugation and
resuspended in cold PBS. The proteins were liberated from bacteria by
periodic probe-tip sonication. Insoluble debris was collected by
centrifugation for 15 min at 4 °C, 12000 rpm, and the supernatant was
transferred to another tube. Excess polyethylene imine (MW = 3000)
was added to precipitate nucleic acids and the solution was
centrifuged. The supernatant, containing soluble ELP, was heated to
37 °C to induce phase separation, and the coacervate was collected by
centrifugation. The ELP was then resuspended in cold PBS and
centrifuged at 4 °C again, completing one round of ITC. A total of 4—
6 rounds of ITC were completed, sufficient to ensure the purity
indicated (Figure 1a). Yields ranged from S0 to 100 mg per liter of
bacterial culture. Both with and without a reduction by p-
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Figure 1. Fusion to a disintegrin reduces the ELP transition
temperature. (a) Purified fusion proteins were evaluated for identity
and purity using SDS-PAGE and stained with copper chloride. Lane 1:
ladder; lane 2: A192; lane 3: A192-RGD; lane 4: A192-VCN. (b) The
temperature—concentration phase diagram for the three ELPs were
obtained using optical density at 350 nm. The best-fit line to the
equation T, = m In[C] + b is shown (solid) along with 95% CI lines
(dashed). The slope m was estimated as 4.08, 4.05, and 0.98 °C/
In[uM] for A192, A192-RGD, and A192-VCN, respectively. The
intercept b was estimated as 80.0, 75.0, and 51.8 °C for A192, A192-
RGD, and A192-VCN, respectively.

mercaptoethanol, the samples were resolved by SDS-PAGE (Lonza,
Rockland, ME) and gels were negatively stained with copper chloride.
The SDS-PAGE gel was scanned with a Molecular Imager Gel Doc XR
System (Bio-Rad, Hercules, CA) and analyzed with Quantity One
software (Bio-Rad). The concentration for ELPs was estimated using
their absorbance at 280 nm according to molecular extinction
coefficients of 1280 and 3760 M~' cm™" for A192/A192-RGD and
A192-VCN/VCN, respectively.*

Phase Behavior Characterization of ELPs. ELP biomaterial
phase separate above a transition temperature as a function of
temperature and concentration. To ensure that both ELPs and ELP-
fusions remain soluble at physiological temperatures, their transition
temperatures were determined by optical density. Purified solutions in
phosphate buffered saline (PBS) were heated at 1 °C/min in a
multicell holder of a UV visible spectrophotometer (DUS00
Spectrophotometer, Beckman Coulter, CA, U.S.A.). For the purposes
of this manuscript, the transition temperature (T,) was defined as the
point of one-half maximal turbidity.

Size Exclusion Chromatography and Dynamic Light Scatter-
ing. Hydrodynamic radii for each construct were measured using bulk
dynamic light scattering (DLS), size-exclusion chromatography (SEC),
and size exclusion chromatography/dynamic light scattering (SEC-
DLS). Bulk DLS was performed on a Dynapro plate reader (Wyatt
Technology Inc., Santa Barbara, CA, U.S.A.). A total of 25 uM of
polypeptide in phosphate buffered saline (PBS), pH 7.4, was measured
at 37 °C. Before analysis, the solutions were filtered through Whatman
Anotop filters with a 0.02 yM pore size and centrifuged to remove air
bubbles. While the distribution of the particle populations is depicted
in the figure, the reported errors in the text represent the standard
error of the mean of three measurements.

Size exclusion chromatography was performed at 4 °C using a
HiPrep 16/60 column (GE Healthcare Bio-Sciences, Piscataway, NJ,
U.S.A.) with Sephacryl S-300 HR media connected to a Bio Rad
Biologic DuoFlow chromatography system (Bio Rad Laboratories,
Hercules, CA, US.A.). A192-VCN was loaded on the column
equilibrated with phosphate buffered saline (PBS), pH 7.4. Elution
was carried out isocratically with a flow rate of 1 mL/min and
detection at 280 nm.

SEC-DLS was performed by diluting concentrated stocks of each
construct to 15 mg/mL in PBS, pH 7.4, and filtering with a 0.2 ym
filter, followed by SEC on an AKTA micro chromatography system
(GE Healthcare Bio-Sciences) equipped with a Superose 6 10/300
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column (GE Healthcare Bio-Sciences) at a flow rate of 0.5 mL/min.
DLS was performed using a downstream Dawn-HELEOS, and
differential refractive index (dRI) was monitored with a Optilab r-
EX (Wyatt Technology Inc.).

