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Abstract
Introduction—TNFR2-Fc and IL-1ra-Fc are recombinant cytokine ligands that target TNF and
IL-1. TNFR2-Fc-IL-1ra, a dual-domain agent that incorporates both ligands, allows bifunctional
binding of IL-1 receptors and TNF. This study was designed to characterize 99mTc-labeled forms
of these ligands, 99mTc-IL-1ra-Fc (IF), 99mTc-TNFR2-Fc (TF), and 99mTc-TNFR2-Fc-IL-1ra
(TFI), for inflammation imaging.

Methods—The cytokine ligands were labeled with 99mTc by a direct approach via 2-
iminothiolane (2-IT) reduction at various 2-IT/protein molar ratios. In vivo inflammation targeting
studies were carried out in a mouse ear edema model created by topical application of 12-O-
tetradecanoyl-phorbol-13-acetate (TPA) on the right ear of ICR mice.

Results—Radiolabeling yields increased with increasing amounts of 2-IT. When the 2-IT/protein
ratio reached 1000, the radiolabeling yield was greater than 90% without significant colloid
production. TPA-treated ears showed high radioligand uptake, which was clearly detected by
SPECT and autoradiographic imaging. The activities (%ID/g) in the inflamed and control ears at 3
hr after injection were 2.76±0.20 vs. 0.69±0.12 for IF, 5.86±0.40 vs. 2.86±0.61 for TF, and
7.61±0.86 vs. 1.99±0.31 for TFI (P<0.05 vs. controls). TFI showed significantly higher uptake in
the inflamed ears compared to TF and IF (P<0.05). Blocking study results indicated specificity of
radioligand binding with decreased radioactive uptake in the inflamed ears. Western blotting and
ELISA analysis showed further confirmed a high expression of IL-1β and TNF-α in the inflamed
ears.

Conclusions—99mTc-labeled cytokine ligands are a promising approach for detecting and
understanding the inflammatory process. TFI may be more useful than the single-domain ligands
for noninvasive detection of inflammatory sites.
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1. Introduction
Pro-inflammatory cytokines are associated with many systemic diseases, such as arthritis,
atherosclerosis, and myocardial ischemia-reperfusion injury. Interleukin-1 (IL-1) is one of
the most pleiotropic cytokines and causes a wide variety of biological effects related to
inflammation, infection and autoimmune processes [1, 2]. IL-1 consists of two distinct
proteins called IL-1α and IL-1β. As an agonist of IL-1 receptor (IL-1r), the action of IL-1 is
regulated by the structurally-related IL-1r antagonist (IL-1ra), which is primarily produced
by activated monocytes and tissue macrophages, as well as a variety of other cell types [3,
4]. IL-1ra is a specific receptor antagonist that competes for receptor binding with IL-1α and
IL-1β, blocking their role in immune activation; it binds to cell membrane type I IL-1
receptor (IL-1RI) and prevents IL-1 from binding to the same IL-1 receptor [4, 5]. IL-1ra
has no agonist activity and does not initiate signal transduction. A recombinant,
nonglycosylated form of human IL-1ra, anakinra (Kineret®), has been approved by the U.S.
Food and Drug Administration (FDA) for treatment of rheumatoid arthritis (RA) [6]. IL-1ra
has been shown promise as a probe for experimental investigation of inflammation and as a
potential novel therapeutic in IL-1 mediated inflammatory diseases, including cancer [6, 7].

Tumor necrosis factor (TNF) is another pro-inflammatory cytokine that possesses significant
inflammatory activity. There are 2 types of TNF, TNF-α and TNF-β, which are mammalian-
secreted proteins capable of inducing a wide variety of effects on a large number of cell
types. TNF-α is essential in initiating inflammatory reactions in the body and is involved in
triggering and/or amplifying local inflammatory responses [8].

TNF initiates its biological effects by binding to TNF receptors (TNFRs) expressed on the
plasma membrane of a TNF-responsive cell. There are two distinct forms of TNFR: Type I
TNFR (TNFR1) and Type II TNFR (TNFR2). The TNF receptors undergo proteolytic
cleavage and release a fragment called soluble TNF receptor (soluble TNFR1 or TNFR2),
which is a natural antagonist of TNF [9]. Soluble forms of cytokine receptors normally
participate in control of cytokine activity in vivo by reducing the availability of cytokines to
bind to their receptors [10, 11].

Experimental findings have demonstrated the important roles of TNF-α and IL-1β in the
inflammatory process associated with many diseases. These two key pro-inflammatory
cytokines may have coordinated effects [12–16]. For example, TNF-α, which alone has no
effect on nitric oxide (NO) production in myocytes, greatly potentiates IL-1β-induced NO
production [17]. Experimental therapy with inhibitors of both TNF-α and IL-1 showed more
effective than therapy with either type of inhibitor alone in animal models of arthritis. It was
found that combined anti-TNF-α and IL-1 treatment provided synergistic benefits and
improved the outcome of arthritis in such a way that neutralization of both cytokines lead to
both diminished inflammation and diminished cartilage damage [18–20]. The synergistic
effects of the two cytokines suggest that strategies targeting multiple pro-inflammatory
pathways simultaneously may be more effective than those that target a single pathway.

Radiolabelled cytokines, cytokine ligands, and monoclonal antibodies are an emerging class
of radiopharmaceuticals for inflammation imaging [21]. This study was designed to validate
three technetium-99m (99mTc) labeled cytokine ligands, 99mTc-TNFR2-Fc, 99mTc-IL-1ra-
Fc, and 99mTc-TNFR2-Fc-IL-1ra, for inflammation imaging. TNFR2-Fc is a dimeric fusion
protein composed of the ligand-binding portion of the human TNF receptor 2 (TNFR2)
linked to the Fc portion of human IgG1 [22]. Fc-fusion soluble cytokine receptors are known
to have improved retention of their biological activities and have shown more significant
therapeutic value [23]. Under the name etanercept (Enbrel®), TNFR2-Fc has been approved
by FDA for treatment of rheumatoid arthritis, psoriasis, ankylosing spondylitis, and psoriatic
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arthritis [24]. The usefulness of 18F-radiolabeled TNFR2-Fc for PET imaging of TNF-α
expression has been previously reported in animal studies [25]. We radiolabeled TNFR2-Fc
with 99mTc and investigated the feasibility of 99mTc-TNFR2-Fc for SPECT imaging using a
mouse ear edema model. In principle, targeting endogenous IL-1 receptors with radiolabeled
IL-1ra may provide a suitable approach for specific detection of inflammatory sites
mediated by IL-1 receptor. Nevertheless, natural IL-1ra often exhibits short biological half-
life and is rapidly cleared by the liver and kidneys. An ideal radioligand for SPECT imaging
of IL-1 receptor expression should bind specifically to the receptors with high affinity and
long-enough residence at the sites of inflammation to allow for optimal imaging. In this
study, IL-1ra-Fc, a fusion protein containing IL-1ra and the Fc fragment, was radiolabeled
with 99mTc to detect inflammatory response via IL-1 pathway.

