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Abstract: Myeloperoxidase (MPO) is increasingly being recognized as an important factor in many
inflammatory diseases, particularly cardiovascular and neurological diseases. MPO-specific imaging agents
would thus be highly useful to diagnose early disease, monitor disease progression, and quantify treatment
effects. This study reports in vitro and in vivo characterizations of the mechanism of interaction between
MPO and paramagnetic enzyme substrates based on physical and biological measurements. We show
that these agents are activated through a radical mechanism, which can combine to form oligomers and,
in the presence of tyrosine-containing peptide, bind to proteins. We further identified two new imaging
agents, which represent the near extremes in either oligomerization (mono-5HT-DTPA-Gd) or protein-
binding in their activation mechanism (bis-o-dianisidine-DTPA-Gd). On the other hand, we found that the
agent bis-5HT-DTPA-Gd utilizes both mechanisms when activated. These properties yield distinct in vivo
pharmacokinetics profiles for each of these agents that may be exploited for different applications. Specificity
studies show that only MPO, but not eosinophil peroxidase, can highly activate these agents, and that
MPO activity as low as 0.005 U/mg of tissue can be detected. Gd kinetic lability and cytotoxicity studies
further confirm stability of the Gd ion and low toxicity for the 5HT-based agents, suggesting that these
agents are suitable for translational in vivo studies.

Introduction

Myeloperoxidase (MPO) is a key enzyme in inflammation.*
It is the most abundant protein of the azurophilic granules of
neutrophilst and is also found in monocytes,> macrophages,®
microglia® Kupffer cells,® and neurons.® MPO contributes to
the host immune defense system by generating potent bacteri-
cidal oxidants. Besides its physiological role in host defense,
MPO and its products have been found and implicated in
numerous diseases including atherosclerosis,” vasculitis® stroke,”
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cancer,® Parkinson's disease,’* Alzheimer's disease,® and
multiple sclerosis.*?*3 Clinical trials have shown that MPO
levels can be used to predict patient outcome in myocardial
infarction®* and in apparently normal patients,™ and certain
genotypes in the MPO polymorphism are associated with
increased disease severity.’® MPO-deficient individuals have
been found to be less susceptible to cardiovascular diseases.’’
Therefore, MPO is emerging to be an important biomarker for
many diseases.
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We have previously reported a prototype activatable MPO-
specific MR imaging agent, bis5HT-DTPA-Gd (DTPA =
diethylene triamine pentaacetic acid), and have studied its use
in murine models of myocardia infarction, multiple sclerosis,
and stroke to report on and track MPO activity in vivo.’®~%°
Further rational optimization and translation to higher animals
and humans of this class of imaging agents require a deeper
understanding of the activation mechanism, interaction with
endogenous biomolecules, and potential stability and toxicity
issues. In this study, we systematically evaluated this class of
agents through chemical modifications with different charac-
teristics and sensitivity to MPO activity. We identified two new
agents that are capable of achieving high degree of activation
in vitro and in vivo, each with a unique profile that may allow
them to be used in different in vitro and in vivo applications.
We also present direct evidence that details the mechanism of
these agents to explain their behavior in vivo. Furthermore, to
better understand the in vivo effects of this class of potentially
clinically useful agents, we assessed both the Gd kinetic lability
and performed cytotoxicity studies.

Materials and Methods

All of the chemicals required for this work were obtained from
Sigma Chemical Co. unless otherwise stated (St. Louis, MO).
5-Hydroxytryptamine was obtained from Alfa Aesar (Ward Hill,
MA). DTPA-Gd was purchased as Magnevist from Berlex Inc.
(Montville, NJ). Myeloperoxidase and eosinophil peroxidase were
obtained from Lee Biosolutions (St. Louis, MO). RAW 264.7 and
NIH 3T3 cell lines were obtained from American Type Culture
Collection (Manassas, VA). Dulbecco’s modified Eagle’s medium
(DMEM), penicillin/streptomycin, fetal bovine serum (FBS), and
the other materials for culturing of cells were purchased from Fisher
Scientific (Pittsburgh, PA).

Synthesis of the Chdates Mono-5HT-hydr oxytryptamide-DTPA
(Mono-5HT-DTPA), Bis5HT-hydroxytryptamide-DTPA (Bis-
5HT-DTPA), Bis-4-aminophenol-DTPA, and Bis-o-phenylenedi-
amide-DTPA (Bis-o-dianisidine-DTPA). The chelates were syn-
thesized using a modified protocol:** 100 mg (0.28 mmol) of
DTPA-bisanhydride was reacted with the corresponding aminesin
DMF (4 mL) in the presence of 100 uL (1 mmol) of pyridine. To
get the bis- or the mono-aminosubstituted chelates, the ratio used
between the base substrates (5-hydroxytrytamine (5HT), o-diani-
sidine, and 4-aminophenol) and the DTPA-bisanhydride was 0.25
for the mono- and 2.2 for the bis-substituted chelates. To avoid
amine oxidation, 50 mg (2.8 mmol) of ascorbic acid was added.
The mixture was stirred for 30 min at room temperature. The crude
product was first precipitated with ether, dissolved in water, and
passed through a C18 cartridge with water and acetonitrile mixtures.
The products were purified using HPLC (water/acetonitrile), and
peaks were detected at 280 nm. The purity was confirmed by ‘H
NMR. 'H NMR (400 MHz, D,O) (see Supporting Information
Figure SI1): mono-5HT-DTPA, 7.35 (d, 1H, J = 8.4 Hz), 7.22 (s,
1H), 7.09 (s, 1H), 6.80 (d, 1H, J = 12 Hz), 3.87 (s, 4H), 3.80 (s,
2H), 3.67 (s, 2H), 3.59 (t, 2H, J = 5.6 Hz), 3.46 (s, 2H), 3.29 (t,
2H, J = 6 Hz), 2.93 (m, 6H), 2.88 (m, 2H), 2.84 (m, 2H); bis-
5HT-DTPA, 7.32 (d, 2H, J = 8.4 Hz), 7.16 (s, 2H), 7.04 (s, 2H),
6.79 (d, 2H, J = 8.4 Hz), 3.55 (s, 6H), 3.50 (Swige, 4H), 3.41 (s,