Transmission Electron Microscopy (TEM) of A192-VCN
Multimers. Cryogenic TEM imaging was performed on a Tecnai
12 TWIN Transmission Electron Microscope (FEIL Hillsboro, OR,
U.S.A.), operating at 100 kV. A total of S uL of A192-VCN solution
was placed on a holey carbon film supported on a copper TEM grid
(Electron Microscopy Services, Hatfield, PA). All TEM grids used for
cryo-TEM imaging were treated with air plasma to render the lacey
carbon film hydrophilic. A thin film of the sample solution was
produced using a Vitrobot with a controlled humidity chamber (FEI).
After loading of the sample solution, the lacey carbon grid was blotted
using preset parameters and plunged instantly into a liquid ethane
reservoir precooled by liquid nitrogen. The vitrified samples were then
transferred to a cryo-holder and cryo-transfer stage that was cooled by
liquid nitrogen. To prevent sublimation of vitreous water, the cryo-
holder temperature was maintained below —170 °C during the
imaging process.

For negative contrast TEM, S uL of sample was spotted on a carbon
film copper grid with 400 square mesh (Electron Microscopy Sciences,
Hatfield, PA, U.S.A.) and the excess was removed with filter paper to
leave a thin film of sample on the grid. After letting the sample dry for
10 min, $ uL of 2% uranyl acetate was added to sample grid, and the
excess was removed after 10 s. All samples were dried for at least 2 h
before TEM imaging. All images were recorded by a SIS Megaview III
wide-angle CCD camera (Olympus Soft Imaging Solutions, Miinster,
Germany).

Fluorescence Activated Cell Sorting (FACS) Analysis. Cellular
binding of the ELP, ELP-fusion protein, and disintegrin were analyzed
by FACS. For quantification, ELP and ELP-fusion proteins were
labeled with N-hydroxysuccinimide rhodamine (Thermo Scientific,
Rockford, IL) and purified using a PD-10 desalting column (GE
Healthcare Bio-Sciences). VCN was labeled with fluorescein
thiocyanate (FITC) using the EZ-label FITC labeling kit (Pierce
Biotechnology, Rockford, IL) according to the manufacturer’s
instructions. Unlabeled or excess FITC molecules were removed by
centrifuging the samples with a 3K MWCO filter (Corning Inc,,
Corning, NY). An Alexafluor 488-labeled LM609 antibody (Millipore,
MA) was used to stain the integrin a,f;. Cells (4 X 10°) were seeded
on a 12-well plate and incubated overnight at 37 °C under 5% carbon
dioxide. Cells were washed with Dulbecco’s Phosphate Buffered Saline
(DPBS), and DMEM was replaced. A total of 25 uM of rhodamine-
labeled protein was added to the cells and incubated for 2 h. Cells were
detached with trypsin-EDTA (0.05% trypsin, 0.5 mM EDTA pH 8.0)
and suspended in DPBS containing 1% BSA. A total of 1 X 10* cells
were analyzed for fluorescence using a FACScan (Becton Dickinson,
San Jose, CA). Nontreated or rhodamine-labeled ELP (A192) treated
cells were used as negative controls. For blocking studies, SO L (10
mg/ mL) of VCN was incubated with the cells for 30 min. VCN was
removed, and the cells were washed with DPBS. Media was replaced
and 25 M of rhodamine-labeled ELPs were incubated for another 1.5
h.

Confocal Microscopy. HUVECs (2 X 10°) were plated on
coverslips coated with fibronectin in 12-well plates and cultured for 48
h. Rhodamine-labeled ELP and ELP-fusion protein (25 uM) were
added to the cells and incubated for 1 h at 37 °C in a humidified 5%
CO, atmosphere. To block the ELPs, a blocking dose of unlabeled
VCN (50 L of 10 mg/mL) was added for 30 min before addition of
the labeled ELP-fusion. Following incubation, cells were washed with
DPBS and fixed with 4% paraformaldehyde in DPBS at room
temperature for 15 min. Nuclear staining was performed by adding
Hoescht 33285. Fluorescence images were acquired with a laser
scanning confocal microscope (Zeiss LSM 510 Meta, Thornwood,
NY) equipped with argon and HeNe lasers.

Cell-Surface Integrin Binding Assay. In vitro integrin affinity
and specificity were assessed via displacement of '*I-echistatin (GE
Healthcare Bio-Sciences) as the integrin specific radioligand.*
Experiments were performed on a,f; positive MDA-MD-435 human
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Figure 2. Disintegrin ELP fusion forms multimeric structures with increased hydrodynamic radius. (a) Purified A192-VCN was run on a
nonreducing SDS-PAGE gel and stained with copper chloride, showing assembly of varying numbers of A192-VCN monomers. Lane 1: ladder; Lane
2: A192-VCN. (b) Batch DLS measurements of A192 (open squares), A192-RGD (triangles), and A192-VCN (circles) in PBS, pH 7.4. This trace
indicates the presence of a significant population of multimers in the A192-VCN sample. (c) UV trace of SEC run of A192-VCN, indicating two
dominating populations of construct sizes. (d) SEC-DLS results for A192-VCN, where dRI trace (blue) confirms two populations. The first peak
(red) reflects a larger aggregate with a hydrodynamic radius of 45.7 nm and the second peak (green) reflects a smaller multimer with a hydrodynamic
radius of 15.9 nm. The Ry, for both peaks is significantly larger than that observed for A192 and A192-RGD.

