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ABSTRACT

Hypoxia is an important adverse prognostic factor for tumor progression and is a major cause of failure of ra-
diation therapy. In case of short-term hypoxia, the metabolism can recover to normal, but if hypoxia persists,
it causes irreversible cell damage and finally leads to death. So a hypoxia marker would be very useful in
oncology. In particular, 2-nitroimidazole can be reduced to form a reactive chemical species, which can bind
irreversibly to cell components in the absence of sufficient oxygen, thus, the development of radiolabeled ni-
troimidazole derivatives for the imaging of hypoxia remains an active field of research to improve cancer ther-
apy result. 2-nitroimidazole based hypoxia marker, [18F]FMISO holds promise for the evaluation of tumor hy-
poxia by Positron emission tomography (PET), at both global and local levels. In the present study,
[18F]FMISO was synthesized using an automatic synthesis module with high radiochemical purity (>99%) in
60 min. Immunohistochemical analysis using pimonidazole confirmed the presence of hypoxia in xeno-
grafted CT-26 tumor tissue. A biodistribution study in CT-26 xenografted mice showed that the increased tu-
mor-to-muscle ratio and tumor-to-blood ratios from 10 to 120 min post-injection. In the PET study,
[18F]FMISO also showed increased tumor-to-muscle ratios from 10 to 120 min post-injection. In conclusion,
this study demonstrates the feasibility and utility of [18F]FMISO for imaging hypoxia in mouse colon cancer
model using small animal PET. J Radiopharm Mol Probes 1(2):137-144, 2015
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Introduction

Positron emission tomography (PET) is an important imag-
ing modality to evaluate neurologic, oncologic and cardiologic
abnormalities (1-7). "°F (t2 = 109.77 min, 90% B+, Egmax =
0.635 MeV, 3% EC) is the most commonly used PET radio-
isotope because of excellent imaging properties, and thus, the
development of *F-labeled bioactive molecules has become an
important area.

Various "*F-labeled 2-nitroimidazole derivatives such as
[ISF]ﬂuoromisonidazole ([ISF]FMISO, Figure 1) (8,9), [ISF]ﬂu—

oroerythronitroimidazole ( ['*F]JFETNIM) (10), 1-R-D-(2-
deoxy-2-[ 18F] fluoroarabinofuranosyl)-2-nitroimidazole
(['""F]FAZA) (11), 2-(2-nitroimidazol-1-yl)-N-(3,3,3-["°F]-
trifluoropropyl)acetamide, (["*F]EE-3) (12), 2-(2-nitro-1H-
imidazol-1-y1)-N-(2,2,3,3,3-[ "*F]-pentafluoropropyl jacetamide
(I"®FJEF-5) (13), and 3-["°F|fluoro-2-(4-((2-nitro-1H-imidazol-
1-yl)methyl)-1H-1,2,3,-triazol-1-yl)-propan-1-ol ([ 8| HX-4)
(14), have been extensively studied to detect tumor hypoxia, be-
cause nitroimidazole residue is reduced to reactive chemical
species which can bind to cell components in the absence of suf-

ficient oxygen (11,15-20). Among them, ['*F]fluoromisonidazole

Received: October 23, 2015 / Revised: December 24, 2015 / Accepted: December 24, 2015

Corresponding Autor: Jae Min Jeong

Department of Nuclear Medicine, Seoul National University Hospital, 101 Daehank-ro Jongno-gu, Seoul 03080, Korea

Tel: +82-2-2072-3805, Fax: +82-2-745-7690, E-mail: jmjng@snu.ac.kr

Copyright (© 2015, The Korean Society of Radiopharmaceuticals and Molecular Probes

www.ksramp.orkr 137



Sudhakara Reddy Seelam, et al

O,N
N%N
\—/

HO °F

Figure 1: Structure of 1-(2-Nitro-imidazolyl)-3-[Ffluoro-2-propanol (*FJFMISO).

(["*F]FMISO) is the most widely used nitroimidazole derivative
to determine tumor hypoxia in vivo for clinical PET (21,22).
["*F]FMISO has been shown to selectively bind to hypoxic cells
both in vitro and in vivo. It is used to quantitatively assess tumor
hypoxia in the lung, brain, head-and-neck cancer patients (23,
24), and in the hearts of myocardial ischemia patients (25,26).
["*F]EMISO has favorable chemical and physicochemical prop-
erties in terms of lipophilicity (octanol/water partition co-
efficient; log P = 2.6) (27) and an appropriate reduction poten-
tial of E -389 mV (28) that are responsible for a high cellular up-
take and trapping in hypoxic cells.

