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Abstract

Since elevated levels of gelatinases [matrix metalloproteinase (MMP)-2 and MMP-9] are associated with a poor prognosis in cancer |
patients, these enzymes are potential targets for tumor imaging. In the present study, a cyclic decapeptide, cCCTTHWGFTLC (CTT), was
selected as a mother compound because of its selective inhibitory activity toward gelatinases. For imaging gelatinase activity in tumors, we
designed a CTT-based radiopharmaceutical taking into consideration that (1) the HWGF motif of the peptide is important for the activity, (2)
hydrophilic radiolabeled peptides show low-level accumulation in the liver and (3) an increase in the negative charge of radiolabeled peptides
is effective in reducing renal accumulation. Thus, a highly hydrophilic and negatively charged radiolabel, indiun-111-diethylenetriami-
nepentaacetic acid (*''In-DTPA), was attached to an N-terminal residue distant from the HWGF motif ('''In-DTPA-CTT). In MMP-2
inhibition assays, In-DTPA-CTT significantly inhibited the proteolytic activity in a concentration-dependent fashion. When injected into
normal mice, '"'In-DTPA-CTT showed low levels of radioactivity in the liver and kidney. A comparison of the pharmacokinetic
characteristics of '''In-DTPA-CTT with those of other CTT derivatives having different physicochemical properties revealed that the increase
in hydrophilicity and negative charge caused by the conjugation of '"'[In-DTPA reduced levels of radioactivity in the liver and kidney. In
tumor-bearing mice, a significant correlation was observed between the accumulation in the tumor as well as tumor-to-blood ratio of '''In-
DTPA-CTT and gelatinase activity. These findings support the validity of the chemical design of '!'In-DTPA-CTT for reducing accumulation
in nontarget tissues and maintaining the inhibitory activity of the mother compound. Furthermore, '''In-DTPA-CTT derivatives would be
potential radiopharmaceuticals for the imaging of gelatinase activity in metastatic tumors in vivo.
© 2007 Elsevier Inc. All rights reserved.
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1. Introduction . A, 72-kD type IV collagenase) and MMP-9 (gelatinase B,
92-kD type IV collagenase). The expression of gelatinases in

Matrix metalloproteinases (MMPs) comprise a family of normal cells, such as trophoblasts, osteoclasts, neutrophils
enzymes that degrade the basement membrane and extra- and macrophages, is tightly regulated, while many types of
cellular matrix, thus contributing to tissue remodeling and malignant tumors express higher levels of gelatinases than
cell migration [1,2]. The family includes several subgroups, normal, possibly enabling tumor cells to invade the
one of which comprises the gelatinases MMP-2 (gelatinase extracellular matrix and generate metastases at sites distant

from the primary tumor [3-5]. Indeed, an enhanced or
unregulated expression of MMP-2 and MMP-9 is associated

* Corresponding author. Tel.: +81 75 753 4556; fax: +81 75 753 4568. with a poor prognosis in cancer patients [6-9]. Therefore,
E-mail address: hsaji@pharm kyoto-u.ac.jp (H. Saji). gelatinases are potential targets for tumor imaging.
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A large number of MMP inhibitors have been developed
as therapeutic agents, some of which are currently in clinical
trials [10—-12]. The aim of this study was to develop a
radiolabeled MMP inhibitor as a diagnostic agent for
metastatic tumors. Among MMP inhibitors, we selected a
cyclic decapeptide, cCCTTHWGFTLC (CTT) [13], as the
mother compound because of the clinical and radiopharma-
ceutical utility of peptide-based radiopharmaceuticals [14].
Considering that (1) the HWGF motif and cyclic disulfide-
bonded structure of this hydrophobic peptide are important
for its inhibitory activity [13], (2) increasing the hydro-
philicity of radiolabeled peptides improves their excretion
from a hepatobiliary to a urinary pathway [15,16] and (3) an
increase in the negative charge of peptide molecules would
be effective in lowering the renal accumulation of radi-
olabeled hydrophilic peptides [17,18], we attached a highly
hydrophilic and negatively charged indiun-111-diethylene-
triaminepentaacetic acid (*!'In-DTPA) to an amino group of
the N-terminal cysteine of the CTT peptide. In this study, the
inhibitory effect of In-DTPA-CTT on the proteolytic activity
of MMP-2 was compared with that of CTT. Furthermore, the
hepatic and renal accumulations of radioactivity after
administration of '''In-DTPA-CTT were compared with
those of radiolabeled CTT derivatives having different
physicochemical properties. The structures of the radiola-
beled CTT derivatives used in this study are shown in Fig. 1.
Finally, the accumulation of '''In-DTPA-CTT in tumors was
compared with the gelatinase activity in tumor-bearing mice.
From these comparisons, the validity of the chemical design
of this peptide radiopharmaceutical for imaging gelatinase
activity was assessed.

2. Materials and methods
2.1. General

Nonradioactive indium chloride was obtained from
Nacalai Tesque (Kyoto, Japan) as InCl;-4H,0. ' InCl; (74
MBg/ml in 0.02 N of HCl) was kindly supplied by Nihon
Medi-Physics (Nishinomiya, Japan). Na'*I (3.7 GBg/ml in
5-10 N of NaOH) was purchased from PerkinElmer Life Sci
(Boston, MA, USA). Fmoc-Thr(*Bu), Fmoc-Trp(Boc),
Fmoc-Gly, Fmoc-Phe and Fmoc-Leu (where Fmoc, ‘Bu
and Boc are 9-fluorenylmethoxycarbonyl, fert-butyl and
tert-butyloxycarbonyl, respectively) were obtained from
Novabiochem (Laufelfingen, Switzerland). Cys(Acm)-
loaded 2-chlorotrityl chloride resin, Fmoc-Cys(Acm),

Fmoc-His(Trt), Fmoc-D-Asn(Trt) and Fmoc-D-Lys(Boc)
(where Acm and Trt are acetamidomethyl and trityl,
respectively) were purchased from Watanabe Chemical
Industries (Hiroshima, Japan). 1-tert-Butyl hydrogen 3,6,9-
tris(tert-butoxycarbonyl)methyl-3,6,9-triazaundecanedioic
acid (mDTPA) was synthesized as reported [19].
N-Succinimidyl-3-['**IJiodobenzoate (['2°I]SIB) was pre-
pared according to procedures described previously [20].
MDA-MB-231 and MDA-MB-435S (human breast cancer
cell lines) were purchased from the American Type Culture
Collection (Manassas, VA, USA). Ion-spray mass spectra
(IS-MS) and electrospray-ionization mass spectra (ESI-MS)
were obtained with an API Il model (PerkinElmer Sciex
Instruments, Thornhill, Canada) and an LCMS-QP8000c
model (Shimadzu, Kyoto, Japan), respectively. Other
reagents were of reagent grade and used as received.

2.2. Peptide synthesis

The protected peptidyl resins were constructed auto-
matically using an Fmoc-based solid-phase methodology
on 2-chlorotrityl chloride resins with a peptide synthesizer
(ABI 433A, Applied Biosystems, Foster City, CA, USA).
mDTPA was conjugated to the N-terminus of each peptidyl
resin as described previously [21]. Triethylsilane (125 pl),
trifluoroacetic acid (TFA; 4.75 ml) and water (125 pl) were
added to the peptidyl resins (100 mg), and the mixture was
stirred at room temperature for 2 h. After the resins were
removed by filtration, dry ether was added to precipitate
crude peptides. The S-protected peptides were purified by
high-performance liquid chromatography (HPLC; Cosmosil
5C,5-AR-300 column, 20x250 mm, Nacalai Tesque) eluted
with a linear gradient of 20-30% acetonitrile in 0.1%
aqueous TFA for 30 min at a flow rate of 15 ml/min.
Fractions containing the peptides were collected, and the
solvent was removed by lyophilization.

H-Cys(Acm)-Thr-Thr-His-Trp-Gly-Phe-Thr-Leu-Cys
(ACITI)-OH: ESI-MS calculated for C58H84N1501682 (M
+H™); m/z, 1310.57; found, 1310.

DTPA-Cys(Acm)-Thr-Thr-His-Trp-Gly-Phe-Thr-Leu-
Cys(Acm)—OH: ESI-MS calculated for C72H105N1802582 (M
+H*); m/z, 1685.69; found, 1685.

DTPA-D-Asn-Cys(Acm)-Thr-Thr-His-Trp-Gly-Phe-Thr-
Leu-Cys(Acm)-OH: ESI-MS calculated for
Cr6H111N200278; (M+H™Y); m/z, 1799.74; found, 1799.

DTPA-D-Lys-Cys(Acm)-Thr-Thr-His-Trp-Gly-Phe-Thr-
Leu-Cys(Acm)-OH: ESI-MS calculated for
C78H117N2002682 (M+H+), M/Z, 181379, found, 1814.

