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Soluble tumor necrosis factor (TNF) receptor-2 (TNFR2) and interleukin-1
receptor antagonist (IL-1ra) were fused to the Fc portion of IgG1 using
recombinant DNA technology. The resulting dual-domain cytokine
ligand, TNFR2-Fc-IL-1ra, specifically binds to TNF and to the type |
IL-1 receptor (IL-1RI). This study was designed to characterize the
kinetic profile of ®*mTc-labeled TNFR2-Fc-IL-1ra (TFl) for imaging
inflammatory response in an ischemic-reperfused (IR) rat heart model.
Methods: The IR model was created by ligating the left coronary artery
for 45 min, followed by 2-h reperfusion. Cardiac SPECT images of
TFl in the IR model (n = 6) were dynamically acquired for 3 h. Correl-
ative data of myocardial TFI distribution versus microsphere-determined
tissue blood flow were acquired in 3 extra IR hearts. Inflammation
targeting affinity of TFl was compared with 2 individual cytokine
radioligands, ®®™Tc-IL-1ra-Fc (IF) and °°™Tc-TNFR2-Fc (TF) (n = 6
each group). Myocardial cytokine expression was evaluated by im-
munochemical assay. Results: Increased TFI uptake was found in
the ischemic area and correlated with the severity of ischemia. At
3 h after injection, the ratio of hot-spot accumulation in the ischemic
area to a remote viable zone was 5.39 *+ 1.11 for TFI, which was
greater than that for IF (3.28 = 0.81) and TF (3.29 = 0.75) (P < 0.05).
The in vivo uptake profiles of TFI, TF, and IF were consistent with ex
vivo radioactive measurements and correlated with upregulated IL-1
and TNF expression. Conclusion: The dual-domain TFl is promising
for noninvasive detection of inflammatory reactions in IR myocardium
because of its more potent affinity to the inflammatory sites compared
with TF and IF.
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Inﬂammation after myocardial ischemia-reperfusion has been
implicated as a crucial factor in expansion of injury (/—4). When
reperfusion of the ischemic area begins, there is an intense in-
flammatory reaction that occurs during both the early and the late
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IMAGING INFLAMMATION IN IScHEMIC HEARTS

phases of reperfusion (/,5). Proinflammatory cytokines are inte-
gral components at the ischemic site and play particularly active
roles after myocardial reperfusion (6,7). Typically, there is robust
upregulation of intramyocardial cytokines in the infarct zone and
in the noninfarcted myocardium within the first hours to 1 d after
myocardial infarction (8,9). If the infarct is large, or if the host
inflammatory response is exuberant, there can be either sustained
cytokine upregulation or a second wave of cytokine upregulation,
corresponding to the chronic postinfarct phase. Remarkably, the
second wave can also extend to involve the noninfarcted remote
zone, mediating an important remodeling process in the entire
myocardium (4,6). Consequently, the inflammatory reaction may
promote contractile and endothelial dysfunction, regional blood
flow decrease, and infarct expansion, all of which may result in heart
failure and cardiovascular death.

Interleukin-1 (IL-1) is recognized as a master cytokine of local
and systemic inflammation (/0,11). It is critically associated with
myocardial ischemia—reperfusion injury. There are 2 related but
distinct IL-1 genes, ILIA and ILIB, encoding IL-1ae and IL-13,
respectively. Each IL-1 binds to the same cell surface receptor,
termed IL-1 receptor type I (IL-1RI), which is present on nearly
all cells (10,11). The action of IL-1 is regulated by the structurally
related IL-1 receptor antagonist (IL-1ra), which is primarily produced
by activated monocytes and tissue macrophages (/2,13). IL-1ra is
a specific receptor antagonist for IL-1a and IL-13; it binds to IL-
1RI and prevents IL-1 from binding to the same IL-1 receptor (/4).