In the present study, we tried the immunohistochemistry us-
ing pimonidazole hydrochloride, to confirm the presence of hy-
poxia, biodistribution and PET imaging of ["FJEMISO in
CT-26 (mouse colon cancer) xenographted mice models at 10,

30, 60, and 120 min post-injection.

Materials and Methods
1. General

"*F was produced using the O (p,n) F reaction using
"®0-enriched (95%) water by a cyclotron (CYCLONE 18/9 , Ion
Beam Applications (IBA), Louvain-la-Neuve, Belgium). FASTlab
multi-Tracer disposable cassette (GE Healthcare, Princeton, NJ,
USA) was used for the preparation of ["*F]FMISO. Radio ana-
lytical HPLC was performed using a XTerra RP18 (4.5x100
mm) columns from Waters Corporation (Milford, MA, USA) to
confirm the radiochemical purity. The solvent systems used
were A (0.1% TFA in H,O), B (MeCN) and the flow rate for an-
alytical HPLC was 1 mL/min (95% of B with 5% of A for 13
min). The gamma scintillation counter was a Packard Cobra II
(Global Market Institute, MN, USA). PET images were ob-
tained using a small-animal PET scanner from GE Healthcare
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(Princeton, NJ, USA). The animal studies were performed in
Seoul National University Hospital, Seoul, Korea, which is fully
accredited by AAALAC International (2007, Association for
Assessment and Accreditation of Laboratory Animal Care

International).
2. Immunohistochemical analysis

Hypoxyprobe™-1 (pimonidazole hydrochloride, 60 mg/kg)
was diluted in 150 pL of PBS and intravenously injected into
each CT-26 xenografted mouse (n = 3). Mice were sacrificed at
90 min post-injection. The tumor was isolated and directly fro-
zen in liquid nitrogen until cryosectioning into 7-um thin slices
using a Leica CM1800 Cryostat (IMEB Inc., CA, USA). The sec-
tions were then stored at -80°C until staining. The fixed tumor
sections were washed with phosphate buffered saline (PBS) con-
taining 0.2% Brij 35 and exposed to 3% hydrogen peroxide for 5
min at room temperature to quench endogenous peroxidase
activity. The sections were incubated with a protein-blocking
agent for 5 min at room temperature to minimize nonspecific
binding. The samples were incubated for 60 min at room tem-
perature with mouse monoclonal anti-pimonidazole antibody
(MAb1) diluted in PBS, and washed. Samples were incubated
with a secondary biotinylated antibody, and with a bio-
tin-streptavidin-peroxidase complex, and, finally, with 3,3’
-diaminobenzidine (DAB), which imparts a clear brown color
to the marker-antibody complex around the nucleus of the hy-
poxic cells. Between all steps of the staining procedure, the sec-
tions were rinsed three times with PBS containing 0.2% Brij 35
for 2 min at 0°C. Finally, the sections were mounted with
CC/Mount from Sigma-Aldrich (St. Louis, MO, USA). The cells
and histological sections were viewed with a microscope
(Olympus America Inc., Melville, NY, USA) to investigate
whether they were stained brown, indicating hypoxia.

3. Biodistribution study using colon cancer xenograft mice

CT-26 cells cultured in DMEM containing 10% fetal bovine
serum were harvested after treatment with 0.05% trypsin. Cells
were washed with 10 mL of PBS by centrifugation (3,000 rpm).
Each BALB/c mouse was subcutaneously injected with 2 x
10°/0.1 mL CT-26 cells in the right shoulder. After 2 weeks,
["*F]EMISO (0.15 MBg/ 0.1 mL) were intravenously injected in-
to each xenografted mouse (n = 4). Mice were sacrificed at 10,
30, 60, and 120 min post-injection. Tumor, blood, muscle, and



other organs were separated immediately, and their weights and
radioactivity values were obtained using a balance and a v
-scintillation counter, respectively. Results are expressed as the
percentage of injected dose per gram of tissue (% ID/g).