[ 1
CTT H-Cys-Thr-Thr-His-Trp-Gly-Phe-Thr-Leu-Cys-OH

[125I1]1SIB-CTT
11In-DTPA-CTT

1 In-DTPA-Asn-CTT
iTn-DTPA-Lys-CTT

3-['?5]] iodobenzoyl-Cys-Thr-Thr-His-Trp-Gly-Phe-Thr-Leu-Cys-0OH
111n-DTPA-Cys-Thr-Thr-His-Trp-Gly-Phe-Thr-Leu-Cys-OH

1 In-DTPA-pAsn-Cys-Thr-Thr-His-Trp-Gly-Phe-Thr-Leu-Cys-OH

U Tn-DTPA-pLys-Cys-Thr-Thr-His-Trp-Gly-Phe-Thr-Leu-Cys-OH

Fig. 1. Structures of radiolabeled CTT derivatives. The solid line depicts a disulfide linkage.
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The S-protected peptides (10 mg) were dissolved in 80%
acetic acid (10 ml). To this solution were added 1 N of HCI
(1 ml) and 20% iodine in acetic acid (1 ml), and the mixture
was stirred at room temperature for 1 h. The excess iodine
was reduced with 1 M of aqueous ascorbic acid. Subsequent
purification with HPLC was performed using the same
column as cited, eluted with a linear gradient of 20-35%
acetonitrile in 0.1% aqueous TFA for 45 min at a flow rate of
15 ml/min. Fractions containing the desired products were
collected and lyophilized.

CTT: ESI-MS calculated for C52H72N13014SZ (M+H+),
m/z, 1166.48; found, 1166.

DTPA-CTT: IS-MS calculated for CegHg3N 60,38, (M
+H™); m/z, 1541.60; found, 1542.5.

DTPA-Asn-CTT: ESI-MS calculated for C70H99N|8025SZ
(M-+H");m/z,1655.65;found, 1655.

DTPA-Lys-CTT: ESI-MS calculated for C;,H9sN13024S,
(M+H"); m/z, 1669.70; found, 1669.

2.3. Radiolabeling

To each DTPA-conjugated peptide (10 pg, 50 pg/ml) in
0.1 M of acetic acid was added '"InCl; (3.7-7.4 MBq,
200 pl), and the mixture was incubated at room temperature
for 30 min. Then, each '!'In-labeled peptide was purified by
HPLC to exclude non-peptide-bound '''In species and
unchelated peptides. The purification was performed with a
Hydrosphere C18 column (4.6x250 mm, YMC, Kyoto,
Japan) eluted with a mixture of acetonitrile and 0.1%
aqueous TFA (26:74 for "' In-DTPA-CTT and '''In-DTPA-
Asn-CTT, 24:76 for ' In-DTPA-Lys-CTT) at a flow rate of
1 ml/min. An appropriate amount of ethanol was added to
fractions containing each '''In-labeled peptide, and the
solvent was removed in vacuo. Phosphate-buffered saline
(20 mM, pH 7.4) containing 0.1% human serum albumin
was added to the residue for biodistribution experiments.
Radiochemical purities of '''In-labeled peptides were
determined by HPLC and thin-layer chromatography
(TLC). The analytical HPLC column (Hydrosphere C18,
4.6x250 mm) was eluted with a mixture of acetonitrile and
0.1% aqueous TFA (27:73 for '''In-DTPA-CTT and '"'In-
DTPA-Asn-CTT, 26:74 for !''In-DTPA-Lys-CTT) at a flow
rate of 1 ml/min. The TLC plate (Silica gel 60, Merck,
Darmstadt, Germany) was developed with 10% ammonium
chloride/methanol (1:1).

Nonradioactive indium was reacted with DTPA-CTT to
investigate the effect of the conjugation with !''In-DTPA on

" the inhibition of the gelatinase by CTT as follows: a 1.1
molar excess of InCl;-4H,0 in 0.02 N of HCI was added to
DTPA-CTT in a mixture of 0.1 M of acetic acid and
dimethylformamide (DMF; 1:1). After stirring at room
temperature for 30 min, In-DTPA-CTT was purified by
HPLC under the same conditions as for the purification of
""[n-DTPA-CTT. Fractions containing the desired products
were collected and lyophilized. IS-MS calculated for In
C66H90N16023SZ (M+H+): M/Z, 165358, found, 1653.5.

The radioiodination of CTT was achieved by conjugation
with ['?°I|SIB. Briefly, 50 ul of CTT (4 mg/ml) and 1-
hydroxybenzotriazole monohydrate (2.6 mg/ml) in DMF
was added to a reaction vial containing crude ['?*I|SIB (7.4
MBq). To this solution was added 2 pul of 10% triethyla-
mine-DMEF, and the mixture was stirred at room temperature
for 7 h. ['2*I]SIB-CTT was purified by HPLC (Capcell Pak
C18 ACR, 4.6x250 mm, Shiseido, Tokyo, Japan) eluted with
a linear gradient of 30-40% acetonitrile in 0.1% aqueous
TFA for 50 min at a flow rate of 1 mV/min.

2.4. MMP-2 inhibition assay

A 96-well microplate containing 2 nM of activated human
recombinant MMP-2 (Oncogene Research Products, San
Diego, CA, USA) and 0.5-1000 pM of In-DTPA-CTT or
CTT in 50 mM of MOPS buffer (pH 7.0; 10 mM of CaCl,,
10 pM of ZnCl,, 0.05% Bri)-35 and 5% dimethylsulfoxide)
was placed in a fluid-handling integrated fluorometer
(FlexStation, Molecular Devices, Sunnyvale, CA, USA) set
to read fluorescence at 328 nm of excitation and 393 nm of
emission. After incubation at 37°C for 30 min, a 10-pl
aliquot of quenched fluorescent substrate solution (1 uM of
the final concentration, OmniMMP, Biomol Research
Laboratories, Plymouth Meeting, PA, USA) was added to
initiate the measurement. The final volume was 100 pl. The
reaction was run at 37°C, with readings taken every 20 s. The
initial velocity (relative fluorescence units per minute) was
determined as the protease activity of MMP-2,

2.5. Characterization of radiolabeled CTT derivatives

The lipophilicity of '''In-DTPA-CTT and that of ['*°]
SIB-CTT were estimated by measuring coefficients of
partition between 1-octanol and 0.1 M of phosphate buffer
(pH 7.0) as follows: a 10-pl aliquot of radiolabeled CTT was
mixed with 3 ml each of l-octanol and 0.1 M of phosphate
buffer in a test tube. The mixture was vortexed (3x1 min); it
then stood for 20 min. After the procedure had been repeated
three times, the mixture was centrifuged for 5 min. Two 1-ml
aliquots of each phase were removed, and their radioactivity
was measured with a well counter (ARC380CL, Aloka,
Tokyo, Japan). The partition coefficient was determined by
calculating the ratio of counts per minute to milliliters in
1-octanol to that in buffer and then expressed as a common
logarithm (log PC).

The molecular charges of the three '''In-DTPA-conju-
gated CTT derivatives were determined by cellulose acetate
electrophoresis. Cellulose acetate strips (Separax-SP, Jokoh,
Tokyo, Japan) were run in 20 mM of phosphate buffer (pH
7.4) at a constant current of 0.8 mA/cm for 40 min.

2.6. Serum stability of ' In-DTPA-CTT

"M DTPA-CTT was diluted 10-fold with murine serum,
and the solution was incubated at 37°C for 3 h. The
radioactivity of the sample was analyzed by reversed-phase
HPLC, TLC and cellulose acetate electrophoresis after
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filtering through a 10-kDa cutoff ultrafiltration membrane
(Microcon-10, Amicon, Beverly, MA, USA).

2.7. Biodistribution experiments

Animal experiments were conducted in accordance to our
institutional guidelines, and the experimental procedures
were approved by the Kyoto University Animal Care
Committee. Tumor-bearing mice were prepared by implan-
tation of human breast cancer cells (MDA-MB-231 or MDA-
MB-435S) into the mammary fat pad of female BALB/c
nude mice. When tumors were palpable, about 5 mm in
diameter, the mice were used for biodistribution experi-
ments. Biodistribution experiments were performed by
intravenously administering radiolabeled peptides (8-
30 kBq, <150 ng of peptide) to normal mice (6-week-old
male ddY mice, 27-30 g) or tumor-bearing mice. At selected
time points after dosing, mice were killed by decapitation
and aliquots of blood were collected. Tissues of interest were
excised and weighed, and their radioactivity was measured
with a well counter (ARC380CL). Then, excised tumors
were frozen and stored at —70°C.

Frozen tumors were cut into small pieces and homo-
genized in 0.05 M of Tris—HCI buffer (pH 7.5) containing
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Fig. 2. Analytical HPLC profiles of '''In-DTPA-CTT (A) and nonradioac-
tive In-DTPA-CTT (B). The dotted line represents the profile of DTPA-CTT.
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Fig. 3. Inhibition of the proteolytic activity of MMP-2 by In-DTPA-CTT and
CTT. Each value represents the mean+S.D. of three experiments.

