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Abstract

Atherosclerosis is a leading cause of death in the U.S. Because there is a potential to prevent coronary
and arterial diseases through early diagnosis, there is a need for methods to image arteries in the sub-
clinical stage as well as clinical stage using various non-invasive techniques, including Magnetic
Resonance Imaging (MRI). We describe a development of a novel MRI contrast agent targeted to
plaques that will allow imaging of lesion formation. The contrast agent is directed to macrophages,
one of the earliest components of developing plaques. Macrophages are labeled through the
macrophage scavenger receptor A, a macrophage specific cell surface protein, using an MRI contrast
agent derived from scavenger receptor ligands. We have synthesized and characterized these contrast
agents with a range of relaxivities. In vitro studies show that the targeted contrast agent accumulates
in macrophages and solution studies indicate that micromolar concentrations are sufficient to produce
contrast in an MR image. Cell toxicity and initial biodistribution studies indicate low toxicity, no
detectable retention in normal blood vessels, and rapid clearance from blood. The promising
performance of this contrast agent targeted towards vascular inflammation opens doors to tracking
of other inflammatory diseases such as tumor immunotherapy and transplant acceptance using MRI.
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Introduction

Atherosclerosis-related diseases are a leading cause of death and impairment in the United
States. According to the American Heart Association cardiovascular disease affects over 70
million people and was the cause of 38.0 percent of all deaths in 2002. Over half of these deaths
were due to coronary disease, which is primarily diagnosed by x-ray angiography. Researchers
are investigating use of MRI angiography as a nonionizing alternative.(1,2) Non-targeted
roentgen graphic visualization of the blood vessels after injection of a radioopaque substance,
or MR angiogram with blood pool contrast agents can reveal only the vessel lumen and
silhouette of lesions that impinge upon the lumen.(3) The appreciation that a considerable
atherosclerosis burden, including plaques vulnerable to rupture or susceptible to erosion, can
be accommodated in the vessel wall without impingement on the lumen has lead to a new
imperative for direct plaque imaging.(4) In fact, 4-16% of patients suffer from “silent” lesions
that do not restrict blood flow but are still vulnerable to rupture(5).

One of the earliest cellular components of plaques are macrophage(6). Macrophages are
attracted to lesions where they take up and accumulate oxidized and other modified low density
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lipoproteins (LDLs) from the bloodstream. Over time they become filled with lipid-laden
droplets so as to appear foamy under microscope, and they are then termed “foam cells”.(2)
The formation of foam cells is a key event in atherogenesis and the massive uptake of modified
LDLs by macrophages is believed to be mediated by scavenger receptors.(7,8) The scavenger
receptors are a diverse family of receptors, one of the best studied has been the class A receptor
(9-11). SR-A is primarily expressed by mature macrophages, including Kupffer cells, and
alveolar, splenic and some other tissue macrophages. Class A scavenger receptors are present
in high numbers on macrophages, and in vessel lumens are unique to macrophages—they are
not expressed by endothelial cells lining normal vessels.(12,13) SR-A is expressed on the
endothelial lining of the liver, adrenal sinusoids and on the high endothelial cells of the post-
capillary venules in the lymph nodes; but, immunohistochemical staining analysis could not
detect SR-A expression in the aortic endothelium of cows, mice and humans.(13) SR-A are
strongly localized in the cap and interiorly in lesions at all stages(14,15). This makes the
receptors an attractive target for a diagnostic or therapeutic agent.

SR-A has broad ligand specificity for a diverse array of polyanionic macromolecules, such as
maleylated BSA, oxidized LDL, malondialdehyde modified LDL and polyinosinic acid.(7,
16-20) Recognition is not dependent upon specific amino acid sequence or carbohydrate
structures. Because of their role in inflammation, SR-A receptors are not down regulated with
ligand concentration, mediate very efficient and rapid internalization of bound ligand, and
repeatedly recycle through the endosomal compartment(21,22)- illustrating desirable traits as
targets for labeling. Potentially efficient delivery of the contrast agent to these plaque sites is
also suggested by the significantly increased vascular permeability in the sites of plaque
inflammation and relatively small size of the maleylated BSA macromolecule (8nM(23)). We
here describe the synthesis and characterization of MRI contrast agents based on scavenger
receptor ligands conjugated to multiple Gd-DOTA groups. The ligand maleylated BSA was
selected due to its strong affinity and specificity for the SR-A receptor.(20,24,25) The results
presented here demonstrate targeting of macrophages in culture using the contrast agents, low
toxicity on cells, and negligible labeling of normal arteries.