4. PET of tumor-bearing mice

CT-26 cells (2x10° cells) in normal saline (0.1 mL) were sub-
cutaneously injected into the right shoulders of the mice and
grown for 14 days to produce tumors of ~16 mm in diameter.
["*F]FMISO (1.85 MBg/0.1 mL) was intravenously injected
through the tail vein. The mice were anesthetized with 2% iso-
flurane by inhalation and PET images were obtained at 10, 30,
60, and 120 min post-injection. PET studies were performed us-
ing a dedicated small-animal PET scanner. Emission data were
acquired for 10 min. The three-dimensional raw emissions data
were reconstructed to temporally framed sinograms by Fourier
rebinning, using an ordered subset expectation maximization
(OS-EM) reconstruction algorithm attenuation correction. For
the PET images, data from 10 frames were analyzed (10 times

with 1-min frames).
5. Data analysis
The software AsiPro VM 5.0 from Concorde Inc. (Knoxville,

TN, USA) was used to process images. To assess uptake of the
labeled derivatives by tumors cells, circular regions of interests
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(ROI) were placed (1.5-mm radius) at locations of maximum
tracer uptake in tumors and in muscles as references. Relative
tracer uptake was expressed as the ratio of tumor to muscle
counts. Having placed ROIs, standard uptake values (SUVs)
were calculated using the equation SUV=CCEF/(injected dose/
body weight of mouse). The CCF (decay-corrected activity con-
centration) was calculated using the equation CCF (MBq/mL)
= radioactivity (mCi/mL) X branching ratio X ROI (value/pix-
el); the branching ratio of "°F is 0.967.

Results and Discussion
1. Synthesis of ["®FIFMISO

To synthesize the [*F]JEMISO, (2'-Nitro-1'-imidazolyl) -2-
O-acetyl-3-O-tosylpropanol, precursor was used. A TracerLab Mx
disposable cassette from GE Healthcare Technologies was used
for the production of [ISF JEMISO (29). The radiochemical pu-
rity of the prepared ['*F]JFMISO was greater than 99% by ra-
dio-HPLC (Figure 2). Decay-corrected radiochemical yield was
50.4+2.8%. The specific activity of the ["*F]FMISO is 337425
GBg/umol (29)

2. Immunohistochemistry

The existence of hypoxia in the CT-26 xenografted tumor tis-

sue was confirmed by immunohistochemical analysis using a
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Figure 2. Analytical HPLC chromatogram for quality control of [®FIFMISO eluted at 8.17 min. Red line: radioactive trace.
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Figure 3. Immunohistochemical staining of CT26 tumor xenografts to detect
hypoxia. Tumor tissue was obtained from xenografted mice at 90 min post-in-
jection of pimonidazole hydrochloride. Hypoxic lesions are shown in brown.
40x magnification image.

standard exogenous hypoxia marker, pimonidazole. Pimonidazole
hydrochloride was injected into CT-26 xenografted mice via the
tail vein. The mice were sacrificed at 90 min post-injection. The
tumors were dissected and cut into 7-um slices at -20°C, and
stored at -80°C. To visualize the hypoxic regions, part of the tu-
mor tissue was fixed on the slide and washed. Slides were
blocked, incubated with a primary antibody, mouse IgG mono-
clonal antibody (MAb1) diluted in PBS, washed, and a secon-
dary biotinylated goat-anti-mouse IgG antibody was applied.
The biotin-streptavidin peroxidase complex method was used
and staining was visualized using the DAB chromophore.
Immunohistochemical staining (brown) revealed the presence
of hypoxic areas (Figure 3).

3. Biodistribution in xenografted mice

A biodistribution study was performed using mouse colon
cancer CT-26 xenografted BALB/c mice after injection of
["*F]EMISO (0.15 MBg/ 0.1 mL) via the tail vein (Figure 4A).
Mice were sacrificed at 10, 30, 60, and 120 min post-injection.
Among the organs evaluated, higher uptake of [**F]JEMISO in
intestine (10 min: 6.98+0.28; 30 min: 10.15+0.64; 60 min:
12.3842.00; and 120 min: 11.25£0.93 % ID/g) and liver (10
min: 10.16+0.34; 30 min: 10.53+0.57; 60 min: 8.78+1.57; and
120 min: 6.8210.21% ID/g) were observed in this study. Large
amount of anaerobic bacteria present in the large intestine may
account for intestinal uptake, and liver uptake was due to the
lipophilicity of ["*F]FMISO as mentioned in the literature (11).
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Figure 4. Biodistribution of (A) ["*FJFMISO (0.15 MBg/ 0.1 mL) in CT-26 xeno-
grafted mice after 10, 30, 60 and 120min post-injection. (B) Tumor to blood
and tumor to muscle ratio with respect to time. Results are mean percentage
of injected dose per gram of tissue + standard deviation (% ID/g + SD); n=4
at each time point.