6H), 3.25 (s, 2H), 2.89 (Sides 4H), 2.82 (Suide; 4H), 2.57 (m, 4H);
bis-4-aminophenol-DTPA, 7.21 (d, 4H, J = 8.4 Hz), 6.81 (d, 4H,
J = 8.4 Hz), 4.01 (s, 4H), 3.85 (m, 8H), 3.45 (m, 4H), 3.37 (m,
4H); bis-o-dianisidine-DTPA, 7.66 (d, 2H, J = 8 Hz), 7.92 (d, 2H,
J=8Hz), 7.07 (m, 4H), 6.96 (m, 4H), 3.96 (s, 8H), 3.86 (s, 10H),
3.79 (m, 8H), 3.52 (Suide: 5H), 3.88 (Syige, SH). M S (see Supporting
Information Figure SI2): m/z expected mono-5HT-DTPA
(C24H33N50]_0 + H)+ 552.22, found 552.80; m/z expected bis-5HT-
DTPA (CsHasN;Oyo + H)* 710.31, found 710.32; mVz expected
bis-4-aminophenol-DTPA (CxHa3NsO0 + H)™ 576.22, found
576.23; and nm/z expected bis-o-dianisidine-DTPA (CyHs:N;Oy, +
H)* 846.36, found, 846.70.

Synthesis of the Imaging Agents Mono-5HT-DTP-Gd, Bis-
5HT-DTPA-Gd, Bis-4-aminophenol-DTPA-Gd, and Bis-o-di-
anisidine-DTPA-Gd. The synthesis of corresponding Gd*" imaging
agents was performed in a 5% citric acid solution (pH = 5.0) at
room temperature. GACls-6H,0 was used in 1.5-fold excess in
comparison to the chelates, and the reaction was stirred for 1 h.
Fina products were purified using HPLC with water and aceto-
nitrile, and peaks were detected at 280 nm. The purity of the
resultant imaging agents was measured by analytical HPLC that
showed >96% purity for al imaging agents (see Supporting
Information Figure SI3). MS (see Supporting Information Figure
SI4): m/z expected mono-5HT-DTPA-Gd (CssHssN7010Gd + H)™
707.22, found 707.33; m/z expected bis-5HT-DTPA-Gd
(C34H40N701()Gd + H)+ 865.21, found 865.4; m'z eXpeCtaj bis-4-
aminophenol-DTPA-Gd (CysH3oNs010Gd + H)* 731.22, found
731.6; and m/z expected bis-o-dianisidine-DTPA-Gd (CyHas-
N-01,Gd + H)* 1001.36, found 1001.50.

ICP-AES Measurements. To compute the relaxivity for each
imaging agent, the Gd®" concentration was determinated by
inductively coupled plasma atomic emission spectroscopy (ICP-
AES) using a Perkin-Elmer Optima 5300 V (Galbraith Laboratories,
Knoxville, TN). The relaxation rates were then normalized to the
resultant concentrations to obtain the relaxivity.

Cyclic Voltammetry. Cyclic voltammograms (CV) of the base
substrates and the chelates were recorded using an Autolab
PGSTAT30 potentiostat (Utrecht, The Netherlands). A three-
electrode system was employed: (i) the reference electrode (Ag/
AgCl), (ii) the working electrode (Au), and (iii) a counterelectrode
(platinum wire). CV tracings were recorded from 0to0 0.75 V versus
the reference electrode at a scan rate of 50 mV/s. The Britton—
Robinson (B—R) solution at pH 2 was used as electrolyte.

EPR Measurements. Electron paramagnetic resonance (EPR)
measurements were performed at room temperature using a Varian
E-line X-band spectrometer (Varian E-122 spectrometer). 2-Methyl-
2-nitrosopropane (MNP) was used as the spin-trap. The chelates
(5 mM) as well as the MNP (20 mM) were prepared in 50 mM
NaHPO,, 100 uM diethylenetriaminepentaacetic acid, pH 8. While
avoiding light exposure, the chelate solutions were mixed with MNP
followed by MPO (10 U or 50 ug/mL) and H,O, (2 uL of H,O,
(3%)) to initiate agent activation.

Simulations of the EPR spectra were performed using the
program FIT?*~2* pased on the EPRLF engine developed by
Schneider et a.? and later by Budil et al.>* to simulate motionally
modulated EPR spectra. A two population model was used to
simulate the spectra for mono-5HT-DTPA and bis-5HT-DTPA,
while a one population model was used to simulate the spectra for
bis-o-dianisidine-DTPA. The simulations assumed isotropic g- and
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a-values as well asisotropic rotational dynamics, which we believe
were reasonable given that MNP is a small molecule and that at
room temperature the molecules are at or near the fast-motion
regime.