breast cancer cells cultured in DMEM (Life Technologies, Carlsbad,
CA) with 10% FBS. During the assay, the cells were harvested, washed
twice with PBS, and resuspended (2 X 10° cells/mL) in binding buffer
(25 mM Tris, 150 mM NaCl, 1 mM CaCl,, 1 mM MgCl,, 1 mM
MnCl,, 0.1% BSA, pH 7.4). Filter multiscreen DV plates (96-well;
pore size, 0.65 um; EMD Millipore, Billerica, MA, U.S.A.) were seeded
with 10° cells and incubated with '*I-echistatin (100 pM/200 xL) in
increasing concentrations of ELPs and RGD peptide analogues (0—
10000 nM). After 2 h at room temperature, the plates were filtered
through a multiscreen vacuum manifold and washed twice with cold
binding buffer. The hydrophilic polyvinylidenedifluoride (PVDF)
filters were collected and the radioactivity was determined using a
gamma counter. Experiments were performed with triplicate samples.
The best-fit S0% inhibitory concentration (ICs,) values were
calculated by nonlinear regression using GraphPad Prism (GraphPad
Software, Inc.).

Orthotopic Xenograft of Human Breast Cancer Model. All
animal experiments were performed in compliance with the guidelines
established by the USC Institutional Animal Care and Use Committee.
MDA-MB-231, a human breast cancer cell line, was suspended in
DMEM and 10% matrigel, and injected into the right mammary fat
pad at 2.5 X 10° cells per athymic nude mouse (Harlan Laboratories,
Indianapolis, IN) and allowed to grow for 2 weeks before imaging.

Chelation and Radiolabeling Proteins with the Positron
Emitter, 5*Cu. Two chelation strategies were used to characterize
proteins by microPET imaging. The first chelator, 1,4,7,10-
tetraazacyclododecane-1,4,7,10-tetraacetic acid (DOTA), was activated
by ethylenediaminetetraacetic acid (EDC) and N-hydroxysulfosucci-
nimide (SNHS) at pH S.5 for 30 min (4 °C), with molar ratio of
DOTA/EDC/SNHS (10:5:4). Then, S equivalent of activated DOTA
were mixed with proteins in borate buffer (0.1 M, pH 8.5). The
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reaction was incubated at 4 °C overnight. Size-exclusion chromatog-
raphy was performed using a PD-10 column (GE Healthcare Bio-
Sciences) to remove unreacted DOTA-NHS.

A second chelator, AmBaSar, was explored to reduce the nonspecific
loss of copper ions.>* AmBaSar was activated by EDC and SNHS at
pH 4.0 for 30 min (4 °C) with a molar ratio of AmBaSar/EDC/SNHS
= 10:9:8. Then, 5-fold molar excess of activated AmBaSar was mixed
with the protein polymer in borate buffer (0.1 M, pH 8.5). The
reaction was kept at 4 °C overnight. Size-exclusion PD-10
chromatography was used to remove unreacted reagents from the
protein polymer. The DOTA and AmBaSar conjugates were labeled
with #Cu by addition of 1 mCi of *Cu (10 nmol protein per mCi
$Cu) in 0.1 N ammonium acetate (pH 5.5) buffer followed by 45 min
incubation at 40 °C. Before purifying the %*Cu-proteins using a PD-10
column, diethylene triamine pentaacetic acid (DTPA; 3 uL, 10 mM,
pH 6.02) was added to remove %*Cu that weakly interacts with the
peptide backbone.

MicroPET Imaging of Disintegrin Protein Polymer Fusions.
Molecular imaging was performed using a microPET R4 rodent model
scanner (Concorde Microsystems, Knoxville, TN). Mice were injected
with ~100—150 uCi **Cu-labeled samples via the tail vein. For
imaging, the mice were anaesthetized with 2% isofluorane and placed
near the center of the field of view, where the highest resolution and
sensitivity are obtained. Static scans were obtained at 0.5, 2, 4, 24 and
48 h post-injection. The images were reconstructed by a two-
dimensional ordered subset expectation maximum (2D-OSEM)

algorithm.