0.2 M of NaCl, 5 mM of CaCl, and 0.1% Triton X-100.
After centrifugation at 8000xg for 10 min at 4°C, the
supernatant was assayed for gelatinase. Gelatinase activity
was measured with a commercially available assay kit
(Chemicon, Temicula, CA, USA) according to the manufac-
turer’s instructions.

2.8. Statistical analysis

Data are expressed as meanststandard deviations where
appropriate. Results were analyzed using the unpaired ¢ test.
Differences were considered to be statistically significant
when P values were lower than .05.

3. Results
3.1. Synthesis

Radiochemical purities of all the radiolabeled CTT
derivatives exceeded 95% as determined by HPLC and
TLC. Specific activities of all peptides were over 400 GBg/
mmol. In the HPLC analysis, all three '''In-DTPA-

e '''In-DTPA-CTT
0 "In-DTPA-Asn-CTT
4 ""'In-DTPA-Lys-CTT

Radioactivity

-2.5 0 2.5 5 7.5
Distance from origin (cm)

Fig. 4. Radioactivity profiles of '''In-DTPA-conjugated CTT derivatives on
cellulose acetate electrophoresis.
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Table 1

Biodistribution of radioactivity after the injection of '''In-DTPA-CTT in normal mice

Time after injection

10 min 30 min 1h 3h 6h 24h
Blood® 2.500.40 0.6120.20 0.26+0.03 0.18+0.04 0.18+0.07 0.09:0.03
Liver® 1.51£0.40 0.94:0.49 0.83£0.13 0.70+0.25 0.810.34 0.40:0.14
Kidney® 13.4842.03 8.34£1.93 7.831.09 5.5240.75 4.66:+0.50 2.93+0.76
Intestine ® 0.53+0.10 0.2140.10 0.18+0.10 0.33x0.29 0.440.13 0.16+0.09
Spleen® 1.30£0.39 0.79+0.48 0.67+0.18 0.51:0.10 0.64:0.41 0.38+0.16
Lung?® 1.96+0.36 0.400.07 0.21:0.06 0.12+0.03 0.110.03 0.07+0.02
Heart® 0.83+0.18 0.20+0.06 0.09+0.03 0.070.03 0.10+0.06 0.07+0.01
Feces® 2.65+1.90
Urine® 69.50+6.83

Each value represents the mean+S.D. of at least five experiments.
® Expressed as percent injected dose per gram of organ.
b Expressed as percent injected dose.

conjugated CTTs showed two peaks. A typical chromato-
gram of ''"'In-DTPA-CTT is depicted in Fig. 2A. Non-
radioactive In-DTPA-CTT also showed two peaks at
retention times of 26 and 28 min (Fig. 2B), and the IS-MS
of both components showed a peak at m/z 1653.5 in the
positive ion mode. Reanalysis of each isolated component
(26 or 28 min) showed two peaks at retention times of 26 and
28 min, indicating that In-DTPA-CTT eluted as well-
separated isomers under the analytical conditions. Similar
findings were observed with other In-DTPA-conjugated
peptides [16,22,23].

3.2. MMP-2 inhibition assay

The inhibitory activity of '''In-DTPA-CTT toward
MMP-2 was examined to elucidate the validity of the
introduction of '"'In-DTPA into an N-terminal residue
distant from the HWGF motif. As shown in Fig. 3, In-
DTPA-CTT inhibited the proteolytic activity of MMP-2 in a
concentration-dependent fashion with an ICsq of 1026 uM,

.| DQeeomaen
2 ? |

10 min 30 min

Fig. 5. Hepatic radioactivity levels 10 and 30 min after the injection of
"n-DTPA-CTT or ['?*I]SIB-CTT in normal mice. Each value represents
the mean+S.D. of at least five experiments. * Significant difference from
"'In-DTPA-CTT, P<.0001.

although the inhibitory activity was slightly weaker than that
of the mother compound (283 uM).

3.3. Characterization of radiolabeled CTT derivatives

The partition coefficients (log PC) of '''In-DTPA-CTT
and ['*’I|SIB-CTT were determined to be —4.0 and 1.1,
respectively.

Fig. 4 illustrates the radioactivity profiles of '''In-DTPA-
conjugated CTT derivatives on cellulose acetate electro-
phoresis. "' In-DTPA-CTT and '"'In-DTPA-Asn-CTT were
detected at the same distance from the origin. On the other
hand, '''In-DTPA-Lys-CTT migrated toward the cathode as
compared with '''In-DTPA-CTT.

3.4. Serum stability

After incubation in murine serum at 37°C for 3 h, about
85% of the radioactivity was observed in fractions of '!'In-
DTPA-CTT.

501

|‘_‘| "n-DTPA-CTT *
404 ”‘In-DTPA-Asn-CTT
! "n-DTPA-Lys-CTT
D 301 *
[
(7]
[o]
©
® 20
101 I
0

10 min 30 min

Fig. 6. Renal radioactivity levels 10 and 30 min after the injection of ''In-
DTPA-conjugated CTT derivatives in normal mice. Each value represents
the meanS.D. of at least five experiments. *Significant difference from
"In-DTPA-CTT, P<.005.
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Table 2
Biodistribution of radioactivity after the injection of "' In-DTPA-CTT in mice bearing human breast carcinoma (MDA-MB-231 or MDA-MB-435S) xenografts
MDA-MB-231 MDA-MB-435S
30 min th 3b 30 min 1h 3h
Blood® 0.56+0.14 0.22+0.11 0.09+0.01 0.91+0.25 0.37+0.09 0.16+0.04
Liver® 0.28+0.05 0.16£0.01 0.12+0.02 0.4440.06 0.31+0.04 0.23+0.03
Kidney* 7.80+0.57 8.04:0.66 8.19+1.23 10.8+1.51 8.14£1.47 7.80+1.15
Muscle® 0.114£0.04 0.03+0.02 0.01+0.01 0.17+0.05 - 0.04+0.02 0.00+0.01
Tumor? 0.44+0.16 0.25+0.11 0.24+0.05 0.50£0.16 0.42+0.17 0.13+0.08
Tumor-to-blood ratio 0.78+0.19 1.06+0.24 2.81+0.89 0.54+0.06 1.11£0.33 0.94+0.18

Each value represents the meantS.D. of four or five experiments.
® Expressed as percent injected dose per gram of organ.

3.5. Biodistribution experiments

The biodistribution of radioactivity after intravenous
injection of '''In-DTPA-CTT in normal mice is summarized
in Table 1. '"'In-DTPA-CTT showed rapid clearance from
the circulation. The hepatic accumulation of the radioactivity
was low (below ~2% injected dose/g), and the majority of
the radioactivity was excreted via the kidneys into urine.

Fig. 5 shows hepatic levels of radioactivity after the
injection of "' In-DTPA-CTT and ['**I|SIB-CTT. ['**I]SIB-
CTT demonstrated marked accumulation in the liver as
compared with ''In-DTPA-CTT.

Renal levels of radioactivity of three '''In-DTPA-
conjugated CTT derivatives are shown in Fig. 6. While
"n-DTPA-Asn-CTT accumulated similarly to '''In-
DTPA-CTT, '''In-DTPA-Lys-CTT exhibited the highest
level early postinjection.

The biodistribution of '''In-DTPA-CTT in tumor-
bearing mice is summarized in Table 2. '"'In-DTPA-CTT
showed greater accumulation in the tumor than in the blood
and muscle in the MDA-MB-231-bearing mice. Between
the accumulation in the tumor as well as tumor-to-blood
ratio and gelatinase activity, a significant correlation was
observed (Fig. 7).

A
0.44
® MDA-MB-231
o MDA-MB-435S °
0.3
o
2
o 0.2
©
R
0.1
0 v T T T )
0 20 40 60 80 100
Gelatinase (ng/qg)

4. Discussion

The regulation of MMP activity occurs at several levels,
including gene transcriptional control, proenzyme activation
and inhibition of activated enzymes by endogenous
inhibitors [1,2]. Thus, specific endogenous inhibitors, tissue
inhibitors of metalloproteinases (TIMPs), were initially
considered as anticancer agents [24,25]. Thereafter, a
number of synthetic inhibitors were developed and widely
tested in clinical trials [10-12].

In nuclear medicine, a radiolabeled TIMP derivative was,
to our knowledge, the first compound to be evaluated for
imaging MMP expression [26,27]. Recently, some radi-
olabeled synthetic MMP inhibitors were studied [28-35].
However, they showed marked accumulation in nontarget
tissues in biodistribution studies. Thus, the basic require-
ments for a radiolabeled MMP inhibitor peptide for the
imaging of tumors include good inhibitory activity and
selectivity for MMPs, high accumulation in the tumor and
low accumulation in nontumor tissues. Taking into account
these factors, in the present study, we selected a gelatinase-
selective inhibitor with strong inhibitory activity, CTT
peptide, as the mother compound and designed a radi-
olabeled CTT peptide (‘''In-DTPA-CTT) to reduce the

B
4] ®MDA-MB-231 ¢
o MDA-MB-435S
e
T 3-
@
©
3
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<]
E
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Fig. 7. Correlation between the accumulation in the tumor (A) and tumor-to-blood ratio (B) of "[5-DTPA-CTT 3 h after injection and gelatinase activity. The

correlation coefficients (r) were 0.735 and 0.801, respectively.
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accumulation in nontarget tissues without impairing inhibi-
tory activity.