Specific Activity of the Peroxidases. The specific activity of
myel operoxidase and eosinophil peroxidase was determined by UV/
vis spectrophotometry on aVarian Cary 50 spectrometer (Palo Alto,
CA), using guaiacol, and monitored at 470 nm according to the
method of Klebanoff et al.®

Enzyme-Mediated Polymerization. Reactions with MPO were
carried out at room temperature in the presence of 0.5 mM of the
Gd-imaging agents dissolved in phosphate-buffered saline enriched
with 5.5 mM of glucose. T; relaxation time was measured before
MPO addition using an inversion—recovery pulse sequence on the
Bruker Minispec (Bruker Analytics, North Bellirica, MA) at 0.47
T (20 MHz) at 40 °C. The reaction was initiated by the addition of
an aliquot containing the enzyme (10 U MPO) and 4 uL of glucose
oxidase (GOX) (1 mg/mL) because GOX can better mimic
hydrogen peroxide production in vivo. Glucose can be oxidized
by GOX to glucono-1,5-lactone generating at the same time
hydrogen peroxide. To avoid GOX from competing with MPO
oxidation of the imaging agents, we optimized the GOX concentra-
tion by titration experiments (between 2 and 8 uL @ 1 mg/mL) to
obtain the largest change in T, before and after MPO was added
(data not shown). After 30 min of enzyme incubation, T; was
measured again. The degree of activation by MPO was expressed
astheratio T, (before MPO)/T; (after MPO). To test the specificity
of the imaging probes to report myeloperoxidase activity, we
perform the same measurements in the presence of eosinophil
peroxidase instead of MPO.

MALDI-TOF Measurements. MALDI-TOF mass spectrometry
was performed using an Applied Biosystems Voyager DE Pro at
the Tufts University Core Facility (Boston, MA). The imaging
agents (1 mM) were prepared in PBS enriched with 5.5 mM of
glucose, and the polymerization was initiated by the addition of an
aliquot containing the enzyme (10 U MPO) and 4 uL of glucose
oxidase (GOX) (1 mg/mL).

I nteractions with Proteins. This experiment was performed to
determine possible binding between the activated imaging agents
and amino acid residues on the surface of proteins. 0.5 mM of Gd
agents was prepared in the presence of a 1 mg/mL polypeptide
richin Tyr (Poly (Glu, Tyr) (1:1)) or in the presence of a 1 mg/mL
polypeptide without tyrosine (Poly (Glu, Ala) (6:4)). The T, values
were measured before and after addition of the MPO using the same
conditions described above.

MR Imaging. The MR imaging experiments were performed
on a 1.5 T whole body GE Signa scanner (GE Healthcare,
Waukesha, WI). For al in vivo MR imaging experiments, precon-
trast T2- (TR = 2000, TE = 100, ETL = 8, NEX = 4, fast spin
echo sequence, acquisition time = 4:57 min) and T1-weighted
images (at 1.5 T, TR = 500, TE = 11, NEX = 4, spin echo
sequence, acquisition time = 5:59 min) with fat saturation were
initially performed to locate the embedded gels. For these experi-
ments, matrix size = 256 x 128, FOV = 10 x 7.5 cm, dice
thickness = 1 mm, 22 dlices. The images were acquired in the
coronal plane. The MPO imaging agents (0.3 mmol/kg) were
injected intravenously via the tail vein of the mouse. The mouse
was immediately imaged after the injection of the contrast agent
using serial fat saturated T;-weighted sequences (as above for
precontrast imaging) for at least 3 h.

MPO/Matrigel Imaging Experiments (n = 13). The protocol
for animal experiments was approved by the institutional animal
care committee. Nine-week-old C57BL 6 male mice were obtained
from Jackson Laboratories (Bar Harbor, ME). Matrigel (Beckton—
Dikinson, San Jose, CA), a Ewing's sarcoma basement membrane
matrix, was used to embed human MPO (Lee Biosolutions, St.
Louis, MO). Thiswas chosen to reflect deposits of human MPO in
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inflamed tissue in a mouse model. 400 uL of a 1:1 mixture of
Matrigel and minimal essential medium (Cambrex, East Rutherford,
NJ) was injected slowly into the thighs of each mouse 1 h prior to
imaging. The right thigh mixture also contained 10—15 U of MPO
and 4 uL of glucose oxidase (1 mg/mL), while the left thigh mixture
contained no enzyme to serve as an interna control. For the MPO
sensitivity experiments, 0.3 mmol/kg of bis-5HT-DTPA-Gd was
injected intravenously to monitor MPO activity from 5 to 40 U
embedded in Matrigel as described above, and the results were
expressed as U of MPO per mg of gel.

Image Analysis. For normalized signal intensity measured on
T,-weighted images, mean + standard deviation (SD) values were
obtained in regions of interest (ROI). Contrast-to-noise ratios (CNR)
were computed for each ROI. Within each animal, the CNR vaues
were normalized to the maximum vaue to compute the relative
CNR (rCNR). The analysis was performed using the software
OsiriX v3.5 (http://www.osirix-viewer.com/).

Cell Viability Studies. The evaluation of the possible cytotoxic
effects for the MPO probes was carried out using NIH 3T3 cells.
In parallel to check the possible cytotoxicity of the probes once
activated by the MPO, RAW 264.7 cells were used. RAW 264.7
cells can generate MPO in the presence of E. coli lipopolysacharide
(LPS) (10 ug/mL). Cytotoxicity was evauated using the 3-(4,5-
dimethylthiazol-2-yl)2,5-diphenyl-tetrazoilum bromide (MTT) re-
duction assay, which measures cell metabolic activity.?” The Gd
agents were dissolved in DMEM plus 10% FBS at the concentra-
tions of 0.025, 0.05, 0.1, 0.25, 0.75, 1, 2.5, and 5 mM. The cells
were placed in a 96-well cell culture plate (1.5 x 10* cells/100
uL) and treated with the Gd agents and the controlled medium for
12 h, then incubated with 0.5 mg/mL MTT for 2 h. A lysing buffer
that dissolves the blue formazan crystals was added to each well,
and the plates were incubated overnight at 37 °C. Optical density
was measured at 570 nm, and values were expressed as a percentage
of control well values (wells containing cell culture medium without
the Gd agents). Oxidative-sensitive dye, 2'7’-dichlorodihydrofluo-
rescein diacetate, DCFH-DA, was used to confirm MPO release
through formation of radical generation after L PS activation.?® For
that, RAW 264.7 cells cultured in 96-wells, previously treated with
10 ug/mL of LPSfor 3 and 24 h, were |abeled with DCFH-DA for
20 min in the dark. The intensity of fluorescence signal emitted by
2'7"-dichlorofluorescein (DCF) due to oxidation of DCFH by
cellular ROS was detected using a microplate reader Teca Safire2
(Tecan, Mannedorf, Switzerland) (Aexcitation = 485 NM, Aemission =
530 nm).