B RESULTS

Characterization of A192-VCN. A vector encoding the
VCN sequence was fused to an ELP gene called A192, which
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has [ = 192 and Xaa = Ala (Table 1). Purification of the ELPs
by inverse transition cycling yielded proteins of good purity,
which were characterized using SDS-PAGE under reducing
conditions (>95%; Figure la). While the major species
observed for A192-VCN was monomeric and consistent with
the expected molecular weight, some higher order multimers
were visible. A possible explanation for these dimers and
trimers is that intermolecular covalent bonds bridge the amino
acid sequence on the VCN domains. Unlike the VCN domain,
the length of the A192 ELP is relatively inert, as it lacks any
hydroxyl, acid, thiol, or aromatic functional groups. The most
likely explanation for these multimers is that they result from
intermolecular cross-links between 1 or 2 of the 10 cysteine
residues present on the VCN sequence. Typically, disintegrin
cysteines form intramolecular bonds that rigidify the binding
domain; furthermore, due to their high linear density, it is
plausible these disulfides are less susceptible to standard
reduction using f-mercaptoethanol. The observation of these
multimers prompted us to further explore the physical-chemical
properties for these fusion peptides.

To confirm that these temperature-dependent species remain
soluble at physiological temperatures, their phase behavior was
studied (Figure 1b). All constructs remain soluble until well
above physiological temperatures. A192-RGD and A192
exhibited similar transition temperatures. In contrast, A192-
VCN has a lower transition temperature. We recently reported
that nanoparticles stabilized at their corona by an ELP with
alanine guest residues similarly reduces the bulk transition
temperatures.®® Previous reports also show that the slope and
intercept of the ELP phase diagram depend on the number of
pentameric ELP repeats.*> This raised the possibility of
determining whether or not the ELP phase diagrams are
consistent with the formation of multimeric species (unimer,
dimer, trimer, tetramer, etc.). Prior characterization of an ELP
library with Xaa = Ala revealed a fit by multiple linear
regression as follows:*’

7009  850.1 In(C)

! (1)
where T, is the transition temperature [°C], I is the number of
ELP pentamers, and C is the ELP concentration (¢M). Based
on inspection of eq 1, the apparent number of pentamers can
be estimated from the intercept, b (1 M), of the best-fit line
(Figure 2b) as follows:

| 7009
intercept b — 405 (2)
Alternatively, the apparent number of pentamers can be

estimated from the slope, m, of the best-fit line (Figure 2b)
as follows:

T, = 40.5 +

| _ 8501

slope
P m

©)

Using eq 2, lyercepr Was estimated as 177, 203, and 620
pentamers for A192, A192-RGD, and A192-VCN, respectively.
Similarly using eq 3, j,,. was estimated as 208, 210, and 864
pentamers for A192, A192-RGD, and A192-VCN, respectively.
Based on sequencing and SDS-PAGE, each monomer contains
192 ELP repeats. As such the phase diagrams observed for
native A192-VCN are consistent with that expected for trimers
and tetramers. Conversely, A192 and A192-RGD phase
diagrams are consistent with unimers. While these phase
diagrams cannot independently confirm that A192-VCN is
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multimeric, they do show that the formation of trimers or
tetramers may be sufficient to produce a phase diagram similar
to that observed.

The evidence that A192-VCN forms low number multimers,
prompted us to explore the structure of these assemblies in
greater detail (Figure 2). First, SDS-PAGE under nonreducing
conditions was used to reveal significant populations of
disulfide-linked species ranging from dimers to hexamers
(Figure 2a). Next, the sizes for these ELPs were characterized
using batch dynamic light scattering (DLS) to identify the
cumulant-fit average hydrodynamic radii, Ry, (25 uM, 37 °C), of
7.8 +1.2,7.1 + 0.8, and 22.3 + 5.3 nm for A192, A192-RGD,
and A192-VCN, respectively (Figure 2b). Consistent with
multimerization, native A192-VCN exhibited an R, much larger
than A192 or A192-RGD alone. Thus, the most reasonable
explanation for multimerization is that that the VCN portion of
the fusion protein self-associates. This is consistent with the
observation that native disintegrins are commonly identified as
dimeric species. While it appears that covalent disulfide cross-
links may be involved in multimerization, data presented here
cannot rule out the possibility that the VCN also undergoes
noncovalent self-association. Due to the limitations of batch
DLS to distinguish particles of similar size, size exclusion
chromatography (SEC) was used to investigate the dominant
species.