Tumor necrosis factor (TNF) is another proinflammatory cyto-
kine that possesses significant inflammatory activity. There are 2
types of TNF, TNF-a and TNF-3, which are mammalian-secreted
proteins capable of inducing a wide variety of effects on a large
number of cell types. TNF-a is essential in triggering or amplify-
ing local inflammatory responses to ischemia—reperfusion injury
(). Cardiac myocytes, mast cells, macrophages, endothelial cells,
neutrophils, and monocytes are all possible sources of TNF-a in
the ischemic—reperfused (IR) heart (/5,16). TNF initiates its biologic
effects by binding to 2 distinct forms of TNF receptor (TNFR),
type I TNFR (TNFR1) and type II TNFR (TNFR2), on the plasma
membrane of TNF-responsive cells. 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 (17).

There are coordinated effects between TNF-« and IL-1f in the
inflammatory process associated with myocardial ischemia—reperfusion
injury (18,19). For example, TNF-a, which alone has no effect on
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nitric oxide (NO) production in myocytes, greatly potentiates IL-
1B—induced NO production (20). TNF-« and IL-1f in cardiac fi-
broblasts converge on the same pathway to increase the messenger
RNA production of angiotensin II type 1 receptor (27). The syn-
ergistic effects of TNF-a and IL-1f3 suggest that strategies target-
ing multiple proinflammatory pathways simultaneously may be
more effective than those that target a single pathway. The poten-
tial for using the synergistic effects of cytokines motivated us to
develop a radiolabeled dual-domain cytokine ligand, **™Tc-TNFR2-
Fc-IL-1ra, for noninvasive imaging assessment of inflammation
(22,23). TNFR2-Fc-IL-1ra contains a carboxy-terminal segment
with the sequence of IL-1ra that specifically binds to cell mem-
brane-bound IL-1RI and an amino-terminal segment that specit-
ically binds to soluble TNF as well as membrane-bound TNF.
Using a mouse model with skin inflammation, we have previously
demonstrated that °**™Tc-TNFR2-Fc-IL-1ra has more potent affin-
ity to inflammatory sites than the single-domain radioligands
99mTc-IL-1ra-Fc and **™Tc-TNFR2-Fc (22). In the present study,
we hypothesize that uptake of °*™Tc-TNFR2-Fc-IL-1ra in the
myocardium is a sensitive indicator of myocardial inflammatory
reactions related to acute ischemia—reperfusion injury. This study
was designed to investigate the myocardial kinetics of **™Tc-TNFR2-
Fc-1L-1ra for assessing inflammatory response in an IR rat heart
model. We compared the inflammation targeting affinity of **™Tc-
TNFR2-Fc-IL-1ra with that of *™Tc-TNFR2-Fc and **™Tc-IL-1ra-Fc.

MATERIALS AND METHODS

Radiolabeling

Recombinant TNFR2-Fc-IL-1ra and IL-1ra-Fc were produced at
AmProtein Corp. as previously described (22,23). TNFR2-Fc (anakinra,
Kineret) was purchased from Amgen Inc. The ligands were *™Tc-labeled
using a modified direct protocol (24,25) in which glucoheptonic acid
serves as a transfer agent to chelate tin-reduced **™TcO,~ to thiolated
proteins by 2-iminothiolane (2-IT) at a 2-IT/protein ratio of 1,000.
Radiolabeling efficiency (radiochemical purity) determined by size-
exclusion high-performance liquid chromatography was always greater
than 97% in gel-purified products.

IR Rat Heart Model

Male Sprague-Dawley rats (250-300 g) were anesthetized with 1.0%—
1.5% isoflurane and ventilated using an Inspira Advanced Safety Ventilator
(Harvard Apparatus) with a mixture of oxygen and room air. The chest
was opened at the fourth or fifth intercostal space. Using a curved and
tapered needle with a 6.0 Prolene suture (Ethicon), we placed a ligature
around the left coronary artery (LCA) and pulled tight by passing the
suture through a polyethylene tubing and clamping it for a 45-min
occlusion. Myocardial reperfusion was achieved by releasing the liga-
ture 120 min before a radiotracer was intravenously injected. The chest
of the rat was closed for SPECT imaging.