Kinetic Stability of the Gd Substrates: Transmetallation. This
method reflects the kinetic stability of the Gd*" complexes when
competing metal ions such as Zn?" ions, which can displace the
Gd** ion from the chelates, are present. For each reaction, 10 uL
of 250 mM of ZnCl, in water was added to 1 mL of 2.5 mM
imaging agents in pH = 7 phosphate buffer. We monitored the
evolution of T, values of the solutions for 3 days. The results are
expressed using two indices: a kinetic index, which is the time
required to reach 80% of theinitial R; value, and a thermodynamic
index, which is the Ry(t = 4320)/R,(t = 0) value measured after 3
days (4320 min).

Results

Redox Characterization of the MPO Imaging Agents. The
MPO catalytic center consists of aheme group that can undergo
redox reactions described in Scheme 1.

In the presence of H,O,, the native enzyme can be oxidized
to form the redox intermediate compound I, which can transform
halides, particularly CI~, into hypochlorous acid, HOCI, a potent
antimicrobial oxidant. Compound | is also capable of catalyzing

(27) Hansen, M. B.; Nielsen, S. E.; Berg, K. J. Immunol. Methods 1989,
119, 203-10.
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Scheme 1. Myeloperoxidase (MPO) Cycle and Standard Reduction
Potential (E°) for Each Part of the Cycle®
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the oxidation of aromatic substrates like tyrosine or 5-hydroxy-
tryptamine through 1e~ oxidation to form compound I, which
can itself also oxidize aromatic substrates to recover the native
enzyme. The resultant oxidized substrate can form dimers and
oligomers. Therefore, to systematically assess whether a given
compound is a suitable substrate for MPO, we evaluated the
reduction potential of candidate agents. Based on the standard
reduction potential relative to the MPO intermediates (compound
[/compound Il = 1.35 V; compound |I/native state = 0.97 V),
the recovery of the native enzyme can only take place when
the reduction potential of the substrate is lower than 0.97 V
(Scheme 1).%° Therefore, we sought substrates that have
reduction potentials less than 0.97 V. We identified the base
substrates 4-aminophenol, o-dianisidine, and 5-hydroxytryptamine
as potential MPO substrates that, in addition to having a
reduction potential <0.97 V, aso may be conjugated to DTPA.
These substrates demonstrated a significant UV/vis spectral shift
upon the addition of MPO and H,0O,, consistent with MPO-
mediated oxidation and oligomerization (data not shown). These
substrates were then conjugated to the chelating agent DTPA
as potential MR imaging agents (Figure 1).

To determine the reduction potential of the chelates, we
performed cyclic voltammetry measurements. The results are
shown in Table 1.

To check if the conjugation of the base substrate to the DTPA
backbone changes their redox properties, Table 1 also shows
the redox properties for the unmodified base substrates. We
found no significant change in the reduction potential upon
conjugation of the substrates to DTPA, except for bis-4-
aminophenol-DTPA, which lost its redox properties once
conjugated to DTPA. In this study, we assume that the redox
properties of the chelates would not change after complexation
to Gd®*.

EPR Measurements Reveal Radical Generation upon
Agent Activation by MPO. MPO-mediated dimerization and
oligomerization of tyrosine has been found to proceed via free
radical formation and 1e~ donation to MPO compounds | and
[1.%° However, this has not been confirmed for other types of
MPO substrates such as indoles and o-dianisidine compounds.
To determineif these other substrates also undergo radicalization

in the presence of MPO, we performed electron paramagnetic
resonance (EPR) spin trapping experiments using the spin trap
2-methyl-2-nitrosopropane (MNP). The EPR spectrum for MNP
is characterized by a low background three-line spectrum
corresponding to the light-induced formation of di-tert-butyl-
nitroxide (17 G) (Figure 2¢).*°

After the addition of MPO and H,O, to the chelates, we
observed an increase in the signal intensity for mono-5HT-
DTPA, bis5HT-DTPA, and bis-o-dianisidine, signifying the
formation and trapping of free radicals (Figure 2a—c). Control
solutions of MNP with MPO and H,0, but without the substrates
resembled the baseline MNP spectrum (Supporting Information
Figure SI5). A previous EPR study of MPO-tyrosine radical
generation showed an ay of 15.6 G for the MNP-tyrosyl radicals
adduct.® However, in contrast to the tyrosine EPR spectrum
with a single population of ay = 15.6 G, two populations were
observed with ay of 15.1 and 17.1 G for the 5SHT compounds
(see Figure 2f and g). The ay of 15.1 G for both mono- and
bis-5HT-DTPA confirmed the generation of MNP-5HT radical
adducts after MPO activation. The 17.1 G lines likely resulted
from the decomposition of MNP, which appeared to be
facilitated in the presence of the SHT groups, because tyrosine
and bis-o-diansidine-DTPA did not exhibit this. Simulations of
the 5SHT spectrawith atwo populations model yielded 49% for
mono-5HT-DTPA and 35% for bis-5HT-DTPA for the 15.1 G
population. For bis-o-dianisidine-DTPA, asingle ay of 15.8 G
was observed (Figure 2h). Finally, for bis-4-aminophenol-DTPA,
no significant radica formation was observed (Figure 2d),
corroborating the cyclic voltammetry results that bis-4-amino-
phenol-DTPA did not have a detectable redox property. These
findings show that bis-4-aminophenol-DTPA cannot be oxidized
by MPO and explains the lack of relaxivity change when MPO/
H,0, was added to bis-4-aminophenol-DTPA-Gd. Therefore,
this agent was not used in the subsequent studies.