Due to the apparent formation of A192-VCN multimers as
determined by DLS and SDS-PAGE, SEC was used to resolve
populations present in the sample (Figure 2c). UV-—vis
spectroscopy revealed two populations with peak retention
times of 46.4 and 54.8 min, which are consistent with two
distinct hydrodynamic radii. To further characterize the identity
of these peaks, in-line SEC-DLS was performed, which allows
the determination of the hydrodynamic radius for each peak
independently. SEC-DLS results (Figure 2d) revealed that the
peaks have apparent hydrodynamic radii of 45.7 nm for the first
peak, and 15.9 nm for the second peak, with the two peaks
comprising 29.9 and 70.1% of sample weight, respectively. This
mixture of hydrodynamic radii are consistent with that
observed by batch DLS (22.3 nm), which is an average of
the two populations skewed by abundance, particle size, and
polydispersity. Importantly, even the late-eluting peak (15.9
nm) had a hydrodynamic radius much larger than for a
monomeric A192 (7.1 nm). Thus, the first peak appears to be a
less abundant aggregate, while the second peak with a smaller
hydrodynamic radius we define as a multimer.

The structure of these multimers was further confirmed by
transmission electron microscopy. Cryo-TEM of A192-VCN
revealed the presence of spherical structures with an average
radius of 14 + 2.2 nm (Figure 3a), which is in agreement with
the major population observed by SEC-DLS. Due to its higher
abundance and smaller radius, cryo-TEM revealed only the
smaller species consistent with multimers. The absence of the
larger aggregates in cryo-TEM may result from the preparation
of a thin layer of vitrified water required to obtain contrast for
the small particles. Negative contrast TEM did reveal a similar
population of ~15 nm radius particles that partially aggregate
into larger clusters during drying (Figure 3b). These larger
populations would also be consistent with larger aggregates
observed by SEC. Despite this, both TEM approaches revealed
a dominant species of multimers 15 nm in radius, which is in
close agreement to the major species revealed by both batch
DLS and SEC-DLS.
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a

Figure 3. A192-VCN multimers have spherical morphology. (a)
CryoTEM of A192-VCN and (b) negative stain TEM of A192-VCN
both demonstrate nanostructures with radii of ~15 nm with a
relatively narrow distribution of morphologies and are consistent with
the observed hydrodynamic radius of multimers from SEC-DLS (15.9
nm). The negative TEM reveals the presence of aggregates of these
particles, which may be an artifact of drying. The scale bar represents
100 nm.

Having established that the A192-VCN fusion assembles into
small multimeric particles, we next explored their ability to
specifically associate with pro-angiogenic integrins. An a,
integrin competition assay was performed using '**I-echistatin
and the @, integrin—positive cell line MDA-MB-43S. This assay
tests specificity of molecules for cell-surface a, integrins by their
ability to displace a commercially available «,-binding
disintegrin, called echistatin. Except for A192, all of the
peptides competed for echistatin to varying degrees in a
concentration dependent manner (Figure 4). The ICs, values
estimated for VCN, A192-VCN, and A192-RGD were 0.48 +
0.14, 1.64 + 0.33, and 51.8 + 44.3 uM, respectively.
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Figure 4. A192-VCN displaces echistatin with comparable affinity to
VCN. A192 (squares), A192-RGD (circles), A192-VCN (open
diamonds), and VCN (triangles) were compared for their ability to
displace a commercial disintegrin, '**I-echistatin, from the surface of
a,f; integrin positive MDA-MB-43S cells. A192-VCN has an ICy,
similar to that of free VCN, with A192 and A192-RGD displaying
significantly higher ICgs.

Expression of the a,f; Integrin across Primary and
Transformed Cell Lines. To evaluate the expression of a,f;
integrins, flow cytometric analysis of MDA-MB-231, MDA-MB-
435, and HUVEC was carried out using an anti-a, integrin
antibody. The surface density of a,f; integrins and binding of
FITC-VCN in each cell line were significantly different with the
pattern of integrin expression levels HUVEC > MDA-MB-435
> MDA-MB-231 (Supporting Information, Figure S1).
Relatively low binding of VCN to 231 and 435 cells were
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exhibited; however, an ~6-fold increase in signal from the
control was observed for HUVEC cells. These data are
consistent with the selection of these cell lines for targeting
using multimers of A192-VCN.

Quantitative Uptake of Fusion Proteins by Flow
Cytometry Analysis. Flow cytometry was used to determine
the specific uptake of ELP-fusion proteins by endothelial cells
(HUVEC) and breast cancer cell lines with moderate (MDA-
MB-231) and high (MDA-MB-435) affinity for VCN. Figure
Sa—c show the cellular uptake of rhodamine-labeled ELPs after
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Figure 5. A192-VCN undergoes receptor-mediated binding in primary
and transformed cell lines. Cell-surface binding was assessed for ELP
constructs incubated with endothelial (HUVEC) and breast cancer cell
lines (MDA-MB-231 and MDA-MB-435). Cells were incubated for 2 h
at 37 °C with 25 yM of rhodamine-labeled A192, A192-VCN, and
A192-RGD. The representative histogram from (a) MDA-MB-231,
(b) MDA-MB-435, and (c¢) HUVEC shows that A192-VCN binds as
well or better than A192 or A192-RGD controls. Dashed lines indicate
untreated cells. (d) The percentage of positive cells undergoing
integrin specific binding were gated with respect to A192 treated cells
(nonspecific control). To confirm that the binding of A192-VCN is
receptor specific, cells were blocked by preincubation for 30 min at 37
°C with (50%) excess with unlabeled free VCN prior to the addition of
rhodamine-labeled A192-VCN. Results are mean + SD, n = 3 (*¥p <
0.0S, ***p < 0.01).