Experimental Procedures
Synthesis of mal-BSA (Gd-DOTA),

Covalent linkage coupling of Protein to p-isothiocyanatobenzyl-1,4,7,10-
tetraazacyclododecane-1,4,7,10-tetraacetic acid (p-SCN-Bz-DOTA) follows closely as
described in Mirzadeh et al.(26). A typical preparation proceeded as follows: a suspension of
bovine serum albumin (10mg/ml solution, Acros Organics, Belgium, distributed by Fisher
Scientific) was dissolved in 16ml of 0.1mM of sodium bicarbonate (pH 8.5). To this albumin
solution a 60 molar excess of p-SCN-Bz-DOTA - 4HCI (20mg/ml, Macrocyclics, TX)
suspended in DMSO was added in 100pl to 200pl aliquots with rapid stirring at room
temperature. The pH was monitored continuously during the additions and adjusted by drop
wise addition of 1M sodium bicarbonate (pH 9.0). Once the reaction had reached completion,
as shown by no further change in pH, the mixture was stirred an additional 36h at room
temperature, yielding 18 DOTA per BSA molecule. An aliquot was removed, exhaustively
dialyzed in ddH,O and lypophilized for analysis by ionized matrix assisted laser desorption
ionization mass spectrometry (MALDI-MS). The same 36 hr incubation with decreasing
DOTA:BSA ratios (45:1, 30:1, 15:1) yielded 15, 10 and 5 DOTA per BSA respectively. In
addition, increasing incubation time to 47h for the 60:1 synthesis resulted in 22 DOTA per
BSA. The remaining solution was dialyzed in 50,000 MW pore bags (SpectraPor 6) for 12
hours, in 0.1M of sodium bicarbonate (pH 8.5) at 4°C and then maleylated following the method
of Butler and Hartley(27). Maleyl groups were incorporated into the BSA molecule using the
remaining free lysyl amines. The reaction of maleic anhydride with amines is competitive with
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hydrolysis of the reagent in water, therefore 600 molar excess of solid maleic anhydride was
added in small quantities to the buffered well stirred BSA (Gd-DOTA), protein solution. The
pH was monitored continuously and adjusted by the addition of solid sodium carbonate.
Reaction was complete when no further acid is liberated and the maleylated protein was
recovered by dialysis. An aliquot of product was removed for analysis by MALDI-MS.
Typically this yielded maximal coverage of maleic blocking groups on the protein molecule
in excess of the 37 groups needed for its activation as a recognized ligand.

The resulting solution was dialyzed in 50,000 MW pore bags and exchanged to 0.1M of sodium
citrate (pH 6.6) no more than 9 hours at 4°C, with minimum of 4 changes of buffer. The dialyzed
maleylated albumin-DOTA solution was then treated with 1.2 molar excess (Gd:DOTA) of
gadolinium chloride solution added drop wise while stirred. The pH was maintained between
6.6 and 7.0 using aliquots of 1M sodium citrate. After pH was stabilized, the sample was stirred
for an additional 24 hours at room temperature. The mal-BSA (Gd-DOTA),, complex was
purified by an exhaustive dialysis (SpectraPor 6) at 4°C with minimally six changes of
ddH,0 water within a 36 hour period at 4°C. The purified solution of mal-BSA (Gd-
DOTA), was then lyophilized and stored, dessicated, at 4°C. Gadolinium content was
determined using ICP-MS. We have found that similar results can be obtained by purification
using standard desalting columns (Bio-Rad, Dallas TX) rather than dialysis, with less loss of
product. The protein solution then is decanted and desalted.

Synthesis of FITC-mal-BSA

BSA was maleylated by the method of Butler and Hartley(27), desalted to remove unreacted
maleic anhydride, then lyophilized. The product was resuspended in PBS, pH 7.4. Extent of
acylation of the protein amino groups was determined using o-phthalaldehyde (OPA)
fluorescent protein assay according to a method modified from Roth.(28,29) FITC labeling
followed a modified protocol from Molecular Probes. Due to differential accessibility of
lysines on the BSA molecule and the increased blocking of free amines by maleyl groups,
fluorescent labeling required increasing stoichiometric ratios of FITC to mal-BSA with higher
degree of maleylation. Therefore FITC:protein ratios of 2:1, 5:1, 10:1, 20:1 and 30:1 were
employed for BSA maleylated at 0%, 8-20.5%, 29-69%, 82%, and 89%, respectively. Briefly,
FITC (10mg/ml in DMSOQ) was added to mal-BSA in small aliquots over the course of 1 hour
at room temperature while stirred. The pH was maintained at 8.5 using aliquots of fresh 1M
sodium bicarbonate solution. After completion of the reaction as indicated by no further
changes in pH, unreacted FITC was removed using a standard desalting column. Absorbance
spectroscopy against a BSA standard was used to determine the protein concentration and
fluorophore:protein ratio, using 68000cm2M-1 as the molar extinction coefficient of the dye
at pH 8.0 at 494nm. Resulting fluorophore to protein ratios (f/p) were as follows: 1.14 for BSA,
1.85 for 8% maleylated, 1.09 for 20.5% maleylated, 1.15 for 29% maleylated, 1.24 for 43%
maleylated,1.04 for 54% maleylated,1.57 for 69% maleylated, and 1.34 for 89% maleylated.

Mass spectrometry

ICP-MS

Mass Spectrometery (Finnigan LCQ Deca XP Plus lon Trap Mass Spectrometer) was used to
identify the proportion of chelates to maleyl groups conjugated to the protein molecule, and to
determine final molecular weight of the contrast agent. Samples were ionized by matrix assisted
laser desorption ionization (MALDI) and the resulting ions analyzed by a mass analyzer hybrid
of quadrupole and time of flight (TOF). Serum albumin, which is characterized by a broad,

low intensity peak susceptible to noise, reduces the method accuracy to an estimated +/-500Da.