In Vitro Relaxometric Characterization of the MPO
Imaging Substrates. In vitro characterization of the ability of
the gadolinium substrates to report M PO activity was performed
using relaxometric methods. In the presence of MPO and
hydrogen peroxide, we have shown that these MPO imaging
agents can dimerize and oligomerize after being activated by
compounds | and Il (please also see Supporting Information
Figure SI6).3*2 These changes result in an increase of the agent
size with conseguent increase in the T relaxivity (Scheme 2).

The mono-5HT-DTPA-Gd complex showed the largest T,
change after activation, demonstrating that this agent has the
highest degree of oligomerization in vitro when activated by
MPO (Table 2) (also see Supporting Information Figure SI6a).

Interestingly, the bis-o-dianisidine-DTPA-Gd agent showed
asmall T; change after MPO addition as compared to the other
two complexes, corroborating the lower degree of the polym-
erization in vitro seen by MALDI-TOF (see Supporting
Information Figure SI6c). Eosinophil peroxidase, EPO, another
human peroxidase found in certain inflammeatory conditions, was
also used to test the polymerization of our imaging agents.
Unlike MPO, which causes >1.5-fold T; relaxivity change in
the agents, the T, relaxivity barely changed with EPO for the
candidate agents (Table 2). These in vitro findings further
corroborated our previous in vivo findings that no agent
activation was observed in myocardial infarction and stroke

(29) Furtmuller, P. G.; Arnhold, J.; Jantschko, W.; Pichler, H.; Obinger,
C. Biochem. Biophys. Res. Commun. 2003, 301, 551-7.

(30) McCormick, M. L.; Gaut, J. P.; Lin, T. S.; Britigan, B. E.; Buettner,
G. R.; Heinecke, J. W. J. Biol. Chem. 1998, 273, 32030-7.

(31) Chen, J. W.; Querol Sans, M.; Bogdanov, A., J.; Weissleder, R.
Radiology 2006, 240, 473-81.

(32) Querol, M.; Chen, J. W.; Bogdanov, A. A., Jr. Org. Biomol. Chem.
2006, 4, 1887-95.
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Figure 1. MR imaging agents described in this work, based on the DTPA-Gd backbone conjugated with the base substrates (5-hydroxytryptamine (5HT),
o-dianisidine, and 4-aminophenol). Imaging agents synthesized are: mono-5HT-DTPA-Gd, bis-5HT-DTPA-Gd (a, refs 27, 28), bis-o-dianisidine-DTPA-Gd,
and bis-4-aminophenol-DTPA-Gd. Relaxivity values (mM~* s™1) for each imaging agent are also shown.
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Figure 2. EPR spectra of the radicals generated after MPO—H,0, activation using the 2-methyl-2-nitrosopropane (MNP) as a spin trap. (@) Mono-5HT-
DTPA, (b) bis-5HT-DTPA, (c) bis-o-dianisidine-DTPA, (d) bis-4-aminophenol-DTPA, () MNP only. (f and g) Amplified spectra with simulations to better
show the two populations for mono-5HT-DTPA and bis-5HT-DTPA, and (h) the single population for bis-o-dianisidine. Chelates were prepared in phosphate
solution pH = 8 and activated using MPO (10 U) and H,0, (2 uL of 3% H,0,).

Table 1. Reduction Potential (E) Measured from Cyclic Voltammetry at 298 K and pH 2 for the Chelates and for Their Parent Base
Substrates (Bold)

bis-o- bis-4-aminophenol-
5HT mono-5HT-DTPA bis-5HT-DTPA o-dianisidine dianisidine-DTPA 4-aminophenol DTPA
E(V) 0.71 0.62 0.63 0.57 0.65 0.67 not detectable
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Scheme 2. Activation Mechanism of the MR Imaging Agents by the MPO—H,0, System?
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& Myeloperoxidase, MPO (green bubbles), is localized in the azurophilic granules (blue bubbles) of the neutrophils. The MPO-sensing moiety conjugated
to the gadolinium complex can be oxidized by MPO in the presence of H,O, to result in radical formation. The radicals can form dimers and oligomers with
other radicals and can bind to other phenolic residues, such as tyrosine, on the protein surface. Both activation effects result in higher T; relaxivity. The
binding to proteins can further result in prolonged enhancement of the activated agents.

Table 2. In Vitro Assessment of the MR Imaging Agents Using
Relaxometric Measurements (0.47 T)?

T, ratios before/after MPO

buffer human mono-5HT-  bis-5HT-  bis-o-dianisidine-
solution peroxidase =~ DTPA-Gd  DTPA-Gd DTPA-Gd
PBS MPO 18 17 15
PBS EPO 12 12 1.0
PBS + polypeptide ~ MPO ~ 1.8(0%) 1.7 (0%) 1.5 (0%)
(Ala—Glu)
PBS + polypeptide ~ MPO  22(22%) 2.7 (59%) 2.1 (40%)
(Tyr—Glu)

@ Eosinophil peroxidase (EPO) was also used to test the specificity of
the agents. Results obtained are expressed as the ratio (T, before MPO)/
(T, after MPO). We aso repeated the same experiments in the presence
of either poly(Glu,Tyr) or poly (Glu,Ala) polypeptides.

models using MPO ™'~ mice with the prototype bis-5HT-DTPA-
Gd agent.*31° These results confirm specificity of the agents
for MPO.