Earlier studies also showed high liver and intestine uptake for
["*FJEMISO in AR42J rat pancreatic acinar carcinoma xeno-
grafted BALB/c mice (30), EMT6 mouse mammary carcinoma
xenografted BALB/c mice (30) and A431 human epidermoid
carcinoma xenografted BALB/c mice (30).

For ["®FJFMISO, the radioactivity in blood (10 min:
5.050.05; 30 min: 3.46+0.26; 60 min: 2.1140.17; and 120 min:
1.05£0.11 % ID/g) and muscle (10 min: 4.42+0.19; 30 min:
2.8440.30; 60 min: 1.74+0.41; and 120 min: 0.84:+0.08% ID/g)
were decreased from 10 to 120 min post-injection (Figure 4A).
["*F]FMISO accumulation in heart, lung, spleen, stomach, kid-
ney and bone showed a decreased distribution profile as in
blood from 10 to 120 min post-injection (Figure 4A).
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Table 1. Comparison of major parameters (%ID/g, T/B, and T/M) of [‘EF]FMISO in other preclinical studies

Animal Tumor type % ID/g B ™ Refs.
FMISO

BALB/c nude mice A549 human NSCLC 35 [34]
BALB/c nude mice NCI-H520 human NSCLC 4.45 [34]
BALB/c nude mice NCI-H596 human NSCLC 2.59 [34]
BALB/c nude mice U87 MG human glioblastoma 1.93 [34]
BALB/c nude mice PC3 human prostate 3.53 [34]
BALB/c nude mice DU145 human prostate 2.27 [34]
BALB/c nude mice Caki human RCC 1.28 [34]
BALB/c nude mice SK-N-BE human neuroblastoma 2.48 [34]
BALB/c nude mice CLS-2 human urinary bladder carcinoma 3.62 [34]
BALB/c nude mice KB-31 human nasopharyngeal carcinoma 5.7 [34]
Swiss nude mice A431 human epidermoid carcinoma 3.67(3h) 492 (3h) 3.95(3h) [35]
BALB/c B16 mouse melanoma 2.04(1.5h) [34]
Swiss nude mice AR42J rat pancreatic acinar carcinoma 2.27 (3h) 3.39(3h) 2.92 (3 h) [35]
BALB/c mice EMT6 mouse mammary carcinoma 4.32 (3 h) 3.03(3h) 3.22(3h) [35]
CDF1 mice C3H mouse mammary carcinoma 5.38(2h) 43(2h) 6.4 (2h) [36]
Copenhagen rats Dunning rat R3327-AT prostate carcinoma 0.3(2h) [37]
C3H mice SCCVII mouse squamous cell carcinoma 1.5 (80 min) [30, 38]
C3H mice KHT mouse sarcoma 2.24 (4 h) 6.79 (4 h) [39]
Wistar rats C6 rat glioma 0.42 (2 h) 2.6(2h) [40]
Wistar rats Walker 256 rat carcinosarcoma 1.00 (3 h) 2.7(1h),4.4(3h) [11]
Nude rats Morris rat McA-R-7777 hepatoma 0.72 (3 h) 25(3h) [41]

The persistent tumor uptake of the ["*F]FMISO (10 min:
4.72+0.25; 30 min: 4.5140.21; 60 min: 3.85+0.56; and 120 min:
3.701+0.34% ID/g) evidences that ["*F]EMISO was bound to in-
tracellular proteins after the hypoxia-sensitive reduction of the
nitro moiety to amine (15). The mean tumor uptake values of
["*F]EMISO was higher than AIISF—NODA—ethyl—NI (10 min:
2.13 + 0.41; 60 min: 0.24 + 0.03; and 120 min: 0.23 + 0.05 %
ID/g) and Al'*F -NODA-propyl-NI (10 min: 1.92 + 0.12; 60
min: 0.33 £ 0.05; and 120 min: 0.22 +0.04 % ID/g) (31). The in-
creased tumor-to-blood uptake ratios (10 min: 0.93+0.04; 30
min: 1.30£0.05; 60 min: 1.81+0.19; and 120 min: 3.85+0. 43)
and tumor-to-muscle ratios (10 min: 1.06+0.05; 30 min:
1.5940.11; 60 min: 2.24+0.25; and 120 min: 4.42+0.50) were
observed from 10 to 120 min post-injection (Figure 4B). Initial
tumor-to-blood and tumor-to-muscle ratios were low, over
time ["*F]FEMISO was gradually cleared from non target tissues,
while counts in tumors remained constant. Thus, tumor-to-
blood and tumor-to-muscle ratios increased with time (Figure
4B). The comparison of major parameters like % ID/g, tu-
mor-to-blood (T/B), and tumor-to-muscle (T/M) ratios of
["*F]EMISO in other studies are shown in Table 1.