To verify the incorporation of gadolinium to DOTA chelators and purification success,
inductively coupled plasma mass spectrometry (ICP-MS) was utilized for analysis of
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gadolinium content. Quadrupole ICP-MS (Agilent Technologies 7500a) is capable of
analyzing a large number of elements with detection sensitivity at the ppb-ppt level. Samples
were prepared in 10ml vials of 3% nitric acid. All samples were prepared in triplicate. Indium
solution was spiked into all solutions (i.e. calibration standards and samples) as an internal
standard in order to correct instrumental drift during analysis. Isotopes 1°/Gd and 11%In were
used for determination.

Magnetic Resonance Measurements

Cell Studies

Relaxivity at 0.6T—Relaxivity data was measured using a GE-NMR CSI-2 system with a
Tecmag console and a 450mm clear bore horizontal magnet operating at 0.6T. Experiments
were performed at room environment (25°C). A typical 180° pulse was 15us and the
reproducibility of the T1 data was within 3%. Spin-lattice relaxation times were measured using
an inversion recovery technique with least-squares fitting applied to the semilog representation
of 10to 12 inversion times ranging from 50 to 3000ms in an exponential fashion. In all samples,
the region of interest was evaluated for a 100ul NMR tube volume containing contrast agent,
typically ranged between 0.1mM to 1mM gadolinium, dissolved in distilled, deionized water,
pH 7.0 (Gibco, Ultra Pure).

Imaging and Relaxivity at 7T—Relaxivity and MR cell studies were also performed using
Bruker Avance Biospec system (Billericia, MA) equipped with a 95mT/m max gradient set
and 72mm ID coil operating at 300MHz, at ambient temperature (25°C). MR measurements
were carried out using freshly harvested lysed cells in suspensions of distilled water. Imaging
was performed with a Tq-weighted saturation recovery sequence with differing repetition
times, an echo delay time of 16ms and a flip angle of 90° was used for imaging. The T, effects
are minimized through the use of a short TE. In all experiments, the FOV was 6cm x 6¢cm,
matrix size was 256 x 256 and slice thickness was 1mm. From the images a Ty map was
calculated using Paravision System software.

Agents were prepared as described and employed in cell assays. All agents used for cell studies
were 60% maleylated unless otherwise noted and number of gadolinium per molecule of agent
is indicated by the subscript ‘n’ in (Gd-DOTA),. Although the gadolinium content for the
probes used may differ from figure to figure, all controls were matched to the gadolinium
content of the experiment group, so the data are self consistent.

Dependence of cellular uptake on degree of maleylation

P388 D1 cells (ATCC.com) were maintained in RPMI 1640 supplemented with L-Glutamine
and 10% fetal bovine serum (FBS). For the uptake experiments cells at 70-80% confluency in
35 well dishes were incubated with 100pg/ml FITC-mal-BSA in medium supplemented with
lipid deprived protein serum (LPDS) for 1 hour at 37°C. Lipid protein deprived bovine serum
(LPDS) was substituted for fetal bovine serum to remove competing modified lipoproteins
(e.g. oxidized LDL) and maximize the cell's SR-A receptor expression during experimentation.
All samples were prepared in triplicate unless otherwise noted. After incubation cells are
washed three times with PBS and placed in warmed PBS for confocal imaging. Cells dishes
were imaged using a BioRad upright confocal microscope.

Cellular uptake

P388D1 cells on 48 well plates were incubated with increasing concentrations of mal-BSA
(Gd-DOTA), where n = 10 or 15 for one hour. After incubation the wells were washed twice
and then cells were lysed by addition of ddH,0 and imaged by MRI at 7T. Typical preparations
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consisted for 3 x 10 cells lysed in 150pl water. Gd content for each well was assessed by ICP-
MS.

Specificity of Uptake

To verify that uptake was specific, cells were incubated with either mal-BSA or control of BSA
labeled with Gd-DOTA. BSA is not recognized by the scavenger receptor. The mal-BSA and
BSA agents used here were prepared as matched pair, with synthesis proceeding through the
addition of Gd-DOTA, and then splitting the product to two samples, one of which was
subjected to maleylation (for mal-BSA). Equal Gd-DOTA load was confirmed by mass spec
and ICP-MS. Cells were incubated for one hour at 37°C and then washed twice and lysed for
imaging as described above.

To verify that cellular uptake was receptor specific, competition experiments were conducted
and characterized by MRI and ICP-MS. Cells in 48 well plates were incubated with 200uM
contrast agent (n = 22) in the presence of unlabeled maleylated BSA (mal-BSA) or BSA as
controlin0, 0.1, 1, 10, and 20 fold excess concentrations. BSA was used as non-targeted control
in a separate set of wells.

Cytotoxicity Studies

MTT Assay

Cell Culture—Mouse fibroblast 3T3 cells were cultured as a monolayer in high glucose
DMEM (Cellgro) and supplemented with 10% calf bovine serum (v/v) and 5mM L-Glutamine.
Exponentially growing cultures were maintained in a humidified atmosphere of 5% CO, at
37°C.