Activated Agents Interact with Proteins Containing Tyro-
sine. Phenols such as tyrosine have been found to be capable
of cross-linking proteins after oxidation by MPO.3%32 |t has
not been shown if other species such as indoles and
o-dianisidine can also cross-link proteins when oxidized by
MPO. Furthermore, it is possible that such cross-linking
ability may be altered by the chemical modifications needed
to conjugate these substrates to a chelating backbone such
as DTPA. In these experiments, we found that the imaging
agents, when activated by MPO, demonstrated a further
increase in relaxivity when exposed to a polypeptide contain-
ing tyrosine residues, confirming that they can cross-link
proteins (Table 2). However, each agent showed different
degrees of relaxivity increase. Both bis agents demonstrated
alarge increase in relaxivity (>40%), while the mono-5HT-
DTPA-Gd agent showed a mild increase in relaxivity
(~20%). In contradistinction, no relaxivity change was
observed when the agents were activated in the presence of
a control peptide that did not contain tyrosine for any of the
three imaging agents, confirming that the cross-linking occurs
between the activated substrates and the tyrosine residues.

(33) Heinecke, J. W. Toxicology 2002, 177, 11-22.

MR Imaging Reveals Different in Vivo Behavior for the
Agents. To validate the lead agents for in vivo imaging, we
performed MR imaging after the injection of the test imaging
agents in mice, using Matrigel to embed the MPO in the right
thighs of mice. The choice of Matrigel as inflammation model
instead of, for instance, E. coli LPS injected intramuscularly
was due to higher reproducibility of the Matrigel model. All
three agents demonstrated alarge increase in enhancement (more
than 2-fold increase in CNR) in the MPO-containing gel (right)
as compared to the control gel (left), consistent with MPO-
mediated activation (Figure 3a). In contrast, in a previous study,
we performed control experiments using the nonspecific DTPA-
Gd that did not demonstrate any increased enhancement in the
MPO-containing gel.*

Interestingly, as may be predicted from the in vitro results,
there were substantial differencesin the rate of agent activation
and clearance between these agents. The activated mono-5HT-
DTPA-Gd reached peak increased T;-weighted enhancement
during the first hour of imaging and was cleared at nearly the
same rate as the parent, nonactivated agents. For the activated
bis-5HT-DTPA-Gd, the peak occurred at around 90 min after
agent administration, and there was a slower clearance rate as
compared to that of the control site. The activated form of bis-
o-dianisidine-DTPA-Gd, interestingly, did not seem to be
clearing within the experimental time frame of 3 h and continued
to show an increase in enhancement over time.

To evaluate the sensitivity of the agents for different
concentrations of MPO, we varied the amount of MPO
embedded in the gels and imaged these mice using the same
dose of bis-5HT-DTPA-Gd. Over the range of MPO concentra-
tions we tested, we found that the enhancement for bis-5HT-
DTPA-Gd was linearly proportional to MPO concentration
(Figure 3b) and was able to detect an MPO concentration as
low as 0.005 U/mg of gel. Thiswould alow sensitive detection
of MPO activity at the earliest stages of inflammation (e.g., in
a murine stroke model, the MPO level was 0.15 U/mg 1 day
after stroke induction).*®

Kinetic Stability of the Gadolinium Complexes. One method
to assess the stability of the gadolinium complexesisto measure
the degree of transmetallation in the presence of another
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Figure 3. (@) Invivo assessment of the agents mono-5HT-DTPA-Gd, bis-5HT-DTPA-Gd (data taken from ref 31), and bis-o-dianisidine-DTPA-Gd as MPO
activity reporters. The right side (R) contained human MPO and glucose oxidase embedded in Matrigel. The left side (L) contains only Matrigel and
medium. All three agents were able to identify areas of MPO activity. The line graphs illustrate the evolution of contrast-to-noise ratios (CNR) for each
imaging agent in the presence of MPO versus control, demonstrating striking differences in the pharmacokinetics of each activated agent from the nonactivated
parent agent as well as from the other agents. (b) Sensitivity of the bis-5HT-DTPA-Gd agent to report MPO concentrations in vivo.

competing metal 3 Zn?* is a good competing metal ion because
it is present in high concentration in blood (55—125 umol/L)
and because it has an affinity to DTPA similar to that of Ga®+.3*
Because the displacement of Gd®" by Zn?" will result in a
decrease in the T, relaxation rate (R;) due the precipitation of
the Gd®" ions in phosphate buffer as Gd(PO,), the effect of the
transmetallation can be evaluated through two parameters. a
kinetic index given by the time required to lose 20% of the
initiadl Ry value and a thermodynamic index, which is the
percentage of R, after 3 days as compared to the initial value
(see Supporting Information Figure SI7). From both indices,
the imaging agents modified with 5HT were similar to or better
than that observed for the clinical, conventional agent DTPA-
Gd, especially the bis-version of the agent, suggesting that Gd**
metal center is not easily displaced by competing Zn?t ions
(Table 3). However, the bis-o-dianisidine-DTPA-Gd complex
demonstrated substantially lower transmetallation indices, sug-

(34) Laurent, S; Elst, L. V.; Copoix, F.; Muller, R. N. Invest. Radiol. 2001,
36, 115-22.
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Table 3. Zinc Transmetallation Kinetic Stability of Gd** of the
Imaging Agents in the Presence of Equimolar Zn?" (2.5 mM)?