Development of bispecific cytokine radioligands presents an attractive strategy to combine
the effects of two cytokine pathways. The potential for using the synergistic effects of
cytokines has motivated us to develop a radiolabeled dual-domain cytokine ligand, 99mTc-
TNFR2-Fc-IL-1ra, for noninvasive assessment of inflammation and response to therapy in
inflammatory and autoimmune diseases [26]. The recombinant human dual-domain TNFR2-
Fc-IL-1ra contains an amino-terminal segment that specifically binds to TNF, as well as a
carboxy-terminal segment with the sequence of IL-1ra that specifically binds to cell-
membrane-bound IL-1 receptors. The Fc portion of human IgG1 links the two segments and
is capable of dimerizing. A schematic view of TNF and IL-1 receptor expression, ligands,
interactions, and 99mTc-TNFR2-Fc-IL-1ra binding mechanism is shown in Figure 1. We
expected that 99mTc-TNFR2-Fc-IL-1ra could target inflammatory sites with more potent
affinity and increased radioactive uptake in comparison with individual cytokine
radioligands, 99mTc-TNFR2-Fc and 99mTc-IL-1ra-Fc.

2. Materials and Methods
2.1. Production of IL-1ra-Fc and TNFR2-Fc-IL-1ra

IL-1ra-Fc and TNFR2-Fc-IL-1ra, which are fusion proteins derived from recombinant DNA,
were developed at AmProtein Corporation (Camarillo, CA). Two genes that originally coded
for human IL-1ra and IgG1 Fc fragment were fused to produce a hybrid gene for IL-1ra-Fc.
Similarly, three genes for TNFR2, Fc fragment, and IL-1ra were linked together to produce
another hybrid gene for TNFR2-Fc-IL-1ra Translation of each fusion gene resulted in a
single polypeptide with functional properties derived from the original individual proteins.
Production of IL-1ra-Fc and TNFR2-Fc-IL-1ra was accomplished by the large-scale
culturing of Chinese hamster ovary (CHO) cells that have been cloned to express the
recombinant DNA construct. The cells were cultured in a serum-free suspension system with
CHO-CD4 medium (Irvine Scientific, Santa Ana, CA) and in-house feed medium, and
scaled up in a 3-liter bioreactor (Applikon Biotechnology, Foster City, CA). The protein was
purified by Protein-A direct capture, followed by ion-exchange and hydrophobic
chromatography. The purified protein was further processed and analyzed by size-exclusion
and high-performance liquid chromatography (SEC-HPLC).

2.2. Radiolabeling
TNFR2-Fc (anakinra, Kineret®) was purchased from Amgen Inc. (Thousand Oaks, CA).
Glucoheptonic acid (GH) and 2-iminothiolane (2-IT) were purchased from Sigma Aldrich,
Inc. (St Louis, MO). IL-1ra-Fc, TNFR2-Fc, and TNFR2-Fc-IL-1ra were radiolabeled
with 99mTc using a modified direct labeling protocol as previously described [27–29] in
which GH serves as a transfer agent to chelate tin-reduced 99mTcO4

− to thiolated proteins.
Optimal ratios of 2-IT to protein were determined in a series of direct 99mTc-labeling
experiments with IL-1ra-Fc, TNFR2-Fc, and TNFR2-Fc-IL-1ra. A total of 100 µg protein in
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100 µL PBS was incubated with 20 µL 2-IT in saline at 2-IT/protein ratios of 20, 200, 1000,
and 2000, respectively, for 30 minutes at 37°C. A freshly prepared 5µL SnCl2 solution (1
mg/mL in nitrogen-purged 0.1 N HCl) was mixed with 200 µL GH solution (0.5 mg/mL in
nitrogen-purged saline). Three hundred µL of 99mTcO4

− (25–30 mCi) in 0.9% NaCl was
added to the stannous glucoheptonate mixture and incubated at room temperature for 5
minutes to produce 99mTc-glucoheptonate. The thiolated protein was added into the vial
of 99mTc-glucoheptonate and incubated at room temperature for 30 minutes.

Radiolabeling efficiency (radiochemical purity, RCP) was determined by size-exclusion
high performance liquid chromatography (SEC-HPLC) and ascending paper
chromatography on Whatman silica gel-loaded chromatography paper (SG-81) (Whatman
Int. Ltd., Maidstone, UK). SEC-HPLC was carried out using a Shodex KW 802.5 column
(7.8 × 300 mm, 5 µm particle size) (Thomson Instrument Co., Oceanside, CA) and a Waters
Breeze system (Waters Technologies Corp., Milford, MA) equipped with a Waters 1525
Binary HPLC Pump and a Waters 2489 dual absorbance detector (280 nm) in line with a
Flow-Count™ Radio HPLC Flow Through Detector (Bioscan Inc., Washington, DC). The
radiolabeled protein was eluted with 0.1 mol/L KH2PO4 at pH 7.0 at a flow rate of 0.8 mL/
min.

The mobile phases for paper chromatography were 0.9% saline. In this saline solvent
system, free 99mTcO4

− moves with the solvent front, leaving labeled and reduced/
hydrolyzed (R/H) 99mTc at the point of application. R/H 99mTc was separated by using 5%
bovine serum albumin (BSA)-impregnated Whatman SG81 paper strips as the stationary
phase and solvent mixture ethanol:ammonia:water = 2:1:5 (v/v) as the mobile phase. In this
system, free 99mTc and labeled proteins move with the solvent front, whereas R/H 99mTc
remains at the point of application. Radiochromatograms of the paper strips were obtained
using digital autoradiograph imaging. The strips were exposed to Fujifilm phosphor imaging
plates for 1–5 minutes. A Fujifilm BAS-5000 Bio-Imaging Analysis System (Fujifilm
Medical Systems USA, Stamford, CT) was used to scan the plates for digital autoradiograph
collection. The strips were cut into 1-cm pieces and counted by a CRC-15W Dose
Calibrator/Well Counter (Capintec, Ramsey, NJ).