4. Mouse PET imaging

A small animal PET study was performed using CT-26 xeno-
grafted BALB/c mice. Images were obtained at 10, 30, 60, and
120 min after intravenous injection of ["*F]FMISO (1.85
MBq/0.1 mL) via the tail vein (Figure 5). As predicted from the
biodistribution study high intestine and liver uptakes were ob-
served for ["*F]FMISO. Standardized uptake values (SUVs)
were calculated, using the PET images. The ['*F]FMISO activity
in the muscle, liver and intestines were decreased from 10 to 120
min post-injection (Figure 5). The SUVs of the ["*F]FMISO (10
min: 0.18 + 0.04; 30 min: 0.21 £ 0.02; 60 min: 0.23 £ 0.06; and
120 min: 0.34 + 0.04) showed the increased uptake from 10 to
120 min post-injection. Because of the low background activity
of [lgF]FMISO in muscle, [lgF]FMISO uptake within the tumor
area was low but could be differentiated from the normal muscle
and other organs easily at 120 min post-injection. Heterogeneous
patterns of accumulation of [ISF]FMISO was observed in this
study. Similar heterogeneous uptake patterns were previously
observed for ['*FJEMISO in the syngeneic rhabdomyosarcoma
bearing WAG/Rij rats (22). Generally, Imaging of [**F]JFMISO
uptake in xenograft-bearing mice demonstrated both high focal
and more patchy distribution of the hypoxia PET tracer (32).
These heterogeneous patterns of accumulation can be explained
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Figure 5. Small animal PET images of [®FIFMISO (1.85 MBq/ 0.1 mL) in CT-26 xenografted mice after 10, 30, 60 and 120 min post-injection.

by the way vascular structures, responsible for the tracer influx
and washout, are organized within the tumor (14). The tu-
mor-to-non-tumor maximum SUV ratio of [mF]FMISO (10
min: 1.07; 30 min: 1.20; 60 min: 1.42; and 120 min: 2.37) were
also increased from 10 to 120 min post-injection. The SUVs for
["*F]EMISO showed statistically higher than ['*F]FAZA at 1 and
3 h post-injection in Walker 256 rat carcinoma tumors (11).
This might be due to the higher lipophilicity of [*F]JEMISO (log
=2.6) than ["*F]FAZA (lop P = 1.1) (26) that allows ["*F]FMISO
to penetrate the cell membrane more easily and to stay there
even if unbound (11). PET using the 2-nitroimidazole ["*F]FMISO
holds promise for the evaluation of tumor hypoxia at both glob-
al and local levels. Several alternative nitroimidazole derivatives
have been developed to overcome some of the limitations of
["*F]FMISO such as nonspecific retention, metabolic con-
version, and low partition coefficient, all leading to faster clear-
ance properties (33).

Conclusion

We synthesized ["*F]FMISO using an automatic synthesis
module with high radiochemical purity (>99%) in 60 min.
Immunohistochemical staining of tumor hypoxia using pimo-
nidazole hydrochloride showed the presence of hypoxia lesions

in CT-26 tumor xenograft tissue. A biodistribution study in
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CT-26 xenografted mice showed that the increased tumor-
to-muscle ratio and tumor-to-blood ratios from 10 to 120 min
post-injection. In the PET study, ['°F]JEMISO also showed in-
creased tumor-to-muscle ratios from 10 to 120 min post-
injection. In conclusion, this study demonstrates the feasibility
and utility of ["*F]EMISO for imaging hypoxia in mouse colon
cancer tumor models using small animal PET.
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