SPECT Imaging of IR Hearts with Cytokine Radioligands

A small-animal stationary SPECT imager called FastSPECT II was
used to image the IR rat hearts. FastSPECT II is capable of acquiring
projection data without any motion of the object or detection system.
The spatial resolution is about 1 mm, with a 16-pinhole aperture.

Six anesthetized rats with myocardial IR treatments were dynam-
ically imaged for 3 h to determine the **™Tc-TNFR2-Fe-IL-1ra cardiac
kinetic profile. *™Tc-TNFR2-Fc-IL-1ra (111-166.5 MBq [3.0-4.5 mCi],
0.3 mL) was intravenously injected via a preinstalled tail vein catheter
using a PHD2000 syringe pump (Harvard Apparatus). Immediately after
injection, cardiac images were acquired every minute for 10 min, followed
by 5-min acquisitions at 15, 20, 30, 45, 60, 120, and 180 min after in-
jection to generate 16 projection datasets for tomographic reconstructions.
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The rat IR heart model was also used to compare **™Tc-TNFR2-Fc-
IL-1ra targeting affinity with that of > Tc-IL-1ra-Fc and **™Tc-TNFR2-
Fc. The rats in each group (n = 6) received 1 of the cytokine ra-
dioligands (111-166.5 MBq [3.0-4.5 mCi], 0.3 mL) via tail vein in-
jection. The rats were allowed to recover and have free access to food
and water for 3 h. The rats were subsequently imaged for 10 min using
FastSPECT II and then sacrificed for postmortem analysis.

SPECT Image Processing

Tomographic reconstructions of FastSPECT II data were processed
using 25 iterations of the ordered-subset expectation maximization
algorithm and computed to provide 3-dimensional images in an 81 X
121 x 121 voxel format with AMIDE 0.9.1 software to generate trans-
verse, coronal, and sagittal slices with 1-voxel thickness (1.0 mm).

Dynamic analysis of myocardial activity in the IR hearts was per-
formed with computerized 3-dimensional region-of-interest analysis.
The regions of interest were first established over normal myocardial
zones and ischemic areas with high radioactive uptake (hot spot) on
the 180-min images for determining average counts per pixel. The regions
of interest on the 180-min images were applied to all of the dynamic
images for determining average counts per pixel from 1 to 180 min after
injection. After correction for acquisition time and decay, time—activity
curves over the normal zones and infarct areas were plotted by normal-
izing radioactive counts at each time point to peak uptake counts. This
normalization was used to eliminate the variation of injected doses.

Postmortem Analysis of IR Rat Hearts

After imaging, the LCA was reoccluded. Evans blue (20%) in 1.0 mL
of phosphate-buffered saline buffer was injected through the femoral
vein, allowing dye to stain the nonischemic portion of the heart. An
overdose injection of Beuthanasia-D (100 mg/kg; Schering-Plough
Animal Health Corp.) was administered immediately thereafter to
sacrifice the animal. The entire heart was expeditiously excised,
weighed, and rinsed of excess dye with cold saline. **™Tc activity in
the heart was measured in a CRC-15W radioisotope dose calibrator
(Capintec). The left ventricle was sectioned into 1-mm slices in a plane
parallel to the atrioventricular groove. Both sides of each tissue slice
were photographed for measuring the ischemic area at risk (IAR).

In the rats with dynamic *°™Tc-TNFR2-Fc-IL-1ra imaging, the left
ventricular slices were incubated in 1% triphenyltetrazolium chloride
(TTC) PBS-buffered solution (pH 7.4) at 37C° for 20 min and sub-
sequently fixed in 10% PBS-buffered formalin overnight at 2°C-8°C.
Both sides of each TTC-stained tissue slice were photographed again.
The viable myocardium stained by TTC appeared dark red, and ne-
crotic myocardium appeared white or pale.