For in vitro stability and in vivo animal studies, the radiolabeled products were purified
using a disposable PD-10 desalting column pre-packed with Sephadex G-25 Medium (GE
Healthcare, Piscataway, NJ). The column was pre-equilibrated and eluted with PBS, pH 7.4.
Protein concentrations of collected fractions were determined using a Genesys 10 Bio
spectrophotometer and BCA™ Protein Assay Kit (Thermo Fisher Scientific Inc., Rockford,
IL).

2.3. In vitro and in vivo stability
Stability was representatively investigated in 99mTc-TNFR2-Fc-IL-1ra. In vitro stability
study was first carried out by incubation of purified radiotracer in saline at room temperature
and in rat serum at 37°C for 21 hours. Aliquots were taken and analyzed by SEC-HPLC and
ascending paper chromatography at various time points (0h, 2h, 4h and 21h). In addition,
cysteine challenge was performed by incubating purified 99mTc-TNFR2-Fc-IL-1ra with
cysteine hydrochloride in phosphate buffer for 1 hour at 37°C as previously described in
literature [30]. The molar ratios of cysteine to protein were 500, 100, 5, and zero. A fresh
cysteine solution (10 mg/mL in 0.1M PBS, pH 7.0) was prepared each time and diluted to
different concentrations. Each cysteine solution at 10 µL, or the same volume of PBS for the
cysteine-free controls, was added to 100 µl of the labeled protein solution. At the end of 1-
hour incubation, the RCP in each mixture was assessed by SEC-HPLC or paper
chromatography as described above.
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In vivo stability of 99mTc-TNFR2-Fc-IL-1ra was performed in two Sprague-Dawley rats that
received intravenous injections of purified 99mTc-TNFR2-Fc-IL-1ra (4.0 mCi, 0.3 mL).
Blood samples (0.5 mL) were collected at 60 and 180 minutes post-injection. The samples
were first centrifuged at 5000 rpm for 5 min to separate plasma and cellular fractions. The
cellular fractions were washed with 0.5 mL PBS and centrifuged again. Individual fractions
were measured with the CRC-15W Dose Calibrator/Well Counter. The plasma was analyzed
by SEC-HPLC.

2.4. Biodistribution measurements
Biodistribution studies of 99mTc-IL-1ra-Fc, 99mTc-TNFR2-Fc, and 99mTc-TNFR2-Fc-IL-1ra
were performed in healthy male Sprague-Dawley rats (250–300 g, n=5 for each radiotracer)
purchased from Charles River Laboratories (Wilmington, MA).

Three hours after intravenous injection of the radioligands (3.5–5.5 mCi, 0.25–0.35 mL), the
animals were euthanized with an overdose of sodium pentobarbital. Blood, skeletal muscle,
heart, lung, stomach, intestine, liver, spleen, and kidneys were harvested, weighed, and
measured using the CRC-15W Dose Calibrator/Well Counter.

2.5. Blood clearance
99mTc-labeled TNFR2-Fc, IL-1ra-Fc, and TNFR2-Fc-IL-1ra (3.5–5.5 mCi, 0.2–0.3 mL)
were intravenously injected in three groups of male Sprague-Dawley rats (250–300 g),
respectively. Serial blood samples (200 µL) were collected from a carotid artery catheter at
0, 1, 3, 6, 10, 30, 60, 120, and 180 minutes after injection. Each volume of sample
withdrawn was replaced with an equal volume of warm physiological saline solution. The
samples were weighed and measured with the CRC-15W Dose Calibrator/Well Counter to
determine percent injected dose per gram (%ID/g) at each time point. Blood-clearance
curves were modeled using a nonlinear Curve-Fit Kinetic Equation by TableCurve 2D®

software (Systat Software Inc., Chicago, IL).

2.6. Accumulation of 99mTc-labeled cytokine ligands in TPA-induced inflammation in
mouse ear

ICR mice (10–15 weeks old) were purchased from Charles River Laboratories (Wilmington,
MA). Targeting of 99mTc-labeled cytokine ligands was assessed using an ear edema model,
which was produced in the mice by topical application of 2.0 µg 12-O-
tetradecanoylphorbol-13-acetate (TPA) (Sigma Aldrich, Inc., St Louis, MO) dissolved in 20
µL of acetone and administered through a micropipette (10 µL) to both the inner and outer
surface of the right ear [25, 31, 32]. The left ear was topically treated with 20 µL of acetone
(vehicle) as a negative control. The thickness of each ear was repeatedly measured using a
digital caliper before and after TPA treatment. Twenty-four hours after TPA
treatment, 99mTc-labeled TNFR2-Fc or IL-1ra-Fc/TNFR2-Fc-IL-1ra (3.5–4.5 mCi, 0.3 mL)
was injected intravenously. To determine the specificity of uptake of each radioligand in the
inflamed area, blocking tests were carried out in an extra group of ICR mice with TPA-
induced ear edema by intravenous injection of the appropriate non-radiolabeled cytokine
ligand (500 µg, 0.2 mL) 30 minutes before matched radioligand administration.

The animals were imaged for 10 minutes using a small-animal SPECT imager, FastSPECT
II, at 3 hours after radiotracer injection. The ears were localized in the center of the field of
view. The animals were sacrificed after imaging, and TPA-treated (right) and controlled
(left) ears were harvested and measured using the CRC-15W Dose Calibrator/Well Counter
to determine the uptake of each radioligand in the ears. Representative ears were exposed to
the Fujifilm phosphor imaging plates. Digital autoradiograph images were read out using the
BAS-5000 system.