The MTT assay performed in this study was a modification of the procedure described by
Carmichael(30). Increasing numbers of 3T3 cells from 780 to 100,000 cells/well were plated
in a 96-well plate. The MTT assay was performed after a 24-hour adhesion time. Cytotoxicity
was then assessed for mal-BSA (Gd-DOTA)15 and chlorpromazine, for comparison. The
assays were carried out in parallel and in triplicate. Cells were counted and plated evenly in a
96-well plate. After a 24-hour adhesion time, varying concentrations of mal-BSA (Gd-
DOTA)45 (0, 45, 90, 225 and 445uM) or chlorpromazine (0, 10, 25, 50 and 100uM) were
placed on the cells. After a 4- and 24-hour agent exposure time at 37°C the MTT assay was
performed. After the appropriate incubation times, media was removed from the wells, replaced
with 100ul of fresh media containing 1.0mM MTT (Invitrogen), and incubated for 3 hours at
37°C. To dissolve the insoluble MTT formazan crystals, 75ul of media was removed and
50ul of dimethyl sulfoxide (DMSQ) was added to the wells. The plate was incubated at 37°C
for an additional 10 minutes. Well solutions were mixed thoroughly just before absorbance
measurement with a Tecan Safire? UV/Vis spectrophotometer. Triplicate assays were
performed at all drug concentrations. Chlorpromazine was obtained from MP Biomedicals Inc.
Mal-BSA (Gd-DOTA);5 was synthesized in the lab as previously described. To determine the
relationship of cell number to MTT formazan crystal formation, a preliminary test of the MTT
assay was performed as well.

Bio-distribution studies

In order to determine in vivo accumulation sites of the agent and to study the blood clearance
dynamics mal-BSA (Gd-DOTA);5 was labeled with a positron emitter, i.e.54Cu (T, = 12.7h:
B*: 0.653MeV, 17.4%; B~: 0.578MeV, 39%), and bio-distribution studies on rats were
performed by positron emission tomography (PET).

Bioconjug Chem. Author manuscript; available in PMC 2008 September 29.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Gustafsson et al.

Page 6

Under isoflorane anaesthesia three male rats (Sprague-Dawley and Fisher), ~200-230g, were
injected via the tail vein with 889, 1045 and 816Ci respectively of the 84Cu-labeled compound
in 0.3ml PBS buffer followed by a 0.5ml saline flush. Blood samples were drawn at five
approximate time points between 2 and 200min post-injection and activity was measured. At
1, 4,24 and 48h post-injection the animals were scanned on a MicroPET Il (developed at UCD)
or a Siemens Preclinical Imaging Focus 120. An 18FDG calibration scan was also performed
in order to determine the absolute values of the radioactive dose in affected organs. At 2, 15,
33, 60 and 200 minutes post injection blood samples (mass between 0.013-0.089g) were
collected via tail nicking and activity counted by a Perkin-Elmer Wizard 1470 Automatic
Gamma Counter with an energy window setting of 425-640keV. The raw data is acquired and
the unreconstructed images produced by the software MicroPET Manager 2.2.4.0 (MPM)
(Concorde Microsystems Inc. (now Siemens Preclinical Solutions)). The emission images
(128x128x%359; pixel size 0.60mm) were then iteratively MAP reconstructed (field of view
3.85cm) using the MPM plus the MicroPET MAP Files 1.0.3.0. For analysis of the images
ASIPro 6.0.5.0 was used.

Synthesis of $4Cu-labeled mal-BSA (Gd-DOTA);5

A typical procedure incorporated 1mCi of activity to 0.1mM of contrast agent: the mal-BSA
(Gd-DOTA)15 and required amount of 84Cu2*-solution was dissolved in 0.25M NH4OAc (pH
7) separately. The solutions were added together and incubated at 40°C for 30min. The resulting
solution was then purified according to Penefsky(31).

Results and Discussion

There are theoretically 60 free amines on BSA through which Gd-DOTA could be conjugated:;
however some fraction of these must be occupied by maleyl groups for recognition by the
scavenger receptor. The number of maleyl groups incorporated, however, must be balanced
with the number of Gd-DOTA that must be attached to achieve significant contrast
enhancement. To evaluate the minimum number of maleyl groups to satisfy receptor
recognition we synthesized a series of mal-BSA molecules with varying degrees of
maleylation. Significant conformation changes with maleylation are believed to facilitate
access to lysines that are buried in unmodified BSA.(32) These molecules were also tagged
with FITC and applied to macrophages in culture to assess uptake. As shown in Figure 1 optimal
uptake is achieved with greater than 80% of the free amines modified by maleyl groups. Figure
1 present confocal images for cells incubated for one hour with mal-BSA from 0 to 89%
maleylation carrying ~1 FITC per molecule. Confocal images were obtained on a BioRad
system using 488nm excitation. Significant increases in fluorescence intensity are observed as
the degree of maleylation is increased, indicating increased uptake. Although optimal at 80%
maleylation, cellular internalization is still significant for 40-80% maleylated molecules. These
results are consistent with previous studies performed using radiolabeled ligands.(33) In a study
with rat endothelial sinusoidal liver cells, SRA uptake activity correlated with different degrees
of BSA modification labeled with 1251(33). Scavenger receptor mediated endocytosis (uptake)
of maleylated BSA indicated that 60% maleylation, or >37 lysyl amino residues, sharply
increased ligand activity. Radioligand data supported that all lysyl amino groups are accessible
for maleylation or DOTA conjugation. Based on the results of Figure 1, subsequent labeling
with Gd-DOTA was performed on 60% maleylated BSA in order to maximize the number of
free-amines for Gd-DOTA conjugation. At 60% maleylation, there should be up to 24 available
free amines for conjugation of Gd-DOTA groups.