99mTc-TNFR2-Fc-IL-1ra Distribution Versus Myocardial
Blood Flow (MBF)

Stable, nonradioactive isotope—labeled microspheres provided by
BioPAL, Inc. were used to determine the regional blood flow in rat
hearts by neutron-activation analysis (26,27). The correlation between
myocardial *™Tc-TNFR2-Fc-IL-1ra distribution and regional MBF
was determined in 3 additional IR rat hearts. Briefly, a carotid artery
was catheterized to provide a site for microsphere reference blood
withdrawal. Ten minutes after LCA ligation when the heart beating
was stable, a set of 15-pwm-diameter Gold STER/spheres microspheres
(2.5 x 10°) diluted in 1.0 mL of sansSaline obtained from BioPAL was
directly injected into the left ventricle for 10 s. A reference blood
sample (1.8 mL) was withdrawn from the carotid artery by the Harvard
infusion/withdrawal syringe pump beginning 10 s before injection of
microspheres and continuing for 70 s at a constant rate of 1.5 mL/min.
An equal amount of blood from a donor rat was given after the reference
blood sample was collected. Two hours after reperfusion, *>™Tc-TNFR2-
Fc-IL-1ra was injected through a jugular vein catheter. Three hours later
(5 h after reperfusion), 15-pm-diameter Samarium STER/spheres
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microspheres (2.5 x 10) diluted in 1.0 mL of sansSaline were injected
into the left ventricle, followed by blood-sample collection as described
above. The heart was excised, and the left ventricle was divided into
0.05- to 0.1-g pieces to measure **™Tc radioactivity. The blood samples
were prepared according to the vendor’s instructions. All samples were
shipped to BioPAL for neutron-activation analysis and quantification.

Western Blot Analysis of IL-1p, IL-1Rl, and TNF-«

Two randomly selected IR rat hearts from each group were harvested.
The left ventricle was separated into nonischemic healthy myocardium
and IAR determined by Evans blue staining. The samples were
processed using a snap freezing procedure by which samples were
lowered to temperatures below —70°C rapidly with liquid nitrogen
and stored in a —80°C freezer until use. The frozen samples were ho-
mogenized in radioimmunoprecipitation assay (RIPA) buffer containing 1
mM phenylmethylsulfonyl fluoride and 1X Halt protease and phospha-
tase inhibitor cocktail (Thermo Scientific) 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). Tissue lysate
(40 pg of protein) was separated on polyacrylamide gel electrophoresis
(PAGE) gel and then transferred to a nitrocellulose membrane. Rabbit
polyclonal antibodies were purchased from Santa Cruz Biotechnology,
Inc., for detection of IL-13, IL-1RI, and TNF-a.. Goat antirabbit IgG
antibody, used as a secondary antibody, was also purchased from Santa
Cruz Biotechnology, Inc.

Detection of IL-18 and TNF-« by Enzyme-Linked
Immunosorbent Assays (ELISA)

Snap frozen IAR and nonischemic myocardial tissues were
homogenized in a cell-extraction buffer (Invitrogen Corp.) containing
10 mM Tris (pH 7.4), 100 mM NaCl, 1 mM ethylenediaminetetra-
acetic acid (EDTA), 1 mM ethylene glycol tetraacetic acid (EGTA), 1
mM NaF, 20 mM NasP,0,, 2 mM Na3;VO,, 1% Triton X-100, 10%
glycerol, 0.1% sodium dodecyl sulfate (SDS), and 0.5% deoxycholate.
Immediately before the tissue was processed, 1 mM phenylmethylsul-
fonyl fluoride and protease inhibitor cocktail (Sigma-Aldrich Corp.)
was added into the cell-extraction buffer. The final homogenate was
centrifuged at 20,000g at 4°C for 15 min. Protein concentration was
determined using the BCA Protein Assay Kit. The supernatant fraction
was aliquoted and frozen at —80°C until solid-phase sandwich ELISA
was performed for determination of cytokine protein levels.