Liu et al. Page 5

Nucl Med Biol. Author manuscript; available in PMC 2013 October 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



1.7. Western blot analysis of IL-1β, IL-1RI, and TNF-α
Mouse ears treated with TPA or vehicle were harvested, snap-frozen in liquid nitrogen and
stored in a −80°C freezer. The frozen ears were cut into small pieces and homogenized in 1
mL of Whole Cell Lysate Buffer using a tissue homogenizer. The tissue homogenates were
centrifuged at 10,000g at 4°C for 10 min. The supernatants were collected and centrifuged
again at 10,000g at 4°C for 10 min. Protein concentration in the supernatant was determined
using a Pierce BCA Protein Assay kit (Thermo Scientific, Rockford, IL). Tissue lysate (40
µg protein) was separated on PAGE gel, and then transferred to a nitrocellulose membrane.
Rabbit polyclonal IL-1β antibody and IL-1RI antibody were purchased from Santa Cruz
Biotechnology, Inc. (Santa Cruz, CA) for detection of IL-1β and IL-1RI. Rabbit polyclonal
TNF-α antibody was obtained from Abcam PLC (San Francisco, CA) for detection of TNF-
α. Goat anti-rabbit IgG-HRP antibody as secondary antibody was purchased from Santa
Cruz Biotechnology, Inc.

2.8. ELISA detection of IL-1β and TNF-α
Snap-frozen ear tissues were homogenized in a cell extraction buffer (Invitrogen
Corporation, Camarillo, CA) containing 10 mM Tris, pH 7.4, 100 mM NaCl, 1 mM EDTA,
1 mM EGTA, 1 mM NaF, 20 mM Na4P2O7, 2 mM Na3VO4, 1% Triton X-100, 10%
glycerol, 0.1% SDS, 0.5% deoxycholate, and 0.5% deoxycholate. Immediately before the
tissue was processed, 1 mM phenylmethylsulfonyl fluoride (PMSF) and protease inhibitor
cocktail (Sigma-Aldrich Corp., St. Louis, MO) were added into the cell extraction buffer.
The tissue mixture was placed on ice, sonicated for 30 seconds, and incubated at 4°C for 10
minutes. The final homogenate was centrifuged at 20,000g at 4°C for 15 minutes. Protein
concentration was determined using a BCA Protein Assay Kit (Thermo Scientific, Rockford,
IL). The supernatant fraction was aliquoted and frozen at −80°C until solid-phase sandwich
enzyme-linked immunosorbent assays (ELISA) were performed for determination of
cytokine protein levels.

The levels of mouse IL-1β and TNF-α were determined using ELISA kits purchased from
Invitrogen Corporation (Camarillo, CA). The IL-1β and TNFα ELISA assays were
performed according to the manufacturer’s protocols. Briefly, diluted samples and standards
at 100 µL (IL-1) were transferred to the antibody-coated wells in a 96-well polyvinyl plate.
The plates were incubated for 90 minutes at room temperature and the wells were washed
with wash solution. A solution of enzyme-conjugated detection antibody was added. After a
second incubation for 30 minutes and washing, a substrate solution containing
tetramethylbenzidine/H2O2 was added. After 30-minute incubation, the stop solution (0.5
mol/L H2SO4) was added and the plates were read using a DTX 880 Multimode Detector
(Beckman Coulter, Inc., Fullerton, CA) at a wavelength of 450 nm. The results of IL-1β and
TNFα measurements were expressed as pg/ml and corrected for total protein (pg/mg).

2.9. Data analysis
All quantitative results were expressed as mean ± S.E.M. Comparisons between two
variables were performed with one-way analysis of variance. Probability values less than
0.05 were considered significant.

2.10. Ethics
The animal experiments were performed in accordance with Principles of Laboratory
Animal Care from the National Institutes of Health (NIH Publication 85–23, revised 1985)
and were approved by the Institutional Animal Care and Use Committee (IACUC) at the
University of Arizona.
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3. Results
3.1. 99mTc-labeling of cytokine ligands

All three cytokine ligands were radiolabeled with 99mTc by increasing 2-IT/protein ratios.
The reaction mixtures were analyzed with SEC-HPLC and SG81 paper chromatographic
analysis before purification to evaluate radiolabeling efficiencies and to determine optimal
labeling conditions. The radiolabeling yields increased with increasing amounts of 2-IT.
Table 1 shows the results of radiolabeling yields of 99mTc-TNFR2-Fc, 99mTc-IL-1ra-Fc,
and 99mTc-TNFR2-Fc-IL-1ra with varied 2-IT/protein ratios, based on paper
chromatographic analyses using saline and ethanol:ammonia:water solvents. Paper
chromatography showed that 99mTc-labeled protein and reduced 99mTc remained at the point
of spotting, while free 99mTcO4

− moved towards the solvent front. In Ethanol/Ammonia/
Water (2/1/5) solution as another mobile phase, labeled protein and 99mTcO4

− moved to
front, but reduced/hydrolyzed (R/H) 99mTc remained at the loading point. Because the
radiolabeling original yield was greater than 90% without significant colloid production at a
2-IT/protein ratio of 1000, we selected this 2-IT/protein ratio to radiolabel the three
recombinant proteins for stability tests and animal studies. After gel purification using the
PD-10 column, there was no significant movement of free 99mTc with the solvent front in
the radiolabeled products. As a result, the RCP was always greater than 97% in gel-purified
products. The specific activity was 297–409 MBq/nM for 99mTc-IL-1ra-Fc, 766–1034 MBq/
nM for 99mTc-TNFR2-Fc, and 979–1161 MBq/nM for 99mTc-TNFR2-Fc-IL-1ra.

Representative SEC-HPLC chromatograms of 99mTc-TNFR2-Fc, 99mTc-IL-1ra-Fc,
and 99mTc-TNFR2-Fc-IL-1ra obtained with a 2-IT/Protein ratio of 1000 are shown in Figure
2. Retention time on SEC-HPLC analysis was 12.5 minutes for 99mTc-IL-1ra-Fc, 10.6
minutes for 99mTc-TNFR-Fc, and 10.3 minutes for 99mTc-TNFR2-Fc-IL-1ra.

3.2. In vitro and in vivo stability
Stability tests using SEC-HPLC and paper chromatography showed no significant
degradation of 99mTc-TNFR2-Rc-IL-1ra up to 6 hours in either saline at room temperature
or serum at 37°C. After 6 hours, more than 94% of the radioactivity was still associated with
each protein. At 21 hours, RCP was 90% in saline and 92.2% in serum. After challenge with
cysteine to measure the degree of transchelation to the cysteine, the radioactivity bound to
cytokine ligands was reduced from 99% to 91.1%, 74.3%, and 64.4% when using a ratio of
protein to cysteine at 5, 100, and 500, respectively. As shown in Figure 3, SEC-HPLC
analysis revealed one prominent peak of labeled ligand as well as radiolabeled species of
lower molecular weight (Rt = 18.1) after cysteine challenge. These chromatographic results
provided in vivo information that potential 99mTc activity from labeled cytokine ligand
towards transchelation to cysteine.