An N-terminal residue distant from the motif (HWGF)
important for the inhibitory activity of CTT was selected as
a radiolabeling site. In addition, '''In-DTPA labeling was
adopted as a radiolabeling method for reasons outlined
below, and DTPA was attached to the N-terminus of CTT.
MMPs possess zinc ions in the catalytic domain [36,37],
and so there is a possibility that free chelators such as
DTPA-CTT inhibit the MMP activity. Thus, nonradioactive
In-DTPA-CTT was prepared and the effect of the conjuga-
tion of '''In-DTPA on the inhibition of gelatinase was
investigated (Fig. 2). In-DTPA-CTT inhibited the proteoly-
tic activity of MMP-2 in a concentration-dependent fashion,
although the inhibitory effect was slightly weaker than that
of the mother compound (Fig. 3). This result demonstrates
that conjugation of In-DTPA chelate with the N-terminal
residue would not cause a marked decrease in the inhibitory
activity of CTT. Recently, Li and Anderson [34] pointed out
the possibility that gelatinase activity could be imaged with
radiolabeled CTT peptides. Thus, radiolabeled CTT pep-
tides should be potential candidates for the imaging of
gelatinase activity in tumors.

Peptide-based radiopharmaceuticals are useful for diag-
nostic applications due to their high affinity and selectivity
for target molecules, but an accumulation of radioactivity has
been observed in nontarget tissues such as the liver and
kidney, thus resulting in a high background of radioactivity
[15]. In this study, a highly hydrophilic and negatively
charged Mn_chelate, ''In-DTPA, was attached to the
amino group of the CTT peptide to reduce accumulation in
the liver and kidney. As expected, '''In-DTPA-CTT
exhibited low levels of radioactivity in the murine liver
(Table 1). Furthermore, renal levels were also found to be

"low as compared with those of other '''In-DTPA-labeled
peptides [17,23]. The hepatic and renal accumulations of
""In-DTPA-CTT were compared with those of other
radiolabeled CTT derivatives to validate the chemical
design. Comparison with the radioiodinated derivative
['*I]SIB-CTT revealed that the conjugation with '!'In-
DTPA increased the hydrophilicity of the CTT peptide and
reduced accumulation in the liver (Fig. 6). Furthermore, a
basic (lysine) or neutral (asparagine) amino acid was
attached to the N-terminus of CTT to investigate the effect
of molecular charge on the renal accumulation of '''In-
DTPA-conjugated CTT peptides (Fig. 1). Cellulose acetate
electrophoresis indicated that '''In-DTPA-CTT and !''In-
DTPA-Asn-CTT had similar net charges and that '''In-
DTPA-Lys-CTT had a more positive charge (Fig. 4). When
injected into mice, there was no significant difference in
renal accumulation between '''In-DTPA-CTT and '''In-
DTPA-Asn-CTT. "' In-DTPA-Lys-CTT, on the other hand,
showed a significantly higher uptake in the kidney than
did '""'In-DTPA-CTT. These findings indicate that the
conjugation of '''In-DTPA with the amino group of
the CTT peptide significantly altered the net molecular

charge of the peptide, leading to a significant effect on the
renal accumulation,

In MDA-MB-231 tumor-bearing mice, '''In-DTPA-CTT
showed greater accumulation in the tumor and tumor-to-
blood ratio 3 h after the injection as compared with that in
MDA-MB-435S tumor-bearing mice (Table 2). Since the
gelatinase activity of the MDA-MB-231 tumor was sig-
nificantly stronger than that of the MDA-MB-435S tumor
(61.3+21.3 and 17.8%6.6, respectively), the accumulation in
the tumor might be implicated in the gelatinase activity.
Furthermore, the accumulation in the tumor as well as tumor-
to-blood ratio 3 h after the injection correlated well with
gelatinase activity (Fig. 7). These results demonstrate the
feasibility of imaging gelatinase activity in tumors in vivo
using '"'In-DTPA-CTT. However, the relatively low tumor
contrast emphasizes the need for further investigation of the
molecular interactions between the peptidic inhibitor and the
gelatinase enzyme.

In conclusion, a peptidic gelatinase-selective inhibitor,
CTT, was selected as a mother compound and '''In-DTPA-
CTT was designed to reduce the accumulation in nontarget
tissues and maintain the inhibitory activity, taking into
consideration the HWGF motif of the peptide, hydrophilicity
and negative charge. In-DTPA-CTT significantly inhibited
the proteolytic activity of MMP-2. When injected into
normal mice, '''In-DTPA-CTT showed low levels of
radioactivity in nontarget tissues such as the liver and
kidney. Furthermore, in tumor-bearing mice, '''In-DTPA-
CTT showed tumor accumulation that might be implicated in
gelatinase activity. Therefore, the conjugation of '''In-DTPA
to the N-terminal of CTT would be a promising design for
imaging gelatinase activity. Although more studies on the
imaging of gelatinase activity in vivo are needed, these
findings provide useful information about the chemical
design of CTT peptide-based radiopharmaceuticals.
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Many . clinical PET studies have shown that increased 8F-FDG
uptake is not specific to malignant tumors. 8F-FDG is also taken
up in inflammatory lesions, particularly in granulomatous lesions
such as sarcoidosis or active inflammatory processes after che-
moradiotherapy, making it difficult to differentiate malignant
tumors from benign lesions, and is the main source of false-
positive '8F-FDG PET findings in oncology. These problems
may be overcome by multitracer studies using 3’-deoxy-
3’-18F-fluorothymidine ('8F-FLT) or .-''C-methionine. However,
18F-FLT or 1'C-methionine uptake in granulomatous lesions re-
mains unclarified. In this study, the potentials of ®F-FLT and
11C-methionine in differentiating malignant tumors from granulo-
mas were compared with '8F-FDG using experimental rat models.
Methods: Dual-tracer tissue distribution studies using '8F-FDG
and 3H-FLT (groups | and Hl) or '8F-FDG and '4C-methionine
{(groups Il and IV) were performed on rats bearing both granulomas
{Mycobacterium bovis bagcillus Calmette-Guérin [BCG}-induced)
and hepatomas (KDH-8-induced) (groups | and Il) or on rats bear-
ing both turpentine oiHnduced inflammation and hepatomas
(groups lll and V). One hour after the injection of a mixture of
18F-FDG and 3H-FLT or of '8F-FDG and 14C-methionine, tissues
were excised to determine the radioactivities of '8F-FDG,
3H-FLT, and “C-methionine (differential uptake ratio). Results:
Mature epithelioid cell granuloma formation and massive lympho-
cyte infiltration were observed in the granuloma tissue induced by
BCG, histologically similar to sarcoidosis. The granulomas
showed high 8F-FDG uptake comparable to that in the hepato-
mas (group |, 8.18 = 2.40 vs. 9.13 * 1.52, P = NS; group |I,
8.43 = 1.45vs. 891 = 2.32, P = NS). "“C-Methionine uptake in
the granuloma was significantly lower than that in the hepatoma
(1.31 £ 0.22 vs. 2.47 = 0.60, P < 0.01), whereas 3H-FLT uptake
in the granuloma was comparable to that in the hepatoma
(1.98 + 0.70 vs. 2.30 = 0.67, P = NS). Mean uptake of '8F-FDG,
3H-FLT, and “C-methionine was markedly lower in the turpen-
tine oilHnduced inflammation than in the tumor. Conclusion:
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14C-Methionine uptake was significantly lower in the granuloma
than in the tumor, whereas '8F-FDG and 3H-FLT were not able
to differentiate granulomas from tumors. These results suggest
that 1“C-methionine has the potential to accurately differentiate
malignant tumors from benign lesions, particularly granulomatous
lesions, providing a biologic basis for clinical PET studies.