cells were incubated for 2 h at 37 °C. Each cell line showed
minimal nonspecific association with A192; however, A192-
RGD and A192-VCN bind at a much higher level. In each cell
line, A192-VCN exhibits the largest increase in binding. To
quantify this data, the percentage of positive cells that
specifically bind the fusion protein, relative to the nonspecific
binding of the negative control (A192), was gated for each cell
type (Figure Sd). Within each cell type, a differential pattern of
cell binding was observed. When treated with monomeric
A192-RGD, the HUVECs exhibited the highest percentage of
bound cells, followed by the MDA-MB-231 cells and MDA-
MB-43S cells. A one-way ANOVA revealed significant differ-
ences in binding of A192-RGD between all cell groups (p <
0.05). A similar binding pattern was exhibited for A192-VCN.
When comparing between treatment groups in the same cell
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Figure 6. A192-VCN internalizes into a primary endothelial cell culture via a saturable process. Confocal microscopy was used to assess HUVECs
incubated with 25 yM A192, A192-RGD, and A192-VCN labeled with rhodamine for 1 h at 37 °C. A blocking study was also performed by
preincubation with (50X) excess free VCN for 30 min before adding rhodamine-labeled A192-VCN. Cells were fixed with 4% paraformaldehyde and
incubated with Hoescht for nuclear staining.
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line, A192-VCN treated produce a higher percentage of positive
cells than A192-RGD. This difference is significant across all
cell types (p < 0.001). To characterize the specificity of the
A192-VCN for the integrins targeted by free VCN, a blocking
experiment was also performed (Figure Sd). Blocking with
excess VCN reduces the percentage of cells positive for A192-
VCN in all cell lines. Up to 70% inhibition was observed for
both the 231 (p < 0.0001) and 435 (p < 0.0001) cells. Blocking
was slightly less effective in HUVECs; however, the decrease in
cells positive for A192-VCN remained statistically significant (p
< 0.0001).

Internalization and Intracellular Distribution of
Fusion Protein. «, positive endothelial cells are the most
likely candidates for interaction with A192-VCN multimers in
vivo; therefore, confocal laser scanning microscopy was used to
confirm cellular uptake by HUVECs (Figure 6a). In
confirmation of the FACS study, there was minimal binding
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of A192; however, A192-RGD bound efliciently to the cellular
surface. Similar to A192-RGD, A192-VCN had a high level of
association; however, the punctate intracellular distribution
pattern for A192-VCN hints at an enhanced level of cellular
internalization (Figure 6). To confirm that uptake for A192-
VCN was receptor dependent, excess VCN was used to block
integrin-mediated binding. The A192-VCN blocking study
shows nearly complete inhibition of association of A192-VCN
to HUVECs (Figure 6). This suggests that A192-VCN
specifically binds to similar integrins targeted by the parent
disintegrin, VCN, which includes a,f; integrin. Overall, the
results from confocal imaging studies are in agreement with the
results obtained from flow cytometry (Figure S) and confirm
that A192-VCN is internalized into endothelial cells via
heterodimeric integrins targeted by VCN and the RGD peptide
alone.
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Figure 7. microPET imaging reveals that A192-VCN accumulates in an orthotopic model of human breast cancer. **Cu-DOTA-labeled proteins
were administered systemically to mice carrying MDA-MB-231 tumors. Serial imaging was performed, and coronal images centered on the tumor for
VCN, A192, and A192-VCN are depicted between 2 and 48 h post injection. A representative mouse is shown from each group (n = 3/group). Two
major pools of blood are present in the heart (top) and liver (middle). At later time points, the gastrointestinal track (lower) and the bladder
(bottom) enhance in contrast. The tumor locations are indicated by arrows.