The in vivo stability study with 99mTc-TNFR2-Fc-IL-1ra showed that 94.2% and 96.7% of
the radioactivity in blood was associated with the plasma at 60 and 180 minutes post-
injection, respectively, with the remaining amount associated with the cell fraction. HPLC
analysis of plasma indicated that the radioactivity associated with injected radioligand was
greater than 96% at 3 hours post-injection. There was no significant amount of free 99mTc
present in the plasma.

3.3. Blood clearance and biodistribution measurements of 99mTc-labeled cytokine ligands
Results of blood radioactivity (%ID/g) and normalized clearance (% peak) of three cytokine
radioligands over time, which were products with a ratio of 2IT to protein at 1000, are
shown in Fig. 4. Administered specific activity (0,3 mL) was 4.6±0.2 for 99mTc-TNFR-Fc-
IL-1ra, 4.3±0.2 for 99mTc-TNFR2-Fc, and 4.3±0.1 for 99mTc-IL-1ra-Fc. There was no
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significant difference in the administered activity among three radioligands. After reaching
an initial peak, the three radioligands exhibited continuous clearance over the observation
period of 180 minutes post-injection. 99mTc fractional retention (% peak activity) at 180
minutes post-injection was 44.1 ± 0.6 for 99mTc-TNFR2-Fc-IL-1ra, 45.0 ± 1.6 for 99mTc-
TNFR2-Fc, and 28.0 ± 2.5 for 99mTc-IL-1ra-Fc. There was no significant difference in
fractional retention between 99mTc-TNFR2-Fc-IL-1ra and 99mTc-TNFR2-Fc.
However, 99mTc-IL-1ra-Fc demonstrated faster washout and less retention than
either 99mTc-TNFR2-Fc-IL-1ra or 99mTc-TNFR2-Fc. The exponential decay of the blood
clearance curves in Figure 4 can be represented analytically by the following equations for
(1) 99mTc-TNFR2-Fc-IL-1ra; (2) 99mTc-TNFR2-Fc; (3) 99mTc-IL-1ra-Fc:

(1)

(2)

(3)

A(t) is radioactivity in normalized units at time (t) in minutes post-injection.

Tissue radioactivity distributions (%ID/g) in rats are summarized in Table 2. The organs
with greatest activity at 180 minutes post-injection include liver, spleen, and kidneys. There
was low radioactivity uptake in heart, skeletal muscle, and skin. Blood activity of 99mTc-
IL-1ra-Fc was significantly lower than that of 99mTc-TNFR2-Fc-IL-1ra and 99mTc-TNFR2-
Fc.

3.4. Uptake of 99mTc-labeled cytokine ligands in mouse TPA-induced ear edema model
Ear edema was observed in all animals that received TPA treatments. The results of ear
thickness measurements are summarized in Table 3. The average thickness of right ears with
TPA treatment increased significantly in comparison with initial thickness (P < 0.01). In the
ears treated with vehicle, thickness remained unchanged (P > 0.05). Evidence of intense
inflammatory reaction on histological examination was observed in the ears with TPA-
induced edema. Representative microscopic images from a mouse ear with edema are shown
in Figure 5. Subcutaneous edema along with heavy infiltration of inflammatory cells was
observed in the TPA-treated ear but not in the control ear.

The inflamed ears in TPA-treated animals exhibited high accumulations of 99mTc-labeled
cytokine ligands, which could be clearly detected by in vivo SPECT imaging, as shown in
Figure 6. The radioactive uptake in the control ear was minimal and typically invisible by
SPECT imaging. Less radioactive uptake of 99mTc-IL-1ra-Fc compared to 99mTc-TNFR2-
Fc-IL-1ra and 99mTc-TNFR2-Fc was found in the inflamed ears. The in vivo specificity of
inflammation targeting was established by blocking of radioactive uptake in the inflamed
ears with non-radiolabeled IL-1ra-Fc or TNFR2-Fc/TNFR2-Fc-IL-1ra. Representative
FastSPECT II and autoradiograph images of the ears in two mice with and without blockade
are shown in Figure 7.

The activity (%ID/g) at 3 hours after injection in the inflamed ears and controls is
summarized in Table 4. There was a significant difference in radioactive uptake between
TPA-treated ears and control left ears for all three radioligands. The uptake level of 99mTc-
TNFR2-Fc-IL-1ra in the inflamed ears was significantly higher than that of 99mTc-TNFR2-
Fc and 99mTc-IL-1ra-Fc, and the uptake of 99mTc-TNFR2-Fc was significantly higher than
that of 99mTc-IL-1ra-Fc. The average uptake of 99mTc-IL-1ra-Fc (%ID/g) in the control ears
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was significantly lower than that of 99mTc-TNFR2-Fc-IL-1ra and 99mTc-TNFR2-Fc. 99mTc-
TNFR2-Fc showed a tendency for greater accumulation in the control ears than 99mTc-
TNFR2-Fc-IL-1ra, but it did not reach statistical significance.

The ratios of radioligand uptake in the inflamed and control ears were assessed. In order to
eliminate contributions from carrier vehicle and nonspecific tissue activity, the activity
measurements in the TPA-inflamed right ears were normalized using the measurements of
the control left ears. After normalization, the ratios of TPA-inflamed ears to control ears
were significantly higher for both 99mTc-TNFR2-Fc-IL-1ra and 99mTc-IL-1ra-Fc than
for 99mTc-TNFR2-Fc (P < 0.05).

Blockade by the unlabeled ligand resulted in a significant decrease in radioactive uptake
of 99mTc-IL-1ra-Fc, 99mTc-TNFR2-Fc, and 99mTc-TNFR2-Fc-IL-1ra in the inflamed ears,
as shown in Table 4. A significant reduction of inflamed ear radioactivity was also evident
on both in vivo images and ex vivo autoradiograph images after the blocking dose, as shown
in Figure 6.