Key Words: ''"C-methionine; granuloma; inflammation; tumor;
rat
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As a useful tracer for tumor imaging with PET, 8F-FDG
has been widely applied to tumor detection, staging, eval-
uation of treatment response, and differentiation of malig-
nant tumors from benign lesions in clinical oncology (/,2).
These applications are based on the increased '8F-FDG
uptake due to enhanced glucose use in most tumors. Recent
investigations, including many clinical PET studies, how-
ever, have shown that increased '8F-FDG uptake is not
specific to malignant tumors (3-7). '8F-FDG is also taken
up in inflammatory lesions, particularly in granulomatous
lesions such as sarcoidosis or active inflammatory processes
after chemoradiotherapy (3—7), making it difficult to differ-
entiate malignant tumors from benign lesions, and is the main
source of false-positive '8F-FDG PET findings in oncology
(8). It has been suggested that these problems may be
overcome by multitracer studies using 3’-deoxy-3'-'8F-
fluorothymidine ('8F-FLT) or L-!!C-methionine (8,9).
I8E.FLT, a radiolabeled analog of thymidine, has been
developed as a PET tracer to image cellular proliferation in
vivo (10). '8F-FLT is phosphorylated by the enzyme thymi-
dine kinase 1, which leads to intracellular trapping of the
tracer. During DNA synthesis, thymidine kinase 1 activity
increases almost 10-fold and is thus an accurate reflection of
cellutar proliferation (8,11). On the other hand, !!C-methionine
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uptake reflects increased amino acid transport and protein syn-
thesis and is related to cellular proliferation. 1'C-Methionine
has been shown to possess a high specificity in tumor detec-
tion, tumor delineation, and differentiation of benign from
malignant lesions (/2,13) because of the lower uptake of
C-methionine than of '|F-FDG in inflammatory cells
(14-16). These factors suggest that thymidine or amino acid
tracers are potentially more suitable than '®F-FDG for the
differentiation of tumors from inflammatory lesions. However,
the uptake of these tracers in granulomatous lesions remains
unclarified, mainly because of the lack of suitable animal mod-
els. In this regard, we have recently developed a rat model of
intramuscular granuloma characterized by epithelioid cell
granuloma formation and massive lymphocyte infiltration
around the granuloma, histologically similar to sarcoidosis
(17). The rat granuloma showed high '3F-FDG uptake com-
parable to that in the tumor, indicating the usefulness of our
model for studies of differential diagnosis.

The purpose of this study was to compare the potentials
of '8F-FLT and !'C-methionine with '®F-FDG for differen-
tiating malignant tumors from granulomas in the rat model
bearing granuloma and tumor.

MATERIALS AND METHODS

Radiopharmaceuticals

I8F.FDG, synthesized by standard procedures, was obtained
from Hokkaido University Hospital Cyclotron Facility. L-[methyl-
14CImethionine (specific activity, 1.48-2.04 GBg/mmol) and
[methyl-3H (N)}-3'-fluoro 3’-deoxythymidine (*H-FLT) (specific
activity, 74-370 GBg/mmol) were purchased from American
Radiolabeled Chemicals, Inc., and Moravek Biochemicals Inc.

Animal Studies

All experimental protocols were approved by the Laboratory
Animal Care and Use Committee of Hokkaido University. Eight-
week-old male Wistar King Aptekman/hok rats (supplied by Japan
SLC, Inc.) were used in all experiments. The Mycobacterium bovis
bacillus Calmette-Guérin (BCG), a Japanese strain, was grown on

: Midd]el;mok 7H11 agar (Difco Laboratories), suspended in phosphate-

buffered saline with 0.05% polysorbate 20, and stocked at —80°C.
BCG (1 x 107 CFU/rat) and allogenic hepatoma cells (KDH-8,
1 x 108 cells/rat) were inoculated, respectively, into the left and
right calf muscles to generate a rat model bearing both the granu-
loma and the tumor. Turpentine oil (0.2 mL/rat) and KDH-8 were
inoculated, respectively, into the left and right calf muscles to
generate a rat model bearing both turpentine oil-induced inflam-
mation and tumor. Figure 1 shows the experimental protocols of the
animal studies. At designated periods after inoculation of KDH-8
and BCG or of KDH-8 and turpentine, the rats were kept fasting
overnight, anesthetized with pentobarbital (50 mg/kg of body
weight, intraperitoneally), and administered an intravenous injec-
tion of a mixture of '8F-FDG (7.4 MBq) and H-FLT (0.185 MBq) or
of 18F-FDG (7.4 MBg) and *C-methionine (0.185 MBq). The rats
were kept under anesthesia throughout the experiment. To decrease
the serum level of endogenous thymidine, the rats were pretreated
with thymidine phosphorylase (1,000 U/kg of body weight) 45 min
before the injection of a mixture of '*F-FDG and 3H-FLT, according
to the procedures reported by van Waarde et al. (8). Sixty minutes
after the injection of a mixture of '®F-FDG and 3H-FLT or of
I8E.FDG and '*C-methionine, the animals were sacrificed, and
tumor, granuloma, inflammatory tissues, and other organs were
excised. The tissues and blood samples were weighed, and '*F-FDG
radioactivity was determined using a y-counter (1480 WIZARD 37,
Wallac Co., Ltd.). The samples were then solubilized with Soluene
350 (Packard Bioscience B.V.), and 3H-FLT or '“C-methionine
radioactivity was measured using a liquid scintillation counter
(LSC-5100; Aloka Co., Ltd.). '8F-FDG, 3H-FLT, and '4C-methionine
uptake levels in the tissues were expressed as a differential uptake
ratio (DUR) (cpm measured per gram of tissue/cpm injected per
gram of body weight) (/6). The lesion (tumor, granuloma, or
turpentine-induced inflammatory tissue)-to-muscle (L/M) ratios
and the lesion-to-blood (L/B) ratios of '8F-FDG, 3H-FLT, and
14C-methionine uptake were calculated from the DUR value of each
tissue (I8,19). Samples from the tumor, granuloma, and turpentine
oil-induced inflammatory tissues were formalin-fixed and paraffin-
embedded for the subsequent histologic staining. Blood samples
for glucose level measurement were obtained immediately before
the tracer injection and immediately before sacrifice. Blood glucose
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FIGURE 1. Experimental protocols of 1'F_FDG y-counter
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level was determined using a biochemical analyzer (MediSense;
Dainobot Co., Ltd.).

Histochemical Studies

Formalin-fixed, paraffin-embedded 3-um-thick sections of tu-
mor, granuloma, and turpentine oil-induced inflammation tissue
were stained with hematoxylin and eosin. The immunohistochem-
ical staining of an immune-associated antigen (la) was also per-
formed using a monoclonal antibody (mAb) (mouse IgG, MRC
0OX-6; Oxford Biotechnology Ltd.) that recognizes a monomor-
phic determinant of rat Ia, MHC class 11, present on B lympho-
cytes, dendritic cells, some macrophages, and certain epithelial
cells, as previously described (77).

Statistical Analysis

All values are expressed as mean * SD. The nonparametric
Kruskal-Wallis test was used to assess the significance of differ-
ences in blood glucose levels among the 4 groups of rats. Statistical
analyses were performed using a nonparametric Mann-Whitney U
test to evaluate the significance of differences in values between the
2 types of lesions (tumor vs. granuloma or tumor vs. turpentine-
induced inflammation). A value of P less than 0.05 was considered
significant.

RESULTS

Blood Glucose Level and Histopathologic Findings

There was no statistically significant difference in blood
glucose levels among the 4 groups of rats at the times of
injection and sacrifice (Table 1). The blood glucose levels
were within the physiologic range.

In the intramuscular granuloma induced by BCG, the
granulomatous lesions showed mature epithelioid cell gran-
uloma formation and massive lymphocyte infiltration around
the granuloma (Fig. 2A). Immunohistochemical staining also
showed the accumulation of Ia-positive macrophages and
Ia-positive lymphocytes in the periphery of the granuloma
(Fig. 2B). In the intramuscular tumor induced by KDH-8
cells, massive viable and proliferating cancer cells were
observed by hematoxylin-and-eosin staining (Fig. 2C). Inthe
turpentine-induced inflammatory tissue, massive neutrophil
infiltration and ambient connective tissue formation were
observed around the site of turpentine oil injection (Fig. 2D).

Uptake of 18F-FDG, *H-FLT, and *C-Methionine

18F_-FDG, 3H-FLT, and '*C-methionine uptake in the
tumor, granuloma, and turpentine-induced inflammatory
tissues are summarized in Figure 3 and Table 2.

Figures 3A and 3B show the tracer uptake levels in rats
bearing the tumor and granuloma (groups I and II). The
granuloma showed high '8F-FDG uptake comparable to
that in the tumor (group I, 8.18 * 2.40 DUR for granuloma
vs. 9.13 = 1.52 DUR for tumor, P = NS; group II, 843 *
1.45 DUR for granuloma vs. 8.91 * 2.32 DUR for tumor,
P = NS). 3H-FLT uptake in the granuloma was also
comparable to that in the tumor (group I, 1.98 * 0.70
DUR for granuloma vs. 2.30 = 0.67 DUR for tumor, P =
NS). Mean !“C-methionine uptake in the granuloma was
significantly lower than that in the tumor (group II, 1.31 *
0.22 DUR for granuloma vs. 2.47 * 0.60 DUR for tumor,
P < 0.01). '“C-Methionine uptake in the granuloma was
about 53% of that in the tumor (Fig. 3B).