The levels of myocardial IL-1(3 and TNF-a were determined in 8 IR
rat hearts using ELISA kits purchased from Invitrogen Corp. Briefly,
diluted samples and standards at 100 wL (IL-1) were transferred to the
antibody-coated wells in a 96-well polyvinyl plate. The plates were in-
cubated for 90 min 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 min and washing, a substrate
solution containing tetramethylbenzidine/H,0, was added. After 30-min
incubation, the stop solution (0.5 Mol/L H,SO,) was added and the plates
were read using a DTX 880 Multimode Detector (Beckman Coulter, Inc.)
at a wavelength of 450 nm. The results of IL-13 and TNFa measure-
ments were expressed as pg/mL and corrected for total protein (pg/mg).

Data Analysis

All quantitative results were expressed as mean = SEM. Compar-
isons between 2 variables were performed with 1-way ANOVA. Prob-
ability values of less than 0.05 were considered significant.

Ethics

The animal experiments were performed in accordance with Guide for
the Care and Use of Laboratory Animals (28) and were approved by the
Institutional Animal Care and Use Committee at the University of Arizona.
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RESULTS

Dynamic Imaging of 2°™Tc-TNFR2-Fc-IL-1ra

The in vivo uptake profiles of ™ Tc-TNFR2-Fc-IL-1ra in the IR
hearts were depicted in dynamic tomographic images. Blood-pool
activity was seen immediately after injection, with gradual wash-
out starting around 10 min. Focal radioactive accumulation (hot
spot) in the anterior and lateral walls of the left ventricle became
visible by 60—75 min after injection and remained persistent over
the 3-h postinjection period. A considerable amount of radioac-
tivity was observed in the liver. Representative dynamic images of
99mT¢-TNFR2-Fc-IL-1ra in an IR heart are shown in Figure 1.

Representative myocardial time-activity curves of **Tc-TNFR2-
Fc-IL-1ra in ischemic and remote healthy myocardium are sum-
marized in Figure 2. After reaching an initial peak at about 2 min,
99mTc-TNFR2-Fc-IL-1ra in the healthy myocardium exhibited rel-
atively rapid clearance over the observation period of 180 min after
injection. In contrast, *™Tc-TNFR2-Fc-IL-1ra in the ischemic area
showed increasing uptake until 10 min, after which there was slow
washout. The kinetic curves plotted from 10 to 180 min showed
a significant difference between the remote viable zone and ische-
mic area with hot-spot accumulation (P < 0.05). At 180 min after
injection, the myocardial radioactive retention (% peak) was 50.7% =
8.4% in ischemic myocardium and 14.2% * 5.5% in remote non-
ischemic area (P < 0.01).

Comparing Targeting Affinity of °™Tc-TNFR2-Fc-IL-1ra with
99mTc-TNFR2-Fc and **™Tc-IL-1ra-Fc

High radioactive accumulations (hot spots) were observed in the
myocardial IAR on FastSPECT II images acquired using all three
99mTc labeled cytokine ligands. Representative reconstructed im-
ages are shown in Figure 3. High radioactive uptake in the liver
was observed. The most prominent radioactive uptake in the chest

FIGURE 1. Representative dynamic images of 9°mTc-TNFR2-Fc-IL-1ra
in an IR rat heart. Coronal slices are at intervals from 1 to 180 min after
injection, as indicated by number in each frame. Progressive focal ac-
cumulation of radioactivity is demonstrated in myocardial ischemic area
(blue arrow on 180-min image). Prominent radioactivity is observed in
liver (white arrow).
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FIGURE 2. Normalized time-activity curves of °°®mTc-TNFR2-Fc-IL-1ra
from ischemic area and remote viable zone in rat hearts with ischemia—
reperfusion injury. Activity at each time point is normalized to peak
activity in each animal. *P < 0.05, compared with viable zone.

was found in the anterior wall, lateral wall, and apex of the left
ventricle. The dual-domain °°™Tc-TNFR2-Fc-IL-1ra exhibited
more potent affinity, with enhanced uptake in the inflammatory
sites of IR hearts, than the single-domain ligands. At 3 h after in-
jection, the radioactive ratio of ischemic area to viable zone was
5.42 * 1.10 for *°™Tc-TNFR2-Fc-IL-1ra, which was greater than
ratios for %°™Tc-IL-1ra-Fc (3.28 * 0.81) and *°™Tc¢-TNFR2-Fc
(3.29 £ 0.75) (P < 0.05).