3.5. IL-1β and TNF-α expression in the inflamed mouse ears
Postmortem analysis of lysates prepared from mouse ears revealed that expression of IL-1β
and TNFα was increased by TPA treatment. Immunoblot analyses of IL-lβ and IL-1RI using
polyclonal antibodies are illustrated in Figure 8. Antibodies reacted strongly to IL-1β
precursor and IL-1RI at the corresponding molecular weights 31 kilodaltons (kDa) and 80
kDa in the inflamed ear lysates, respectively. The band intensity of IL-1RI was much
stronger than that of IL-1β. In the control ear lysates, IL-1β and IL-1RI were barely
detectable. Moreover, the protein extracts reacted with the anti-TNF-α antibody at an
apparent molecular weight of 26 kDa, which is consistent with membrane-bound TNF-α
(Figure 8).

ELISA results of cytokine measurements in homogenized ear tissue are shown in Figure 9.
The expression levels of IL-1β and TNFα (pg/ml) were significantly increased in TPA-
inflamed ears compared with vehicle-treated ears. After normalization for total protein,
IL-1β was 424.1 ± 14.9 pg/mg in the inflamed ears and 64.6 ± 20.9 pg/mg in the controls (P
< 0.05). TNF-α in inflamed and control ears was 33.7 ± 4.2 pg/mg and 16.8 ± 1.3 pg/mg,
respectively (P=0.013).

4. Discussion
The ability to obtain radiolabeled products with high efficiency, long stability, and unaltered
cytokine binding capabilities is key to the future utilization of the IL-1 and TNF ligands. In
this study, we investigated protocols for direct 99mTc-labeling of three recombinant cytokine
ligands, TNFR2-Fc, IL-1ra-Fc, and TNFR2-Fc-IL-1ra, by addition of exogenous sulfhydryl
groups with 2-iminothiolane (2-IT, Tram’s reagent). This direct labeling employed a 2-step
thiolation protocol that can be used effectively for small quantities of protein [27]. It
involves the initial reduction of endogenous disulfide bonds to generate thiol binding
sites. 99mTc can bind to the sulfur-containing amino acids in the proteins after reduction of
the disulfide bonds [33]. We also evaluated the optimal molar ratio of 2-IT to protein for
practical 99mTc labeling of small quantities of recombinant proteins and found that a ratio of
1000 resulted in high radiochemical purity without significant R/H 99mTc formation.

All radiolabeled preparations in this study showed good stability up to 6 hours in both saline
and serum, with minor loss of radioactivity after 6 hours. It has been shown that directly
labeled proteins are more susceptible to transchelation than indirectly labeled products [30,
34, 35]. In our studies, cysteine challenge at a 500-fold molar excess of cysteine showed
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35.6% of translocation to cysteine, similar to other transchelation reports. However, our in
vivo plasma data for 99mTc-TNFR2-Fc-IL-1ra showed greater than 96% retention of
radioactivity at 3 hours post-injection. Although it is possible that some in vivo
transchelation may take place in tissue, no significant amount of translocation to cysteine in
the plasma was observed in this study.

The development of a successful cytokine radioligand for SPECT imaging of inflammation
requires a number of different criteria to be met. Ideally, the radioligand should be rapidly
cleared from the circulation to allow for sufficient contrast between inflammatory lesions
and normal surrounding tissues and blood pool. In comparison with indirect labeling, as
described in the literature and in our pilot studies, direct labeling yields radioligands with
more rapid blood clearance and lower liver uptake [35]. We have also implemented an
indirect labeling approach using 6-hydrazinopyridine-3-carboxylic acid (HYNIC) as a
bifunctional chelator (data not shown). When we radiolabeled TNFR2-Fc with 99mTc
through HYNIC conjugation, we found that 99mTc-TNFR2-Fc remained in the bloodstream
and had very limited tissue distribution within 3 hours post-injection. When we directly
labeled TNFR2-Fc using 2-IT thiolation, the blood clearance of 99mTc-TNFR2-Fc improved
significantly.

In the present study, 99mTc-IL-1ra-Fc showed the fastest blood clearance compared
to 99mTc-TNFR2-Fc and 99mTc-TNFR2-Fc-IL-1ra. 99mTc-TNFR2-Fc-IL-1ra exhibited a
pharmacokinetic profile very similar to that of 99mTc-TNFR2-Fc, even though TNFR2-Fc-
IL-1ra has a larger molecular size (165 kDa) than TNFR2-Fc (150 kDa). It is possible that
IL-1ra may enhance the blood clearance of its fusion protein.

In an effort to determine whether radiolabeled cytokine ligands target inflammation in vivo,
we used a TPA-induced ear edema inflammation model for imaging studies. TPA-induced
skin inflammation is a well-established model for investigating cytokine targeting of
inflammation since it is characterized by high production of cytokines, including IL-1β,
IL-6, IL-12, and TNF-α [36, 37]. IL-1β and TNF-α mediate inflammatory signaling and
play a pivotal role in TPA-induced acute irritant contact dermatitis [38–42]. Our study
showed that TPA exposure resulted in significant local increase in the tissue level of IL-1β,
the prototypical cytokine with pleiotropic effects. The IL-1β pathway plays a major rule in
mediating transcription of adhesion molecules, chemokines, secondary cytokines, nitric
oxide synthase, and cyclooxygenase, all relevant to skin inflammation. Western blot analysis
in our TPA-induced ear edema model showed dramatically upregulated local expression of
IL-1RI, which was more significant compared to the increase of IL-1β and correlated to the
site-directed high uptake of 99mTc-IL-1ra and 99mTc-TNFR2-Fc-IL-1ra.