Ri(t = 4320)/R,(t = 0) tfor Ry(/Ri(t = 0) = 0.8

bis-5HT-DTPA-Gd 0.76 2866
mono-5HT-DTPA-Gd 0.48 367
bis-o-dianisidine-DTPA-Gd 0.25 67
DTPA-Gd 0.56 250
BMA-DTPA-Gd 0.09 50—60°

@ Relaxation rate (Ry) (s!) was monitored for 3 days (t reported in
min) at 40 °C. Results are expressed by two indexes: kinetic index
(Ru(t)/Ry(t = 0) = 0.8) and a thermodynamic index (Ry(t = 4320)/Ry(t =
0)). ® Data taken from ref 34.

gesting the Gd®" in this complex could be more easily displaced
by the Zn" ions.

Cytotoxicity. To evaluate the possible toxic effects of the Gd-
based complexes, we evaluated the cytoxicity in the NIH 3T3
cell line (Figure 4a).?” There was no significant toxicity effect
up to 5mM for the bis-5HT-DTPA-Gd agent and for the mono-
5HT-DTPA-Gd, well above the expected in vivo concentration.
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Figure 4. (a) Cell viability of NIH 3T3 cellsin the presence of mono-5HT-DTPA-Gd (gray open), bis-5HT-DTPA-Gd (black filled), and bis-o-dianisidine-
DTPA-Gd (gray filled) evaluated using the MTT assay. (b) Cell viability of quiescent RAW cells in the presence of bis-5SHT-DTPA-Gd (black filled) was
not significantly altered when the RAW cells were activated with 10 ug/mL of LPS (square filled), evaluated using the MTT assay. Confirmation of RAW
cell activation was confirmed by the detection of ROS species using the DCFH-DA dye after LPS activation (inset).

However, as can be predicted from the zinc transmetallation
study, the bis-o-dianisidine-DTPA-Gd agent demonstrated sub-
stantial toxic effect at 0.3 mM (<80% viable cells), with <50%
viable cells at 5 mM. To further evaluate if the activation of
the agents would cause additional toxicity, we aso studied the
toxicity in macrophages (RAW cells) with and without incuba-
tion with LPS to activate the macrophages. Upon stimulation
by LPS, the RAW cells would secrete MPO to activate the MPO
substrates.*® To confirm activation of the macrophages under
this experimental condition, we measured radical generation
using the DCFH-DA dye (inset, Figure 4b). We found no
difference in viability (Figure 4b) between the activated cells
and the nonactivated cells for bis-5HT-DTPA-Gd, consistent
with that the activated MPO imaging agents do not present
additional cytotoxicity effects.

Discussion

In this study, we showed that MPO oxidation leads to
radicalization of the imaging agents. These intermediate com-
pounds can combine to form dimers and oligomers as well as
cross-link proteins containing tyrosine residues. These MPO-
mediated changes increase the molecular size and consequent
shortening of T, resulting in >2-fold increased T;-weighted
enhancement on in vivo imaging relative to agents that are not
activated. We have identified that the reduction potential (<0.97
V to alow the recovery of the native form of the MPO) of the
base substrates (5HT, o-dianisidine, and 4-aminophenol) after
conjugation to a chelating backbone is an important indicator
of whether the conjugated substrate could be activated by MPO.
We also demonstrated in this and previous studies that only
MPO, but not EPO, can highly activate these agents to report

(35) Cuschieri, J.; Maier, R. V. Antioxid. Redox Sgnal 2007, 9, 1485-97.

enzyme activity in vitro and in vivo. Furthermore, using a5HT-
based agent, we showed high sensitivity of the agents for MPO
activity as low as 0.005 U/mg.

We found that one of the chelates, bis-4-aminophenol-DTPA,
despite having a suitable reduction potential prior to DTPA
conjugation, cannot be oxidized by MPO. This was because
the conjugation of the base substrates to DTPA occurs through
an amide bond, which is a strong electron-withdrawing group,
resulting in the subtraction of the electron density from the
aromatic moiety.® This amide bond is directly attached to the
phenolic group, whereas for the other imaging agents, this
electron-withdrawing group is far enough to not disturb the
electron density of the aromatic moieties. Design of future
optimized imaging agents needs to take into account that
conjugated base substrates (chelates) with strong electron-
withdrawing groups may not be polymerized by MPO because
of the loss of the reduction redox potential.

We found that mono-5HT-DTPA-Gd demonstrated the high-
est increase in relaxivity in vitro as well as the highest degree
of oligomerization. The extent of oligomerization is likely
related to the accessibility of the probe to the active site of the
enzyme. The conjugation of aromatic phenolic compounds to
DTPA increases steric hindrance that can diminish interactions
with the MPO active site. Thus, the monosubstituted agent, being
smaller, is able to better reach the active site, consistent with
this agent having the highest degree of polymerization (Figure
SI6a). Interestingly, while bis-o-dianisidine-DTPA generated the
highest amount of radicals (Figure 2c), this substrate yielded
very little change in T, upon activation by MPO in vitro.
Because in vitro the relaxivity increase is mainly due to size

(36) Xu, Y. P,; Huang, G. L.; Yu, Y. T. Biotechnol. Bioeng. 1995, 47,
117-9.
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increase, the larger and floppier conformation of the o-
dianisidine agent may prevent optimal interaction with MPO
to generate larger oligomers. This result confirms that, in
addition to the redox properties, substrate oxidation by MPO is
governed by structural and topological characteristics. The in
vitro efficiency of MPO-mediated activation of the mono-5HT-
DTPA-Gd is verified in vivo (Figure 3a) where mono-5HT-
DTPA-Gd is the agent that is the earliest to peak, consistent
with fast interactions with MPO.