Additions of increasing numbers of DOTA groups to mal-BSA (Gd-DOTA), increased the
number of paramagnetic centers, improving the relaxivity of the contrast agent as shown in
Table 1. Observed relaxivities for the mal-BSA contrast agents are summarized in Table 1.
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Incorporation of DOTA groups was verified by mass spectrometry and Gd content was
analyzed by ICP-MS. Close agreement between the DOTA:BSA ratio, determined by mass
spec, and Gd:BSA ratio, determined by ICP-MS, suggests formation of the Gd:DOTA chelate
with no non-specific binding to the protein despite reported affinity sites for gadolinium on the
BSA molecule.(34) Relaxivity of Mal-BSA(GdDOTA) increases with increasing Gd-DOTA
per molecule then plateaus at >15 Gd/molecule, attaining a maximum of 33mM-1s1. The
relaxivity values are comparable to those for literature reported and commercial agents such
as isothiocyanato-benzyl-diethylenetriamine-pentaacetic acid (ITCB-DTPA-Gd) albumin
(30.3mM-1s"1 at 29Mhz, 24°C)(35), and MS-325, a Gd chelate that reversibly and non-
covalently binds native albumin with relaxivity at maximum loading of albumin equal to
33mM-1s' and relaxivity under in vivo conditions of 17.3mM-1s-1,(36) Relaxivities for Mal-
BSA(GADOTA)s15 are significantly higher than those reported for a related albumin-(Gd-
DTPA)19 (14.9mM-1s1 at 10.7Mhz, 37°C)(37) or for Magnevist, a small molecule gadolinium
chelate (3.4mM-1s-1 at 42MHz, 37°C). The reported values for the aloumin compounds were
obtained a slightly higher temperature and with different field strength instruments, so the
values are not directly translatable. However, these results show that the relaxivities for the
prepared agents are on the order or better than expected values. Ry values are also improved
over free Gd-DOTA preparations such as Magnevist. Conjugation of Gd-DOTA to larger
molecules is known to increase relaxivity by reducing rotational correlation time.(38) This has
been observed for lipophilic Gd-DOTP and Gd-DOTA complexes that bind to albumin(39,
40), as well as for other Gd-DOTA conjugates(41,42).

MR images of solutions of the contrast agent at 7T demonstrated that these levels of labeling
with Gd-DOTA were sufficient to affect contrast at physiologically reasonable concentrations.
As shown in Figure 2 contrast was increased in a concentration dependent manner by the Gd-
DOTA conjugates, with greater enhancement by more heavily labeled molecules. Figure 2
presents mal-BSA that has been conjugated to 18 or 10 Gd-DOTA, greater contrast is seen
with 18 attached Gd-DOTA for top row of solutions, as expected. For the 18 Gd-DOTA
molecule, significant contrast enhancement is seen for concentrations greater than 50uM.

Uptake by cells was assessed on P388D1 macrophages in culture. Cells were incubated with
15 and 10 Gd-DOTA labeled mal-BSA for one hour and then lysed for MR imaging. As shown
in Figure 3 macrophages show increasing contrast in an MRI image with increasing
concentration of the Gd-DOTA labeled compounds. Incubation with greater than 50uM of
either labeled agent was sufficient to produce observable contrast in the MR image. Results
from ICP-MS indicate that femtomoles of gadolinium could be found inside a cell after one
hour incubation.

That uptake by cells is specific was confirmed by incubating cells with mal-BSA carrying 22
Gd-DOTA, or with a Gd-DOTA matched BSA control. These control molecules were prepared
from the same batch of Gd-DOTA labeled BSA but were not maleylated for scavenger receptor
recognition. Images at 7T, Figure 4, from incubated cells show that there is no uptake of the
BSA compound (bottom row) while the maleylated partner is taken up in a concentration
dependent manner (top row). Specificity of uptake was further confirmed by competition
studies in which cells were incubated with a fixed concentration of mal-BSA (Gd-DOTA)15
and increasing excess of unlabeled mal-BSA. If uptake were receptor mediated the excess
unlabeled ligand should compete away uptake. Nonspecific uptake is strictly concentration
dependent and would not be affected by additional ligands in the solution. Receptor mediated
uptake is confirmed by the results seen in Figure 5, increasing amounts from 0-20 fold excess
competitor reduce uptake as expected for a receptor-mediated process.

One of the primary concerns regarding the use of biomolecules labeled with gadolinium
chelates as contrast agents is whether sufficient amounts of gadolinium can be accumulated in
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sites of interest to be visible on an MR image.(43) The final amount of contrast agent required
to produce sufficient contrast in an MRI scan depends on a host of factors including the precise
pulse sequence and parameters used for acquisition.(2,23) Nevertheless, this issue has been
studied by anumber of investigators and estimations can be made. One of the earliest theoretical
models for the minimum amount of Gd(I11) complex, of a given relaxivity, to produce
detectable contrast enhancement was tested against microinjections of Gd(I11) in to Xenopus
eggs(44). These trials established that measurable contrast was visualized when the
concentration of agent in the egg is on the order of 10-100uM (at 500MHz). The Xenopus
embryo system is unique, and while similar to some types of human tissue, the eggs are quite
fatty and are different from many tissues of interest in mammals. More recent empirical results
at 7T have shown that for contrast agents with relaxivities in the range of 5-7mM-1s-1 the
minimum amount of Gd(111) to produce contrast is on the order of 2 x 10% molecules per cell;
while for an agent with relaxivity on the order of 80mM-1s"1 (20MHz) contrast is observed for
concentrations on the order of 4 x 107 Gd(I11) per cell(45). These observations were made
using apoferritin as a carrier for the Gd(I11), which is taken up by receptors found on the cell
surface at a density of 4 x 104 per cell, Kd = 1nM.