FIGURE 3. Imaging comparison of 9°mMTc-IL-1ra-Fc (A-C), 9°MTc-
TNFR2-Fc (D-F), and %¥mTc-TNFR2-Fc-IL-1ra (G-l) in rat hearts with
45-min ischemia and 120-min reperfusion. Three representative trans-
axial slices obtained at 3 h after injection using each radiotracer show
radioactive accumulations (hot spots) in ischemic area. Dashed circle
indicates margins of left ventricle.
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Ex Vivo Measurements of Myocardial Radioactive Uptake

The spatial distributions of **™Tc-TNFR2-Fc-IL-1ra, **™Tc-IL-
Ira-Fe, and **™Tc-TNFR2-Fc in left ventricular myocardium were
identified by ex vivo radioactive measurement. Myocardial radio-
activity levels (percentage injected dose per gram [%ID/g]) in the
whole heart, IAR, and nonischemic or remote viable myocardium
(positive Evans blue staining) are shown in Table 1. The uptake
level of ?™Tc-TNFR2-Fc-IL-1ra in the IAR was significantly greater
than that of *™Tc-TNFR2-Fc and **™Tc-IL-1ra-Fc. There was no
difference between the myocardial uptake of *°™Tc-TNFR2-Fc
and %°™Tc-IL-1ra-Fe.

Figure 4 shows representative autoradiographs of *™Tc-TNFR2-
Fc-IL-1ra in IR left ventricular myocardium and photographs of
the corresponding myocardial slices stained with Evans blue and
TTC. The area of radioactive uptake was comparable in size with
the TAR (unstained by Evans blue) and larger than the myocardial
infarct size (TTC-negative area).

Correlation Between %°™Tc-TNFR2-Fc-IL-1ra Uptake
and MBF

Figure 5 demonstrates the microsphere-determined MBF at
LCA occlusion and reperfusion versus ®°™Tc-TNFR2-Fc-IL-1ra
myocardial uptake. **™Tc-TNFR2-Fc-IL-1ra uptake was spatially
related to the extent of ischemic myocardium and localized pri-
marily in the area surrounding the myocardial necrotic core. When
the LCA was occluded, the average MBF for the entire left ven-
tricle was 1.15 = 0.13 mL/min/g. When coronary flow was re-
stored, the average MBF increased slightly to 1.44 = 0.09 mL/
min/g, but the increase did not reach statistical significance. How-
ever, 18 of 31 myocardial samples (from 3 rats) showed less than 1.0
mL/min/g MBF (0.46 * 0.08) during LCA occlusion. *°™Tc-
TNFR2-Fc-IL-1ra uptake (%ID/g) was significantly higher in
these myocardial samples than in samples with MBF greater than
1.0 mL/min/g (0.96 = 0.15 vs. 0.38 £ 0.04, P < 0.001). For
analysis, we considered tissue samples with an MBF greater than
1.0 mL/min/g as nonischemic myocardium. Samples with an MBF
less than 1 mL/min/g during LCA occlusion showed a significant
linear correlation with negative slope, —0.25, between %°™Tc-
TNFR2-Fc-IL-1ra uptake and MBF (y = 0.647, P = 0.017). In
contrast, tissue samples with MBF greater than or equal to 1.0
mL/min/g showed a nonsignificant linear correlation (y = 0271, P =
0.277). AT LCA reflow, *°™Tc-TNFR2-Fc-IL-1ra uptake versus
MBF demonstrated a linear correlation with negative slope (slope
= —0.378, y = 0.406, P = 0.023). In this measurement, 6 samples
with MBF less than 1.0 mL/min/g (0.66 = 0.05) had correspond-
ingly higher °°mTc-TNFR2-Fc-IL-1ra uptake (%ID/g) than tis-
sue pieces with MBF greater than 1.0 mL/min/g (1.10 £ 0.28 vs.
0.51 = 0.06, P = 0.003).