Another contribution that affects in vivo image enhancement
is protein binding. The mono-5HT agent demonstrated the
smallest increase in the T, ratio in the presence of poly(Glu,
Tyr) as compared to the bis-5HT version, suggesting that a bis-
conformation facilitates protein binding to result in higher
relaxivities, likely by offering an additional moiety for MPO
oxidation. Interestingly, the bis-o-dianisidine-DTPA-Gd agent,
which in the absence of peptides showed the weakest activation
by MPO likely due to its larger size, showed high relative
increase in relaxivity in the presence of poly(Glu, Tyr). This
finding is corroborated in vivo as this agent showed a large
increasein CNR at later time point and did not show substantial
clearance over 3 h, consistent with that most of its in vivo
efficacy is derived from binding of the activated agent to
proteins.

In light of the recent evidence linking nephrogenic systemic
fibrosis (NSF) with the presence of free Gd®" in renal failure
patients, we chose to evaluate the stability of the agents using
a transmetallation method, which evaluates the kinetic lability
of the Gd®* ion when other competing metal ions such as Zn?*
are also present at physiological conditions. Our results showed
that the SHT-based imaging agents were similar to or even better
than DTPA-Gd in Gd kinetic lability. On the other hand, bis-
o-dianisidine-DTPA-Gd complex was found to be very suscep-
tible to transmetallation, with transmetallation indices similar
to Omniscan, the agent most commonly associated with NSF.
This increased Gd kinetic lability may be caused by the
noncoplanar conformation of o-dianisidine, which could allow
increased access of Zn?" to the chelate, whereas in 5HT the
indolic rings are in a more rigid coplanar conformation,
increasing steric hindrance. The very slow clearance of the
o-dianisidine agent could further increase its in vivo toxicity.
However, as its parent base substrate, o-dianisidine (3,3'-
dimethoxybenzidine), isused in in vitro assay kitsto report MPO
activity, bis-o-dianisidine-DTPA-Gd could be used to screen
MPO activity in biological samplesin vitro using relaxometric
methods.3"*® On the other hand, for the 5HT-based agents, no
cytotoxicity was identified at doses likely exceeding in vivo
levels of the agent (estimated to be <1 mM) using either the
parent or the activated agents, suggesting a safe profile for
tranglation to preclinical and clinical studies. Because these
agents are based on the DTPA backbone, it is expected that
most of the agents will be cleared predominantly by the kidneys
and liver, similar to DTPA-Gd. Indeed, in a biodistribution study
for biss5HT-DTPA, we found >90% of the radiol abeled agents
to be cleared within 6 h, with the remaining agents found
primarily in the liver, kidneys, spleen, and bowel .3 For activated
agents, in astudy on mouse experimental autoimmune encepha:
lomyelitis using bis-5HT-DTPA-Gd, we found no evidence of

(37) Spateholz, H.; Furtmuller, P. G.; Jakopitsch, C.; Obinger, C.; Schewe,
T.; Sies, H.; Arnhold, J. Biochem. Biophys. Res. Commun. 2008, 371,
810-3.

(38) Daugherty, A.; Dunn, J. L.; Rateri, D. L.; Heinecke, J. W. J. Clin.
Invest. 1994, 94, 437-44.
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residual enhancement 6 h after agent injection in the diseased
organ, suggesting that the binding of activated agentsto proteins
is reversible and likely cleaved by proteases that are present
abundantly in inflamed tissues.?

The MPO levels found in human pathological conditions are
significantly higher than the MPO concentrations (~0.05 U/mg)
used for thiswork (e.g., in carotid plagues, MPO has been found
to be ~250 U/mg), and should be readily assessed by the
imaging agents described here to detect early, presymptomatic
disease. This, together with the increased signal observed once
these agents are activated, likely will allow much lower doses
to be used in trandlational studies to further improve the safety
profile. Future optimization of the MPO agents could use a
macrocyclic backbone instead of DTPA to further improve the
Gd kinetic lability. In addition, these chelates are readily
complexed to radioisotopes, for example, !In, to convert into
nuclear imaging agents that can be used at trace doses.*!

Conclusions

We identified two new candidate MPO-sensitive imaging
agents, in addition to our previously reported prototype agent.
Each of these agents possesses a unique activation profile, with
different degrees of oligomerization and protein cross-linking
capabilities. All three agents were efficacious at identifying sites
of MPO activity in vivo. Most of the increased enhancement
observed for the mono-5HT-DTPA-Gd agent is from radical
formation and subsequent oligomerization, while for the bis-
o-dianisidine-DTPA-Gd agent the increased enhancement was
found to be from protein cross-linking, resulting in significantly
delayed clearance of the activated agent. These two agents
represent near extremes in the activation mechanism. For bis-
BHT-DTPA-Gd, the increased enhancement is from both
moderate oligomerization and substantial protein cross-linking,
causing slower clearance of the activated agents. Moreover, we
observed that the activated agents are cleared from mice within
4—6 h% and less than 24 h in rabbits,® likely from cleavage
by proteases that are abundant at inflamed sites. The differential
clearance rates of the activated versus nonactivated bis-5HT-
DTPA-Gd agent alow for confirmation of MPO activity at a
dightly delayed imaging time point, when the nonactivated
agents are mostly cleared from the tissues. On the other hand,
mono-5HT-DTPA-Gd may represent an attractive agent in
applications where faster diagnosis is required. As MPO is
implicated in many prevalent diseases such as atherosclerosis,
stroke, and multiple sclerosis, the unique properties identified
in this study for each prototype agent could be exploited for
different in vitro and in vivo environments and applications.
Therefore, future rational development and translation of these
MPO-sensitive and other bioactivatable MR imaging agents™
holds promise in bringing biological functiona information to
MR imaging.
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