The skin edema induced by TPA was accompanied by an increase in the level of TNF-α at
the inflamed site. The involvement of TNF-α has been widely validated in many
inflammation and anti-inflammatory studies [25, 32, 37, 43–45]. TNF-α-deficient mice fail
to develop skin inflammation following the topical application of TPA to their ears [45].
TPA-induced ear edema provides a simple and efficient animal model for inflammation
imaging studies based on the TNF-α pathway. However, ELISA analysis in the present
study showed that expression of TNF-α in the inflamed ears was only 2.1-fold higher than
in the control ears. The increase of TNF-α was not as great as the increase of IL-1β, which
was 11.4-fold higher in the TPA-treated ears compared to controls. In one prior report the
increase of TNF-α peaked at 5 hours following the application [46]. In the present study, the
cytokine targeting studies were performed 24 hours post-TPA treatment. The animals were
subsequently euthanized 3 hours after cytokine radioligand injection for postmortem
analysis and cytokine measurements. Thus, the peak time for TPA-stimulated TNF-α
expression might have passed.
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An ideal radioligand for scintigraphic imaging of inflammation should bind specifically to
inflammatory components with high affinity and sufficient residence time at the
inflammatory sites to allow for optimal imaging. Our experimental results indicate
that 99mTc-TNFR2-Fc, 99mTc-IL-1ra-Fc, and 99mTc-TNFR2-Fc-IL-1ra may all be capable
of specific inflammation imaging, as demonstrated by the blocking experiments with
unlabeled ligands. The blockades did not reduce the radioactivity in the remote normal ears,
which indicated that the radioactive accumulations were not through a specific binding
mechanism. We found that the dual-domain 99mTc-TNFR2-Fc-IL-1ra had greater uptake in
inflammatory sites than the two individual radioligands. However, it is not yet clear whether
the increased uptake of 99mTc-TNFR2-Fc-IL-1ra is mainly due to the high expression of
IL-1 receptors or TNF-α. As shown in Figure 1, TNF-α exists in two forms, a precursor 26-
kDa membrane-bound form (mTNF) on TNF-producing cells and a 17-kDa soluble form
(sTNF) in the context of tissues, both of which are bioactive [47, 48]. In principle, sTNF and
mTNF are biological targets for 99mTc-TNFR2-Fc and TNFR2-domain of 99mTc-TNFR2-
Fc-IL-1ra. The targets of 99mTc-IL-1ra-Fc and IL-1ra domain of 99mTc-TNFR2-Fc-IL-1ra
are IL-1 receptors. When the TNFR2 domain of 99mTc-TNFR2-Fc-IL-1ra biologically binds
to sTNF or mTNF, the IL-1ra domain is expected to be capable to bind to IL-1 receptor on
other cell membrane. There would be competition between natural IL-1 and 99mTc-IL-1ra-
Fc or the IL-1ra domain of 99mTc-TNFR2-Fc-IL-1ra if there was only a limited number of
IL-1 receptor. The results of our Western blot analysis indicated that IL-1β and IL-1RI were
both overexpressed in the inflamed ears compared to that in the controlled ears. IL-1RI was
upregulated about 15-fold higher than IL-1β. Thus, the overall uptake of 99mTc-IL-1ra-Fc
or 99mTc-TNFR2-Fc-IL-1ra was increased significantly.

It should be noted that increased capillary permeability at sites of inflammation always
contributes to accumulation of radiolabeled large molecules. As a result, the radioactivity
detected in the inflamed ear lesions might be a combination of specific cytokine binding and
nonspecific leakage of the cytokine ligands. The contribution of nonspecific leakage in the
inflamed lesions might be more significant for 99mTc-TNFR2-Fc-IL-1ra and 99mTc-TNFR2-
Fc because of their higher blood retention. The contribution of nonspecific binding and
leakage needs to be quantitatively clarified in further studies using radiolabeled non-specific
antibodies or proteins with similar molecular weight.

Molecular imaging using the dual-domain cytokine radioligand in this study holds promise
for specific detection of inflammation via IL-1 and TNF pathways, as these two pro-
inflammatory cytokines mediate a large group of disorders. Specifically, 99mTc-TNFR2-Fc-
IL-1ra may have some advantages over the individual radioligands, including specificity,
high affinity, and better radiopharmaceutical kinetics. The carboxy-terminal sequence
of 99mTc-TNFR2-Fc-IL-1ra may act as a competitive receptor antagonist for binding of IL-1
to membrane-bound IL-1RI in numerous cell types. The amino-terminal segment of 99mTc-
TNFR2-Fc-IL-1ra may specifically bind to TNF-α and function independently.
When 99mTc-TNFR2-Fc-IL-1ra is bound to IL-1RI on the cell surface in inflammatory
tissues, the TNFR2 domain may retain the ability to bind TNF-α. Theoretically,
when 99mTc-TNFR2-Fc-IL-1ra is systemically administered, the TNFR2 domain can target
circulating TNF-α. However, because exogenous IL-1ra exhibits rapid blood clearance in
humans and other species [49–51], the recombinant IL-1ra domain may quickly
guide 99mTc-TNFR2-Fc-IL-1ra to IL-1 receptor-rich inflammatory sites.

Unlike conventional imaging methods that rely on anatomical, physiological or metabolic
changes to provide an indirect or non-specific demonstration of inflammation [53–55],
specific inflammation imaging by interrogation of the inflammatory response and cytokine
pathways offers an opportunity to noninvasively detect inflammation and promote timely
therapeutic intervention. 99mTc-TNFR2-Fc-IL-1ra SPECT imaging may provide an efficient
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tool for targeting inflammatory components and guiding therapy in diseases such as arthritis,
ankylosing spondylitis, inflammatory bowel disease, psoriasis, sarcoidosis, and
cardiovascular diseases [21, 56]. For example, we have found that 99mTc-TNFR2-Fc-IL-1ra
exhibited more potent affinity with enhanced uptake in the inflammatory sites of ischemic-
reperfused hearts compared to the single-domain ligands (data not published). We are
investigating whether the upregulated uptake of 99mTc-TNFR2-Fc-IL-1ra is a sensitive
indicator of the expansion of myocyte injury associated with the inflammatory reaction of
ischemia-reperfusion injury, in which the involvement of cytokines is a cascade event
related to IL-1β and TNF-α [57–59]. 99mTc-ILTNFR2-Fc-IL-1ra may also be used to
evaluate the inflammation accompanying other cardiovascular disorders such as
atherosclerosis, cardiomyopathy, and myocarditis. In atherosclerosis, the intense
inflammatory response following cholesterol buildup has been implicated as a critical factor
in atherosclerosis destabilization and plaque rupture, which induces stroke and acute
coronary events (ACE). IL-1β and TNF-α are both potent pro-inflammatory cytokines
involved in initiating and accelerating progression of atherosclerotic plaques. High-
resolution SPECT imaging with 99mTc-ILTNFR2-Fc-IL-1ra may enable detection of plaque
sites, extent and vulnerability before ACE to permit a stratified approach to therapy. In
rheumatoid arthritis, a plethora of pro-inflammatory cytokines, including TNF-α, IL-1, IL-6,
IL-7, IL-17, IL-18, and interferon-γ are involved in synovial inflammation and the resulting
joint destruction and cartilage degradation [56, 60]. The production of TNF-α and IL-1 in
the synovial membrane correlates significantly with local inflammation [61]. A variety of
cytokine-based strategies are being explored for treating patients with rheumatoid arthritis,
including use of recombinant human IL-1ra (anakinra) and TNFR2-Fc (etanercept), as noted
previously [6]. An objective approach is needed to evaluate treatment response and disease
activity, because the presentation of the disease may vary considerably [56]. Targeting
IL-1β and TNF-α (and possibly other cytokines) using cytokine radioligands may also have
a significant clinical impact on prognosis and stratification in individual patients [21].