In rats bearing the tumor and turpentine oil-induced in-
flammatory tissue (Figs. 3C and 3D, groups III and IV), the
mean '8F-FDG uptake in the inflammatory tissue was mark-
edly lower than that in the tumor (group I11, 2.42 + 0.43 DUR
for inflammatory tissue vs. 9.13 = 0.50 DUR for tumor, P <
0.01; group IV, 3.99 *+ 0.22 DUR for inflammatory tissue vs.
11.14 = 1.03 DUR for tumor, P < 0.05). *H-FLT and
!4C-methionine uptake was also significantly lower in the
inflammatory tissue than in the tumor (group III, 3H-FLT,
0.99 = 0.13 DUR for inflammatory tissue vs. 2.66 * 0.13
DUR for tumor, P < 0.01; group 1V, 14C-methionine, 1.77 *
0.18 for inflammatory tissue vs. 2.96 + 0.57 DUR for tumor,
P<0.05).

The L/M and the L/B ratios of '8F-FDG, 3H-FLT, and
14C-methionine uptake are summarized in Table 2. The
mean L/M and L/B ratios of '®F-FDG and *H-FLT uptake
in the granuloma were comparable to those in the tumor
(group I, P = NS). However, the mean L/M and L/B ratios
of !*C-methionine uptake in the granuloma was signifi-
cantly lower than those in the hepatoma (group II, 3.0 +
06 vs. 57 £ 19 for L/M and 1.8 * 0.3 vs. 35 + 1.0
for L/B, P < 0.01, respectively). The L/M and L/B ratios
of '8F-FDG, 3H-FLT, and '*C-methionine uptake in the
turpentine-induced inflammation were markedly lower than
those in the tumor (groups III and IV).

DISCUSSION

This study showed that “C-methionine uptake in the
granuloma was about 50% of that in the tumor (Fig. 3B),
and the difference was significant. In contrast, ¥F-FLT and
18F-FDG uptake in the granuloma was comparable to that in

TABLE 1
Blood Glucose Levels (mg/dL)
Group | (n = 7). Group Il (n = 6): Group lll (n = 5): Group IV (n = 4):
Time 18F-FDG + SH-FLT 18F-FDG + '4C-methionine 18F-FDG + 3H-FLT 18F-FDG + '4C-methionine
At tracer injection 87.7+74 93.2 £ 6.5 842 + 85 873 +52
At sacrifice 88.0 = 6.7 86.0 = 5.7 91.0 + 8.0 853 + 2.2

Data are mean = SD.
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FIGURE 2. Microscopy images (x400) of
hematoxylin-and-eosin staining (granu-
loma[A], tumor [C], and turpentine-induced
inflammation [D]) and immunostaining for
la antigen (granuloma [B]). (A) Intramuscu-
lar granuloma induced by BCG shows
mature epithelioid cell granuloma forma-
tion and massive lymphocyte infiltration
around granuloma. (B) Immunostaining for
la antigen shows infiltrations of la-positive
epithelioid cells and macrophages in gran-
uloma and la-positive lymphocytes in pe-
riphery of granuloma. In A and B,
arrowhead indicates epithelioid cell granu-
loma; white arrow, lymphocyte infiltration;
and black arrow, macrophage infiltration.
(C) Massive viable and proliferating cancer
cells in tumor tissue. Black arrow indicates
viable cancer cell; white arrow, proliferating
cancer cell (mitotic division). (D) Massive
neutrophil infiltration and ambient connec-
tive tissue formation were observed around
site of turpentine oil injection. White arrow
indicates neutrophil infiltration; black ar-
row, connective tissue.

the tumor. These results suggest the possible usefulness of
"'C-methionine for differentiating malignant tumors from
benign lesions, providing a biologic basis for clinical PET
studies.

The present results suggest that amino acid tracers are
potentially more suitable than '8F-FDG for the differentia-
tion of tumors from inflammation, including granuloma. Qur
results are consistent with previous clinical findings that
showed that '8F-FDG uptake is significantly higher than
1C-methionine uptake in mediastinal bilateral hilar lym-
phadenopathy with sarcoidosis (20). On the other hand, to the
best of our knowledge, this is the first report on radiolabeled
14C-methionine uptake in an experimental granuloma, al-
though studies of '*C-methionine uptake in inflammation
induced by intramuscular injections of croton oil and carra-
geenan (2/) have been reported.

It is of great importance to determine the cause of the
difference between !'C-methionine and '*F-FDG accumu-
lations in granulomas. Cellular uptake of '*F-FDG in sar-
coidosis is considered to be related to inflammatory cell
infiltrates, which are composed of lymphocytes, macro-
phages, and epithelioid cells from monocytes, because '®F-
FDG has been observed in vitro to be accumulated by
leukocytes (22,23), lymphocytes, and macrophages (24).
An increased 'F-FDG distribution level was observed
mainly in epithelioid cell granulomas by autoradiography,
whereas the '*C-methionine distribution level was low. The
activities of granuloma formation and granuloma-associated
immune cells may be reflected by the accumulation of
'SE_.FDG but not by that of *C-methionine, although the
detailed mechanisms underlying the accumulation of these
tracers in granulomas remain unclarified. As for the ac-
cumulation of these tracers in tumors, Kubota et al. (15)
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have demonstrated by a microautoradiographic study that
14C-methionine uptake is achieved largely by viable cancer
cells, whereas uptake by macrophages and granulation tis-
sues is low, in contrast to '*F-FDG. An increased 'F-FDG
accumulation in young granulation tissues around a tumor
and in macrophages infiltrating the margins of an extensive
area of tumor necrosis was observed by microautoradiog-
raphy using '®F-FDG and 3H-deoxyglucose (24). The dis-
tinctive uptake profiles of '®F-FDG and !'C-methionine may
provide information on the different roles of these tracers in
the diagnosis of tumors and inflammation.

This study showed that mean ’F-FLT uptake in the BCG-
induced granuloma was comparable to that in the KDH-8-
induced hepatoma, as in the case of '®F-FDG, although the
level of *H-FLT uptake was lower than that of '®*F-FDG.
Some investigators reported that '®F-FLT uptake in inflam-
matory cells is lower than that in tumors, because the mitotic
activity of inflammatory cells is lower than that of tumor
cells. Van Waarde et al. reported that '®F-FLT uptake in
turpentine-induced inflammation is 32% of that in C6 rat
gliomas (8), suggesting a high tumor specificity of '®F-FLT
(8). Our results for turpentine-induced inflammatory tissue
were consistent with previous reports. In contrast, *H-FLT
uptake in the granuloma was comparable to that in the
hepatoma. Clinical studies (25) also showed that a patient
with granulomas after radiation and chemotherapy showed
increased '®F-FLT uptake. A patient with nonspecific inter-
stitial pneumonia had a false-positive '®F-FLT finding (Ki-67
index, 15%) (26). Inflammatory lung diseases are accompa-
nied by lymphocyte infiltration and involve growth factors
that enhance the proliferation of lymphocytes (27). These
findings suggest that '*F-FLT may accumulate in chronic
granulomatous lesions with proliferative inflammation. Our
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study showed the accumulation of Ia-positive lymphocytes

- in the periphery of the granuloma (Fig. 2B) (Ki-67 index,
6.3%), possibly explaining the increased >H-FLT uptake in
the granulomatous lesions. Thus, our experimental results
support previous clinical findings, although detailed investi-
gations, including that of the correlation between the Ki-67
proliferation index and '3F-FLT distribution in the granu-
loma and tumor using autoradiography, are required.

Although the usefulness of 1'C-methionine for differenti-
ating malignant tumors from benign lesions was indicated
in our experimental models, uptake of '®F-FLT and !!C-
methionine by tumor was relatively lower than uptake of
18F.FDG. An absolute uptake level is also a determinant of
the usefulness of radiopharmaceuticals. General tumor de-
tectability might be higher with 1¥F-FDG than with others,
although several clinical and experimental studies suggested
that '8F-FDG and ''C-methionine were equally useful in
detecting residual or recurrent malignant tumors (16,28).

It is important to note the limitations of our study. We
measured the biodistribution of *C-methionine at 60 min
after injection, to avoid technical complications. In clinical
settings, however, PET images of ! '\C-methionine are usually

HC_METHIONINE IN GRANULOMAS AND TuMoORs * Zhao et al.

acquired at 10-30 min after injection, because of the short
half-life of !C. To investigate whether the biodistribution
of 14C-methionine at early time points provides data similar
to those of the present study (at 60 min) in differentiating
the tumor from the granuloma, we preliminarily performed
biodistribution studies at 5, 15, and 30 min after the !4C-
methionine injection using the tumor and inflammation
models. The findings showed that uptake of “C-methionine
in the tumor and granuloma plateaued at 15-30 min after the
injection. '#C-Methionine uptake in the granuloma at 15 and
30 min was also significantly lower than that in the tumor—
61% and 45%, respectively, of tumor uptake. These results
were consistent with the present results, although #C-
methionine uptake in the tumor and granuloma at 60 min
was lower than that at 15 and 30 min. The biodistribution at
early time points supports our results in the present study. It
should also be noted that uptake of “C-methionine in normal
organs was relatively high in our rats. This result may be
ascribed to the time point (60 min after injection) at which we
performed the *C-methionine biodistribution study. Kubota
et al. (29) reported that the distribution of '“C-methionine in
abdominal organs including the liver, intestine, and kidney
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TABLE 2
Uptake Levels, LM, and L/B 60 Minutes After Injection of 18F-FDG, 3H-FLT, and '*C-Methionine (DUR)