Serial microPET Imaging of Fusion Protein Biodis-
tribution. To determine if ELP stabilization has the potential
to shift biodistribution patterns of VCN, the systemic
biodistributions of VCN, A192, and A192-VCN were compared
using microPET imaging (Figure 7). Constructs were followed
for 48 h, a period of time during which the A192-VCN
multimers maintain a stable hydrodynamic radius (Supporting
Information, Figure S2). The macrocyclic chelator DOTA was
used to label recombinant proteins and chelate the positron
emitter, %*Cu. Radiolabeled constructs were administered
intravenously to nude mice bearing an orthotopic breast cancer
model, MDA-MB-231. High levels of activity were observed in
the heart from 2 to 4 h post-injection for A192 and A192-VCN,
which suggests that they remain in circulation (Figures 7 and
8a). The heart and aortic arch contain a relatively large internal
volume containing blood, which makes their intensity correlate
with the blood concentration of the radiolabel. For free VCN,
minimal signal was observed in the heart; furthermore, VCN
signal rapidly accumulated in the bladder. This behavior is
consistent with relatively rapid renal clearance expected for this
small protein (7.1 kDa) as compared to the unmodified A192,
the higher molecular weight ELPs (Table 1). While the heart
signal completely disappears for A192 by 18 h, a significant
heart signal remained for A192-VCN (Figures 7 and 8a).

In addition to slowing clearance of VCN, fusion to A192
produced an apparent enhancement in tumor accumulation
compared to either A192 or VCN alone (Figures 7 and 8g).
A192 was found at low levels in the tumor, consistent with
passive targeting. While some tumor accumulation was
observed for VCN, tumor intensity for A192-VCN was
detected earlier and with greater intensity. These results
suggest active targeting mediated by the VCN domain, which
is facilitated by the large hydrodynamic radius for A192-VCN
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(Figure 2). In addition to tumor and heart accumulation,
significant hepatic and intestinal signal was observed with the
A192-VCN. Despite this intestinal staining, the “*Cu/DOTA
chelation strategy was adequate to visualize the heart, kidneys,
bladder, and tumor, which were quantified using a region of
interest (ROI) biodistribution (Figure 8).

By identifying key tissues through serial microPET imaging,
ROIs were established in each mouse that enabled the
quantification of tissue concentration as a function of time
(Figure 8). ANOVA was used to compare the concentration of
each construct at 4 h. First, the signal from the heart was
evaluated, which can be used as a surrogate measure for the
blood concentration (Figure 8a). The intensity in the heart
suggests that A192 and A192-VCN remained in circulation
after 4 h, but were entirely cleared by 48 h. For VCN,
significantly lower signal was detected in the heart compared to
either A192 (p = 0.002) or A192-VCN (p = 0.03). Minimal
signal was observed in the muscle, where there was a slight
difference between VCN and A192-VCN (p = 0.0283) at 4 h
(Figure 8b).

Having observed that the signal intensity of VCN in the heart
was lower than A192-VCN, the kidney and bladder
concentrations were compared to determine if renal clearance
may be responsible for the difference (Figure 8c). VCN
exhibited the highest kidney uptake, which was significantly
different from A192 (p = 0.0003) and A192-VCN (p = 0.03).
Renal accumulation of VCN occurred rapidly and then declined
during the study. A192 exhibited the lowest kidney
accumulation of all the constructs (Figure 8c). Subsequent
transfer from the kidneys to the bladder was observed (Figure
8d). The bladder accumulation of A192 was significantly less
than that for VCN (p 0.003). The different observed
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Figure 8. Fusion between A192 and the VCN disintegrin shifts the pattern of systemic biodistribution. “Cu-DOTA-labeled proteins (VCN, A192,
and A192-VCN) were administered to athymic nude mice implanted with MDA-MB-231 tumors (n = 3). Serial images were quantified within the
(a) heart, (b) muscle, (c) kidneys, (d) bladder, (e) liver, (f) intestine, (g) tumor, and (h) brain expressed as %ID/g calculated from ROI image

analysis. Values indicate the mean +95%CIL

intensities in the kidney are consistent with a reduction in renal
clearance for VCN.

The most evident difference between A192-VCN and either
A192 or VCN alone was the significant accumulation in the
liver and intestines. The liver accumulation of A192 was not as
high as the other constructs (Figure 8¢). While the liver showed
significantly higher uptake of A192-VCN at 4 h compared to
A192 (p = 0.03) and VCN (p = 0.007), it subsequently
decreased in intensity at 18 and 24 h. Simultaneously, signal
from A192-VCN appeared in the intestinal tract (Figure 8f).
This suggested that the %Cu/DOTA chelate (and its metabolic
products) may undergo biliary excretion into the gastro-
intestinal tract.

Having demonstrated significant biodistribution effects
relating to renal and hepatic clearance, the net effect on
intratumoral accumulation was characterized (Figure 8g).
Minimal tumor signal was observed for VCN up until 4 h,
with a slight increase in signal at 18 and 48 h post-injection. For
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A192-VCN, a steady increase in accumulation was observed
until 18 h post-injection, where it achieved 4.1% ID/g. All other
tissues evaluated showed negligible uptake (Figure 8h). In
summary, this biodistribution data shows that appending VCN
to a macromolecular carrier may reduce renal clearance and
favor hepatic clearance; however, the instability of the *Cu/
DOTA signal upon hepatic uptake made it challenging to
characterize the specificity of A92-VCN for intratumoral
uptake.