5. Conclusions
Three cytokine ligands were successfully radiolabeled with 99mTc via 2-iminothiolane
thiolation. 99mTc-TNFR2-Fc, 99mTc-IL-1ra-Fc, and 99mTc-TNFR2-Fc-IL-1ra appear to
provide specific approaches for assessment of inflammation and inflammatory response. The
dual-domain fusion protein, 99mTc-TNFR2-Fc-IL-1ra, may hold advantages in inflammation
imaging since it has more potent affinity and enhanced uptake in inflammatory sites
compared to the single-domain ligands.
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Figure 1.
Schematic representation of TNF and IL-1 receptors, ligands, interactions, and 99mTc-
TNFR2-Fc-IL-1ra binding mechanism. IL-1: interleukin 1; Pro-IL-1: IL-1 precursor;
IL-1RI: type I IL-1 receptor; mTNF: membrane-bound tumor necrosis factor; sTNF: soluble
TNF; TNFR: TNF receptor; sTNFR: soluble TNFR; TFI: 99mTc-TNFR2-Fc-IL-1ra; D-
TNFR: TNFR2 domain of TFI; D-IL-1ra: IL-1ra domain of TFI.
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Figure 2.
Representative HPLC-chromatograms of 99mTc-labeled TNFR2-Fc (Top), IL-1ra-Fc
(middle), and TNFR2-Fc-IL-1ra (bottom) following a 2-step thiolation protocol with 2IT/
protein molar ratio of 1000:1 prior to gel purification.
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Figure 3.
Representative HPLC-chromatograms of 99mTc-TNFR2-Fc-IL-1ra in cysteine challenge
testing after incubating the purified 99mTc-labeled protein with cysteine hydrochloride at a
cysteine/protein molar ratio of 0 (A), 5 (B), 100 (C), and 500 (D) in phosphate buffer for 1
hour at 37°C.
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Figure 4.
Blood-clearance curves of 99mTc-labeled cytokine ligands in healthy rats. Left panel:
Original blood-clearance data in terms of %ID/g; Right panel: Normalized blood-clearance
curves, in which radioactivity at each time point is given as percentage of peak activity at 2
minutes post-injection.
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Figure 5.
Hematoxylin and eosin (H&E) stained histological sections of mouse ears treated with
carrier vehicle (upper panel, 10 µm) and TPA (lower panel, 10 µm). TPA treatment induced
a significant increase in ear thickness accompanied by the characteristic histological features
of edema and inflammatory cell infiltration.
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Figure 6.
Representative SPECT images in mice with TPA-induced right ear edema and acetone-
treated left ear control. The SPECT images were acquired for 10 minutes at 3 hours post-
injection of 3.5–4.5 mCi (0.2 ml) 99mTc-labeled cytokine ligands. The animals were
anesthetized with 1.5% isoflurane. Higher radioactive uptake was observed in the right ear
of each.
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Figure 7.
Representative 99mTc-TNFR-Fc-IL-1ra SPECT (upper panel) and autoradiograph (lower
panel) images in two mice with right ear TPA-induced inflammation. The mouse in the right
panel received unlabeled TNFR2-Fc-IL-1ra for blockade, and the left-panel mouse received
PBS as a control. The animals received 2.24 mCi radiotracer (0.2 ml) and 10-minute SPECT
image acquisition. The ears showed on autoradiograph images were simultaneously exposed
on the same phosphor imaging plate and the scale was set at the same quantitative value.
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Figure 8.
Western blot analysis of interleukin-1β (IL-1β), its transmembrane receptor IL-1RI, and
tumor necrosis factor-α (TNF-α) in homogenized ears that received TPA treatment (right
panel) or carrier vehicle treatment (left panel). A total of 40–100 µg tissue lysates were used
for western blot. IL-1β antibody (1:200 dilution), IL-1RI antibody (1:3000 dilution) and
TNF-α antibody (1:10,000 dilution) were used to detect IL-1β, IL-1RI and TNFα. The
figure presents data from one of two experiments with similar results.
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Figure 9.
ELISA detection of IL-1β and TNF-α in supernatant of homogenates from TPA-inflamed
ears and control ears. Data are mean ± SEM. * and ** represent P < 0.001 compared with
corresponding vehicle-treated ears.
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Table 2

Rat biodistribution data (%ID/g) of 99mTc-labeled cytokine ligands 3-hr post-injection

TNFR2-Fc-IL-1ra TNFR2-Fc IL-1ra-Fc

Blood 2.07±0.07* 2.10±0.03* 1.27±0.15

Heart 0.42±0.08 0.21±0.74 0.28±0.04

Lung 0.65±0.07 0.44±0.0.003 0.45±0.03

Liver 1.43±0.03 1.29±0.17 1.40±0.04

Stomach 0.14±0.03 0.13±0.06 0.67±0.09

Spleen 0.81±0.14 0.79±0.06 0.46±0.13

Small intestine 2.39±0.66 1.50±0.48 1.24±0.36

Large intestine 0.10±0.05 0.12±0.11 0.07±0.03

Kidneys 3.79±0.01 3.82±0.08 5.18±0.66

Skin 0.07±0.01 0.13±0.09 0.09±0.02

Muscle 0.05±0.01 0.03±0.01 0.02±0.003

*
represents P < 0.05 compared to IF.
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Table 3

Thickness (µm) changes of mouse ears treated by TPA and acetone

Right Ear Left Ear

Pre-TPA Post-TPA Pre-Acetone Post-Acetone

IL-1ra-Fc 211.4±13.5 470.0±11.3* 205.7±11.3 207.1±15.0‡

TNFR2-Fc 218.6±14.8 474.3±74.6* 202.9±15.0 208.6±9.0

TNFR2-Fc-IL-1ra 204.3±3.5 465.7±34.0* 198.6±4.8 211.4±7.0‡

*
represents P < 0.05 compared to the remote left ear.
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