Relaxivities are also field dependent. NMRD curves for Gd-DOTA show that relaxivity does
not change much up to about 2MHz and then begins to fall off rapidly, so the relaxivity at
typical clinical field strengths (1.5-3T) should actually be a bit higher than that observed on
typical research instruments (4.7-11.7T)(40). Thus, the amount of Gd-DOTA required would
be less at lower field strengths. We estimated that the relaxivity for our multi-labeled mal-BSA
molecules would be similar to that observed for Gd-labeled albumin (26:1 Gd:albumin) =
192mM-1s1 (per mM agent) at 4.7T(46). At 1.5T this value would be higher. With this estimate
of relaxivity, based on the criteria just described, the amount of Gd(l11) required to produce
contrast at 1.5T should be less than 4 x 107 molecules per cell.

The scavenger receptor is a high affinity (pM-nM, depending upon ligand) receptor present in
high numbers on macrophages, on the order of 5 x 10° receptors per cell | P388D1.(18,25,
47,48) Thus, ~20-80 Gd(l11) must be taken up per receptor during the course of incubation
(depending on cell type used) to reach the concentrations required per cell. Scavenger receptors
uptake and process modified lipoproteins through a classic coated pit pathway, similar to the
LDL pathway, wherein the receptor takes up ligand, brings ligand into the cell, dissociates
from the ligand, and recycles back to the surface in a highly efficient manner. The scavenger
receptor has an estimated t;/, for internalization of the ligand-receptor complex of 2.8-4min
(22). Recycling of receptors in the scavenger receptor pathway has not been fully characterized;
but in the LDL pathway receptors recycle on the order of 10 minutes(49-51). If this is similar
for the scavenger receptor pathway then 500,000 receptors can uptake ~3 x 10° ligands per
hour. Based on the values given above, this would be sufficient for contrast with 13:1 Gd:ligand
complex and one hour incubation. As our results show, modification with ten and greater Gd-
DOTA per mal-BSA was sufficient to produce contrast with micromolar applications to cells.
Moreover, the cell densities used for these studies is on the order of that found for macrophages
in isolated human plaques, indicating that these imaging results will be applicable to the in
vivo case.(52-56)

There are number of examples in the literature of efficient cellular uptake of Gd(111) complexes
using Gd-DOTA derived molecules(57-60). More recent efforts have sought to maximize the
load of Gd delivered per receptor by tethering carrier molecules to dendridic polymers
containing high numbers of Gd(111)(61), uptake through the folate receptor has been
demonstrated by this means as has avidin-biotin antibody-based targeting(59,62,63). Again,
definitive measurement of the amount of Gd required to produce contrast depends upon the
imaging parameters employed and these must also be evaluated when testing the new contrast
agents. But on the basis of the approximate calculations shown here, and these similar studies
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in the literature, we predicted that MRI contrast could be achieved for the scavenger receptor
system using feasible ratios of Gd:ligand and this was confirmed by the results reported here.

Recent literature has investigated MRI contrast agents targeted to other molecular markers in
plaque, but these tend to be geared for imaging of more advanced stages of disease. For
example, 5-HT-DOTA(Gd) targets myeloperoxidase (MPO), a heme-containing enzyme
secreted by a number of neutrophils, for selective imaging of MPO activity in a model system
(64). Myeloperoxidase secretion has been correlated with plaque instability. The described
agent is a serotonin derivative of Gd-DOTA that polymerizes after oxidation by
myeloperoxidase-catalyzed reduction of hydrogen peroxide. Polymerization resulted in
increased relaxivity attributed to decrease in rotational correlation time and demonstrated
contrast enhancement in presence of at least 650U of enzyme. This agent is geared toward
more advanced plaques that would have significant secretion of MPO and may be vulnerable
to rupture. Other examples in the literature describe the use of Gd-DTPA labeled fibrin binding
peptides to label thrombi in animal models(65,66). Each agent carries four gadolinium chelates
and binds to mural thrombi, rather than atherosclerotic plaque. Thrombosis occurs after plaque
rupture and these agents are designed to aid in guiding thrombolytic therapy.

Fewer reports describe MRI agents able to detect earlier stages of disease. One example is low
density lipoprotein (LDL) complexed with manganese-mesoporphyrin (MnMeso)(67). These
agents are also targeted to macrophages in that the modified LDL was demonstrated to be taken
up by foam cell cultures. However, the MnMeso is not covalently bound to the lipoprotein,
and therefore may transfer off LDL to other plasma proteins and lipoproteins. In addition, there
is concern about possible cardiotoxicity and accumulation of Mn?* agents in the brain after
intravenous injection(68,69). Dextran coated iron oxide nanoparticles have also been observed
to be taken up by macrophages in plaques, due to the phagocytic nature of the cells to engulf
particles(70). However these rely on nonspecific uptake of the nanoparticles, which an
inefficient process, outside of the liver, and the agent must be delivered in several fold excess
of standard clinical doses in order to accumulate enough contrast agent in the plaque after
clearance through by renal system.