KDH-8 and BCG

KDH-8 and turpentine oil

Group l (n = 7) Group Il (n = 6) Group lll (n = 5) Group IV (n = 4)
Parameter 18F-FDG 3H-FLT 18F.FDG '4C-Methionine 8F-FDG 3H-FLT 18F-FDG  '“C-Methionine

Blood 0.69 + 0.14 0.91 =015 0.60 = 0.11 0.71 = 0.04 0.57 = 0.08 0.72 = 0.11 0.77 = 0.10 0.99 * 0.03
Plasma 0.95 +0.25 0.85*=0.12 0.59 = 0.13 0.95 = 0.04 0.66 = 0.11 0.74 = 0.08 0.79 = 0.10 1.37 = 0.08
Muscle 0.28 £ 0.05 0.85 +0.09 0.31 = 0.11 045+ 0.06 0.20 = 0.03 0.74 + 0.07 0.30 = 0.03 0.41 =0.04
Brown fat 0.52 £ 0.48 0.48 £ 0.25 0.33 = 0.06 0.42 + 0.07 0.38 = 0.08 0.43 = 0.05 0.44 = 0.03 0.50 = 0.03
White fat 0.18 £ 0.03 0.16 = 0.05 0.18 = 0.02 0.11 £ 0.02 0.21 =008 0.22 + 0.09 0.19 = 0.02 0.13 = 0.01
Heart 1.04 = 060 0.86 + 010 0.62 = 0.27 0.83 +0.05 0.54 = 005 0.72 + 0.09 0.60 = 0.13 0.97 = 0.03
Brain 3.05 024 0.15 +0.02 297 = 0.15 048 = 0.03 2.69 +0.16 0.16 = 0.07 3.49 + 0.46 0.64 = 0.04
Lung 235+ 0.70 1.51 027 1.16 £0.13 1.30 £ 0.03 251 +0.33 1.72 025 1.52 + 0.08 1.63 = 0.06
Thymus 189 + 033 1.03 039 216 +023 157+ 0.11 120+ 024 0.84 + 046 2.46 = 0.20 1.85 * 0.30
Spleen 3.26 = 0.82 420 = 0.73 2.34 + 0.26 2.16 = 0.41 275+ 0.30 5.06 +1.09 3.19 + 0.20 3.03 = 0.14
Liver 237 064 1.71 2034 089 +022 715+ 0.75 210+ 040 142 +0.09 1.24 +0.11 7.97 = 0.83
Kidney 2.06 =092 237 =038 131 030 3.76 = 0.14 136024 192 *0.15 298 *+ 1.31 3.97 = 0.23
Bone marrow 250 £ 035 9.42 + 099 237 +0.24 3.33 = 0.24 2.07 = 0.36 11.93 £ 218 2.92 + 0.14 4.69 = 0.26
Tumor 9.13 + 152 230 =067 891 +232 247 = 0.60 9.13 £ 050 2.66 + 0.41 11.14 = 1.03 2.96 + 0.57
Granuloma or 8.18 + 240 1.98 + 0.70 8.43 = 1.45 1.31 = 0.22* 2.42 + 0.43* 0.99 + 0.13* 3.99 + 0.22* 1.77 + 0.18t

turpentine
Ratio

L (tumor)/M 342 £ 98 2707 33.0x168 5719 453 =*65 3605 37615 7216

L (granuloma)/M or 30.0 = 9.3 23+08 29796 3.0x06" 11.9+x24 13=02" 13619t 43 +08t

L (turpentine)/M
L (tumorn/B 139 + 44 26 +08 149*x27 3510 162=+17 38+x09 14617 3.0x0.6
L (granuloma)/B or 12.4 + 5.1 22 +05 .143 *25 1.8+ 03 43=*09" 1.4 *+02* 53+x09 1801t

L (turpentine)/B

*P < 0.01, tumor vs. granuloma or tumor vs. turpentine-induced inflammation.

tP < 0.05.

was still increased after 30 min after injection. Another
limitation of our study was that only 1 tumor model was used
to compare accumulation of the PET pharmaceuticals. Other
tumor models should be used to confirm our preliminary
results.

CONCLUSION

Our experimental studies demonstrated that '“C-methionine
uptake in the granuloma was significantly lower than that
in the tumor, whereas '8F-FDG and *H-FLT were not able
to differentiate the granuloma from the tumor. These results
suggest that '*C-methionine should have the potential to
accurately differentiate malignant tumors from benign le-
sions, particularly granulomatous lesions.
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Abstract

Introduction Increased '8F-fluorodeoxyglucose (FDG) uptake
in inflammatory lesions, particularly in granulomatous inflam-
mation (e.g., sarcoidosis), makes it difficult to differentiate
malignant tumors from benign lesions and is the main source of
false-positive FDG-PET findings in oncology. Here, we
developed a rat granuloma model and examined FDG uptake
in the granuloma. The effects of corticosteroid on FDG uptake in
the granuloma were compared with those in a malignant tumor.
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Methods Rats were inoculated with Mycobacterium bovis
bacillus Calmette-Guérin (BCG) or allogenic hepatoma cells,
and subdivided into control and pretreated (methylprednis-
olone acetate, 8 mg/kg i.m.) groups. Radioactivity in tissues
was determined 1 h after the FDG injection. FDG-PET was
performed in rats bearing BCG granulomas or tumors before
and after prednisolone treatment.

Results Mature epithelioid cell granuloma-formation and
massive lymphocyte-infiltration were observed in the control
group of granuloma, histologically similar to sarcoidosis.
The mean FDG uptake in the granuloma was comparable to
that in the hepatoma. Prednisolone reduced epithelioid cell
granuloma-formation and lymphocyte-infiltration. Prednis-
olone significantly decreased the level of FDG uptake in the
granuloma (52% of control), but not in the hepatoma. The
FDG uptake levels in the granulomas and tumors were
clearly imaged with PET.

Conclusion We developed an intramuscular granuloma rat
model that showed a high FDG uptake comparable to that
of the tumor. The effect of prednisolone pretreatment on FDG
uptake was greater in the granuloma than in the tumor. These
results suggest that BCG-induced granuloma may be a valuable
model and may provide a biological basis for FDG studies.

Keywords FDG - Granuloma - Tumor - Corticosteroid - Rat

Introduction

PET using FDG has become a very useful imaging tool not
only for detecting and staging malignant tumors but also for
monitoring therapy response and for differentiating malig-
nant tumors from benign lesions [1]. These applications are
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based on the increased FDG uptake due to enhanced glucose
utilization in most tumors. Recent investigations, however,
have shown that FDG accumulates not only in malignant
tumors but also in various forms of inflammatory lesions,
particularly in granulomatous lesions, such as sarcoidosis
or active inflammatory processes after chemoradiotherapy
[2-4]. Increased FDG uptake in such inflammatory lesions
makes it difficult to differentiate malignant tumors from
benign lesions and is the main source of false-positive
FDG-PET findings in oncology [5]. Thus, it is of great
importance to investigate FDG uptake in granulomatous
lesions for accurately differentiating malignant and benign
lesions by FDG-PET. However, FDG uptake in granulo-
matous lesions remains unclarified, mainly due to the lack
of suitable animal models. To the best of our knowledge,
there have been no studies of FDG uptake in experimental
granulomatous lesions to date, although increased FDG
uptake in inflammatory lesions has been reported in exper-
imental inflammation induced by intramuscular injection of
Staphylococcus aureus (S. aureus) or turpentine oil [5, 6].
Thus, we developed a granuloma rat model.

In the present study, we induced granuloma in the muscle
of rats by BCG inoculation and examined FDG uptake in the
granuloma in comparison with that in a tumor. In addition,
we determined the effect of predonisolone pretreatment on
FDG uptake in the granuloma to evaluate whether cortico-
steroid pretreatment facilitates the differentiation of malig-
nant tumors from benign lesions by FDG -PET.