A192-VCN Uptake Occurs by a Receptor-Mediated
Process. Having characterized the serial biodistribution of the
fusion protein, we explored the possibility that intratumoral
(and systemic) accumulation is due to a saturable process, such
as is expected for VCN-mediated binding to vascular integrins.
To facilitate this study, an alternative chelating agent
(AmBaSar) was used to carry the **Cu radioisotope, which
has improved stability in vivo.>® Representative images of
tumor bearing mice with and without a preblocking injection of
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unlabeled A192-VCN clearly show reduced signal of the
gastrointestinal tract (Figure 9a) compared to the **Cu/DOTA
study (Figure 7). Accumulation in all tissues including the
tumor at 4 h was reduced significantly reduced (p = 0.003) by
blocking, which indicates that accumulation of A192-VCN is via
a saturable process, which may be due to integrin binding
specificity (Figure 9b). The uptake of radiolabeled fusion
protein in other organs was also reduced, which has been
observed for other RGD-mediated tracers.’” This is in
agreement with published results, as it has been reported that
a,f; integrin imaging probes demonstrate low but blockable
uptake in normal tissues.

B DISCUSSION

As reported previously, the VCN disintegrin halts the growth of
solid tumors through high affinity to and specific disruption of
intratumoral integrins.'® An obstacle to their clinical develop-
ment, disintegrins are small peptides (7.1 kDa), which are
below the renal filtration cutoff. As demonstrated by microPET
imaging (Figure 7), VCN achieves only a moderate target-to-
background ratio. This may be because rapid renal clearance
minimizes the exposure of VCN to target tumor-associated
vascular integrins. As confirmed in this report, free VCN is
rapidly cleared from the blood to the kidney and bladder, which
suggests efficient renal clearance (Figure 8). To address this
problem, genetic engineering was used to append VCN to a
73.6 kDa protein polymer called A192. In a previous study
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comparing a lower molecular weight (37.0 kDa) protein
polymer to A192, A192 had reduced renal clearance by 10-
fold.** Most surprising is the discovery that these fusion
proteins form a significant population of multimers that appear
to be cross-linked by the cysteine-rich disintegrin domain. We
postulate that intermolecular disulfides and also noncovalent
intermolecular pairing between the disintegrin may drive their
assembly; however, additional studies into the structure of these
multimers are needed to investigate the nature of this assembly
process.

Many classes of macromolecules with an appropriate
hydrodynamic radius, resistance to opsonization, and long-
elimination half-life accumulate in tumors via passive
accumulation. For example, liposomes®® and polymeric
micelles® accumulate readily with or without target-mediated
ligands; however, the question of whether uptake is specific for
the intended target is not always addressed. Heneweer et al.*’
proposed that, to demonstrate target-mediated specificity, the
intratumoral intensity should exceed the value observed for a
nontargeted analogue and that this accumulation should
respond to competition for the intended target. Thus, we
have used both in vitro and in vivo methods to test both of
these criteria for A192-VCN. The fusion protein containing the
disintegrin sequence is potent at displacing echistatin from cell-
surface a,f; integrins (Figure 4). Furthermore, it binds
specifically to MD-MBA-435, MD-MBA-231, and HUVEC
and can be competed off by free VCN (Figure S). Upon cell-
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binding, A192-VCN displays remarkably different cytoplasmic
staining patterns (Figure 6), which suggests that the fusion
protein potentiates the internalization and loss of cell-surface
integrin targets. Also, their intratumoral internalization can be
saturated by excess treatment with unlabeled A192-VCN
(Figure 9). Based on these observations, it may now be
possible to engineer ELP disintegrin multimers that respond to
clinical hyperthermia.*' In addition, A192-VCN may now be
explored as a biodegradable multimeric platform for the
delivery of payloads, including radiological, chemotherapeutic,
or protein-based agents.

B CONCLUSIONS

This manuscript describes a unique disintegrin-polymer fusion
that maintains specificity for the disintegrin’s target in vitro and
in vivo. Uptake occurs by a saturable process via specific
attachment and internalization to heterodimeric integrin
receptors located at the surface of both endothelial and cancer
cells, as well as tumor neovasculature. With continued
development, these fusion proteins may be useful carriers for
therapeutic and imaging agents.

B ASSOCIATED CONTENT

© Supporting Information

Characterization of the integrin expression levels and VCN
binding of HUVEC, MDA-MB-435, and MDA-MB-231 cells
(Figure S1), as well as stability of A192-VCN multimers
(Figure S2). This material is available free of charge via the
Internet at http://pubs.acs.org.
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