A possible limitation to administering mal-BSA (Gd-DOTA)n in a clinical setting is possible
humoral immune response to this macrocyclic chelated agent.(71,72) By targeting
macrophages, we are in effect aiming for increased recognition by these immune cells.
However, our aim is for internalization of mal-BSA and removal from blood without negative
systemic effects. Studies on methods to increase immunogenicity of antigens for vaccine
development have examined maleylation(21). In those studies, immunogenicity, i.e. uptake by
macrophages, of maleylated antigens was increased compared to unmodified antigens upon
repeated injections in mice without adjuvants present(21). Upon repeated exposure, animals
exposed to mal-BSA shows higher serum anti-immunogen antibody concentration than those
exposed to BSA. In addition, maleylation disrupts native B cell epitopes on the antigens, for
example, maleylated diphtheria toxoid (DT) is not recognized by antibodies to native DT. New
epitopes seem to created that can cross-react between various maleylated proteins regardless
of amino acid sequence. It is likely then that the epitopes are purely maleylation dependent.
While mice produced antibodies against the antigen, no systemic toxicity was reported.
Possible toxic or other negative immune responses of mal-BSA require further study. The
scavenger receptor recognizes a number of different ligands(9-11,13), these can also be
investigated as carriers should mal-BSA prove undesirable in vivo.

From the MTT cell toxicity studies, dose response curves suggest that mal-BSA (Gd-

DOTA)45 has a low toxicity when compared to chlorpromazine, as shown in Figures 6A and
6B. Chlorpromazine is a phenothiazine drug, primarily used as a psychotropic agent since the
1950's, with a low toxicity (73-75). Its toxicity has been well documented and therefore, it has
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been employed as a standard in toxicity assays(74-76). The ECsq can be interpolated from
these plots and used to directly compare the toxicity of mal-BSA (Gd-DOTA);5 to
chlorpromazine. From Figure 6A, ECs is not reached at even the highest concentration tested
for 4 hour incubations with mal-BSA (Gd-DOTA);s. For 24 hour incubations, ECsq was found
to be 40uM. Both values are less toxic than those found for chlorpromazine, Figure 6B, which
showed ECsq= 84uM for 4 hour, and ECsq = 24uM for 24 hour incubations, respectively.

Bio-distribution studies show a very fast clearance from the blood stream, more than 97% of
the injected dose of radio labeled contrast agent is cleared out within two minutes as seen in
Figure 7. From the PET studies of biodistribution it was found that the main sites for
accumulation are the liver, kidneys and the urinary bladder. The highest accumulation is in the
liver. After one hour about 50% of the injected dose remains in the liver. During the next 3h
the activity drops to 30% of the injected dose. This is equivalent to 30uM agent in the liver
after one hour and 18uM after four hours. The activity then remains stable at 18uM. Comparing
these accumulated concentrations to the concentrations from the cell toxicity studies, ECsg =
40uM for 24 hour incubation, suggests that in these experiments in vivo accumulation is at less
than toxic levels. Accumulation observed in the other organs is even less, and thus, also below
toxic ECsg. For the kidneys, about 1% of the injected dose is found in each kidney and the
levels are stable for the duration of the whole experiment. In the urinary bladder 2.5% of the
injected dose remains after one hour; this clears to approximately 0.2-0.5% of injected dose
during the first 24h and falls to undetectable levels after 48h. By comparison, the blood pool
agent albumin(Gd-DTPA)3g is largely retained in the intravascular space with a half-life of
88min after intravenous injection and can remain in the bloodtstream and extravascular
compartment two weeks after injection.(77,78) These undesirably long retention times have
precluded its use in the clinic.

In conclusion, we describe the preparation, characterization and successful in vitro targeting
of a paramagnetic contrast agent, mal-BSA (Gd-DOTA),, for use in MRI. This novel contrast
agent builds upon previously reported studies on anionic modifications of BSA and knowledge
of the SR-A receptor. Mal-BSA (Gd-DOTA), has physical properties that permit localization
to the target and demonstrated high specific uptake of agent by macrophages, also low toxicity
and fast clearance dynamics are shown. The synthesis process outlined here allows controllable
degrees of maleylation and paramagnetic labeling of known lysines on the BSA molecule. Mal-
BSA (Gd-DOTA),, demonstrated relaxation effects comparable to or better than similar
commercial and experimental plaque-targeted or aloumin-based agents. An optimal payload
of 22 Gd-DOTA with mal-BSA (Gd-DOTA)», showed contrast effects comparable to albumin
(Gd-DTPA)3q, which is used as a standard to evaluate performances of novel intravascular
agents. (79-82)

Though further studies are required to evaluate immunogenicity of the agent, the high
specificity of mal-BSA (Gd-DOTA), shows promise for reducing dosage of administration
and toxicity compared to high dose nonspecific contrast agents currently employed in the clinic.
Future work includes isolating the regional domains of maleylated BSA that afford targeting
in order to circumvent immune responses that may be provoked by full length protein. Through
the modification with other diagnostic agents, such as the 4Cu positron emitter or fluorophores,
this carrier system shows potential to act as a multimodality imaging agent for diagnosis and
study of atherosclerotic and restenotic lesions.
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Figure 1.