Materials and methods
Animal studies

All experimental protocols were approved by the Laboratory
Animal Care and Use Committee of Hokkaido University.
Eight-week-old male Wistar King Aptekman/hok (WKAH)
rats (supplied by the Experimental Animal Institute, Graduate
School of Medicine, Hokkaido University, Sapporo) were
used in all experiments. The Mycobacterium bovis bacillus
Calmette-Guérin (BCG), Japan strain, was grown on
Middlebrook 7HI11 agar (Difco Laboratories, Detroit, Mich),
suspended in PBS with 0.05% Tween 20, and stocked at —80°C.
A 1x107 CFU/rat dose of BCG, which was determined in
our preliminary experiments, was inoculated into the left
calf muscle of rats to induce appropnate sizes and numbers
of granulomatous lesions. To produce an experimental
tumor, rats were inoculated with a suspension of allogenic
hepatoma cells (KDH-8, 1x10° cells/rat) into the left calf
muscle [7]. Nineteen days after BCG inoculation or 14 days
after KDH-8 inoculation, when the BCG-induced granulo-
matous lesions were 3-8 mm in diameter, or when the
KDH-8-induced tumor tissues were 20-30 mm in diameter,

the rats were fasted overnight and then randomly divided
into two subgroups: prednisolone (PRE)-pretreated and
control (untreated) (n=5-6, in each group). The sizes of
the granuloma and tumors were checked under palpation,
and then measured using calipers. The rats in the PRE-
pretreated group were intramuscularly injected with meth-
ylprednisolone acetate (8 mg/kg body weight) in the left
brachialis muscle 20 h before the FDG injection, according
to the methods reported by Gemma et al. (8]. Each rat was
anaesthetized with pentobarbital (50 mg/kg body weight,
i.p.) and was injected in the tail vein with 5-6 MBq of
FDG. The rats were kept under anaesthesia for the rest
of the experiment. Sixty minutes after the FDG injection,
the animals were sacrificed and tumor, granuloma tissues,
and other organs were excised. The tissues and blood
samples were weighed, and radioactivity was determined
using a gamma counter (1480 WIZARDTM3"; Wallac
Co., Ltd.). FDG uptake in the tissues was expressed as the
percentage of injected dose per gram of tissue after being
normalized to the animal’s weight (%ID/g % kg). The lesion
(granuloma or tumor)-to-muscle (L/M) ratio and the lesion
(granuloma or tumor)-to-blood (L/B) ratio of FDG uptake
were calculated from the (%ID/g)xkg value of each tissue
[6]. By using tissue samples from the tumors and granulo-
mas, frozen specimens and formalin-fixed, paraffin-embed-
ded specimens were prepared for subsequent histologic
staining. Blood samples for glucose measurement were
obtained immediately before FDG injection and immediately
before sacrifice. Blood glucose level was determined using a
biochemical analyzer (MediSense, Dainobot Co., Ltd.).

Histochemical studies

Immunohistochemical staining for immune-associated anti-
gen (Ia) was performed using a monoclonal antibody (mAb)
(mouse IgG, MRC 0X-6, Oxford Biotechnology Ltd.) that
recognizes a monomorphic determinant of the rat la, MHC
class II present on B lymphocytes, dendritic cells, some
macrophages, and certain ephithelial cells. To further sup-
port the la-positive (la+) staining, other mAbs, namely,
MRC 0OX-3 and MRC OX-17 were also used. The MRC
0OX-3 mADb (Serotec), a mouse anti-rat RT1Bu mAb, recog-
nizes a polymorphic determinant of the rat la-A antigen
RT1Bu (class II polymorphic) found on B cells, dendritic
cells, and certain epithelial cells. The MRC OX-17 mAb
(Serotec) recognizes a monomorphic determinant of the rat
RT-1D (class Il monomorphic), the rat homologue of the
mouse la-E, which has a similar structure to the Ila-A
antigen and reacts with anti-la alloantibodies. The MRC
0X-17 mAb does not cross-react with the rat la-A (RT-1B)
antigen, while both class II monomorphic MRC OX-6 and
MRC OX-17 mAbs were active against determinants found
in all rat strains. The different cell types were characterized
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by positive staining with several monoclonal antibodies, i.e.,
RM-4 (Cosmo Bio Co., Ltd.) for macrophages, MRC OX-8
(mouse anti-rat CD8 alpha mAb, Serotec) for nonhelper T cells,
and MRC OX-35 (mouse anti-rat CD4 mAb, Serotec) for
helper T cells. The epithelioid cells and macrophages found
around epithelioid cell granulomas were determined by
positive staining with RM-4 (Fig. 2c). T cell subsets were
characterized using MRC OX-35 and MRC OX-8.

The formalin-fixed, paraffin-embedded tumor and gran-
uloma tissues were sectioned at 3 pum thickness and stained
with hematoxylin and eosin (HE), whereas the frozen
granuloma tissues were cut at 4 pm thickness. Immunohis-
tochemical staining was carried out according to a standard
immunostaining procedure [7-9]. Briefly, after deparaffiza-
tion and rehydration (for MRC OX-6, MRC OX-8, and
RM-4 mAbs), tissue sections were heated at 121°C for
15 min in 10 mM sodium citrate buffer, pH 6.0, for antigen
retrieval (MRC OX-6 mAb). Frozen sections were fixed in
ethanol (for MRC OX-3, MRC OX-17, and MRC OX-35
mAbs). Endogenous peroxidase activity was blocked for
5 min in methanol containing 3% hydrogen peroxide.
Thereafter, slides were incubated with primary antibodies
for 30 min at room temperature. The bound antibody was
visualized by the avidin/biotin conjugate immunoperox-
idase procedure using the HISTOFINE SAB 2 system HRP
(Dako, Japan) and 3.3'-diaminobenzidine tetrahydrochlo-
ride (DAB) (Dako, Japan). Counterstaining was performed
with hematoxylin.

Fig. 1 Microscopic images = 3 4 ;5-.",
(x 400) of HE-stained (a, ¢) . 4

PET imaging

PET experiments were performed in rats bearing BCG
granulomas or KDH-8 tumors before (control) and after a
prednisolone treatment. Eighteen days after BCG inoculation
or 13 days after KDH-8 inoculation, the rats (n=3 for BCG
granulomas and KDH-8 tumors, respectively) were fasted
overnight, and anesthetized with pentobarbital (50 mg/kg
body weight, i.p.). The rats were placed in a PET scanner
(SHR-7700L, Hamamatsu Photonics, Hamamatsu, Japan) in
a supine position and injected with FDG (28-30 MBg/rat) in
the lateral tail vein. Sixty minutes afier the injection of FDG,
the rats underwent a first PET scanning for 15 min. After the
PET scanning, the rats were treated with methylprednisolone
acetate (8 mg/kg body weight). Twenty hours after the
prednisolone treatment, a second FDG-PET scan was carried
out using the same procedures as the first PET scan. The
PET images were reconstructed by a standard filtered back-
projection using a Hamming filter into a 256 %256 x 3]
(0.6 0.6 3.6 mm) matrix. The spatial resolution of the
reconstructed images was 2.7 mm in the plane [10].

Statistical analysis

All values are expressed as mean = standard deviation.
To evaluate the significance of the differences in the
values obtained between the control group and the
treated group, an unpaired student’s ¢ test was performed.
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A two-tailed value of P<0.05 was considered significant.
The statistical program Stat View 5.0 was used for the data
assessment.

Results
Histopathological findings

In the control animals inoculated with BCG, mature
epithelioid cell granuloma-formation and massive lympho-
cyte-infiltration were observed in the calf muscle (Fig. la).
Immunohistochemical staining with the MRC OX-6 mAb
showed the accumulation of Ia” macrophages and la”
lymphocytes into the periphery of the granuloma
(Fig. 1b). In the prednisolone pretreatment group, reduction
in the levels of epithelioid cell granuloma-formation and
lymphocyte-infiltration and in the levels of la* macro-
phage-infiltration and Ia’" lymphocyte-infiltration were
observed (Fig. Ic and d). Immunostaining with MRC OX-

Fig. 2 Microscopic images

(x 400) of immunostained for la
antigen with MRC OX-3 (a),
MRC OX-17 mAbs (b), and cell
type characterization (c-e) in
granulomas of control rats. a
Accumulation of la+ epithelioid
cells, la+ macrophages and la+
lymphocytes were characterized
by MRC OX-3 mAb. b Accu-
mulation of la+ epithelioid cells,
la+ macrophages, and la+ lym-
phocytes were characterized by
MRC OX-17 mAb. ¢ The epi-
thelioid cells and macrophages
were determined by RM-4 pos-
itive staining. d CD4+ T cells
(helper T cells) were determined
by MRC OX-35 mAb. e CD8+ T
cells (nonhelper T cells) were
determined by MRC OX-8 mAb.
Black arrow head indicates
epithelioid cell granuloma; black
arrow, macrophage infiltration;
white arrow, lymphocyte
infiltration

3 and MRC OX-17 mAbs also showed the accumulation of
Ia+ macrophages and Ia+ lymphocytes into the periphery of
the granulomas in the control animals (Fig. 2a and b).

The different cell types in the granulomatous tissues
were characterized by positive staining with several
monoclonal antibodies. The epithelioid cells and macro-
phages determined by positive staining with RM-4 were
found in the epithelioid cell granulomas and around
epithelioid cell granulomas (Fig. 2¢). Immunohistochemical
staining of CD4 and CD8 showed numerous CD4+ (helper
T cells) and CD8+ T cells (nonhelper T cells) surrounding
the granulomas (Fig. 2d and e).

In the control animals inoculated with KDH-8, massive
viable and proliferating cancer cells were observed by HE
staining (Fig. 3a). Immunohistochemical staining with the
MRC OX-6 mAb showed scattered la” macrophages-
infiltration and Ia* lymphocytes-infiltration into the viable
tumor cells (Fig. 3b). There were no histopathological
changes for tumor tissue after treatment with prednisolone
(Fig. 3c and d).
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