Macrophage uptake is dependent on degree of maleylation. Cells were incubated with FITC
labeled derivatives of mal-BSA bearing different numbers of maleyl groups. Signal intensity
increases with increasing maleylation, with significant uptake at greater than 50% maleylation.
Optimal uptake is observed for 80% maleylation and above.
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Figure 2.

Contrast enhancement correlates with number of Gd-DOTAS bound. Solutions of mal-BSA
(Gd-DOTA), with n = 10 (bottom row) or 18 (top row) in distilled, deionized water, pH 7.0
were imaged at 7T at ambient temperature (25°C). Signal intensity increases as concentration
increases (from right to left) and greater signal intensity is observed for the more heavily labeled
agent. Contrast enhancement is observed for concentrations greater than 25-50uM.
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Figure 3.

Mal-BSA (Gd-DOTA), is taken up by macrophages. P388D1 cells were incubated with n =
15 (top row) or n = 10 (bottom row) mal-BSA (Gd-DOTA), for one hour then imaged at 7T.
Contrast increases in a concentration dependent manner (right to left) indicating uptake of the
contrast agent by the cells. Contrast enhancement is observed for an application of as low as
50pM contrast agent to the cells (top row, rightmost column). Actual T, values were, left-right:
(top row) = 0.84s, 0.96s, 1.49s. 2.33s; (bottom row) = 1.79s, 1.96s, 2.51s; (water) = 3.44s
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Figure 4.

Uptake of mal-BSA (Gd-DOTA), is specific. P388D1 cells were incubated with either mal-
BSA (Gd-DOTA), or a matched BSA control, n = 22 for both. Cells were imaged at 7T.
Macrophages demonstrate uptake of the maleylated agent (top row) but do not recognize the
non-maleylated control (middle row). Contrast enhancement after uptake of mal-BSA (Gd-
DOTA),, is observable for as little as 25uM of the agent applied to cells. Actual T, values
were, left-right: (top row) = 0.58s. 0.89s, 1.46s, 2.53s; (bottom row) = 2.81s, 2.90s, 3.09s,
2.85s; (water) = 3.50s
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Figure 5.

Uptake of mal-BSA (Gd-DOTA), is receptor-mediated. P388D1 cells were incubated with a
fixed concentration of mal-BSA (Gd-DOTA)45 and increasing molar excesses of unlabeled
mal-BSA. Representative samples are shown with molar excesses of competitor as indicated
above each sample. Actual T4 values for the image appear below each sample, as well as
average and standard deviation T+ for triplicate repeats. All values are given in seconds. Cells
were imaged at 7T. Increasing molar excess of unlabeled agent inhibits uptake of the labeled
agent and reduced signal in the image. T, decreases dramatically with molar excess of
competitor. Competition by unlabeled ligand confirms that uptake of the contrast agent is
receptor-mediated.
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Figure 6.

Toxicity of mal-BSA. Cytotoxicity was assessed for mal-BSA (Gd-DOTA);5 and

Page 21

chlorpromazine as a positive control. The assays were carried out in parallel and in triplicate.
Cells were counted and plated evenly in a 96-well plate. After a 24-hour adhesion time, varying
concentrations of mal-BSA (Gd-DOTA)5 (0, 45, 90, 225, and 445uM) or chlorpromazine (0,
10, 25, 50, and 100uM) were placed on the cells. After a 4- and 24-hour agent exposure time
at 37°C the MTT assay was performed. Dose response curves at 4- (black) and 24- (gray) hours
are shown for mal-BSA (Gd-DOTA);5 (Figure 6A) and chlorpromazine (Figure 6B). For 4h
mal-BSA incubation, toxic dose ECs is not reached for the concentrations of agent tested
(ECsq > 450uM). For the 24h mal-BSA ECsg = 40uM. This is in contrast with chlorpromazine
with ECsg = 84uM for 4h incubation and ECsy = 24puM for 24h incubation. Toxicity of mal-
BSA (Gd-DOTA) is less that that of the chlorpromazine standard. Error bars reflect standard

error.
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Figure 7.

Blood clearance. Blood samples were collected by tail nicking at 2, 15, 33, 60 and 200 minutes
post injection of contrast agent and quantitated by gamma counting. Clearance from the blood
is rapid with ~ 97% of the injected agent cleared out from the blood stream after 2 minutes;
0.5% of injected dose remaining after 30 minutes and undetectable levels in the blood after 1
hour. Error bars reflect standard error.
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Figure 8.

Biodistribution in the rat model. Primary sites of accumulation of the agent in normal tissues
are in liver (black), kidneys (gray), and urinary bladder (white). Clearance from kidneys is
rapid in first hour. Signal from bladder falls to negligible levels by 48h. Error bars reflect
standard error.
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Figure 9.

Liver pharmacokinetics. The clearance of the agent from the liver is initially rapid. The activity
per tissue volume of the agent decreased over 60% the first four hours after injection. Calculated
corresponding concentration of the agent falls to 18uM after 4h, well below the ECsq found
for macrophages in culture (ECsq > 450uM for 1h, ECgsq = 40uM for 24h). Error bars reflect
standard error.
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