IL-18 and TNF-a Expression in IR Myocardium

Postmortem analysis of lysates prepared from the rat myocar-
dium showed that expression of IL-1 3 and TNF-a in the IAR was
significantly increased after ischemia—reperfusion. Immunoblot ana-
lyses using polyclonal antibodies are illustrated in Figure 6. Antibodies
reacted strongly to IL-1(3 precursor and IL-1RI at the molecular weights
of 31 and 80 kDa, respectively. The protein extracts reacted with the
anti-TNF-a antibody at an apparent molecular weight of 26 kDa, which
is consistent with membrane-bound TNF-a.. In the remote control
myocardium, IL-13, IL-1RI, and TNF-a were barely detectable.

After normalization for total protein, ELISA results of cytokine
measurements in homogenized myocardial tissue indicated that
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TABLE 1
Cardiac Biodistribution (%1D/g) at 3 Hours After Injection

Radioligand Whole heart IAR Remote area
99mTc-||-1ra-Fc 0.27 = 0.03 0.61 + 0.11* 0.16 = 0.04
99mTc-TNFR2-Fc 0.35 + 0.12 0.81 =+ 0.06* 0.24 * 0.09
99mTc-TNFR2-Fc-IL-1ra 0.51 = 0.06" 1.14 + 0.05*T* 0.18 = 0.02

*P < 0.05, compared with remote area.
TP < 0.05, compared with 9mTc-IL-1ra-Fc.
*P < 0.05, compared with ®mTc-TNFR2-Fc.

the expression levels (pg/mg) of IL-13 and TNF-a were significantly
increased in IR myocardium, compared with remote control (IL-1f3:
1,279.2 = 144.7 vs. 916.1 * 46.5, P = 0.016; TNF-a: 457.7 =
30.3 vs. 369.2 = 20.3, P = 0.041).

DISCUSSION

Conventional cardiovascular imaging technologies rely on ana-
tomic, physiologic, or metabolic differences to provide image contrast
between normal and inflamed tissue; detection of the inflammatory
response is typically indirect or nonspecific. Scintigraphic imaging
with radiolabeled leukocytes is a standard clinical procedure for
detection of occult infection and inflammation. However, in vitro
radiolabeling of leukocytes requires a complicated procedure
associated with a potential risk for infection. Radiopharmaceut-
icals targeting leukocyte receptors hold promise for noninvasive
detection of infection and inflammation (29,30). However, they
provide little insight into the proinflammatory cytokine pathway.
IBE-FDG is a sensitive tracer for imaging of inflammation. In
subacutely infarcted myocardium, '8F-FDG was found to accumu-
late relative to the tissue’s monocyte or macrophage content (37).
However, '3F-FDG uptake in normal myocytes poses problems for
use of '8F-FDG in detecting inflammation in the heart.

FIGURE 4. Representative photographs of transaxial slices of IR rat
heart. (A) IAR (unstained areas) by Evans blue staining. (B) Myocardial
infarcts (unstained areas) by TTC staining. (C) 2°™Tc-TNFR2-Fc-IL-1ra
uptake (dark black areas) by autoradiography. White dashed lines on
autoradiographs indicate outlines of left ventricular slices with TTC stain-
ing. Distributions of 99™Tc-TNFR2-Fc-IL-1ra were matched to IAR in size
but were larger than infarcts on TTC staining.

IMAGING INFLAMMATION IN IScHEMIC HEARTS

Radiolabeled cytokines and cytokine ligands are an emerging
class of radiopharmaceuticals to detect inflammatory disorders
and promote timely therapeutic intervention. Hybrid TNFR1-Fc/
TNFR2-Fc has many advantages, compared with natural TNFR1/
TNFR2, including specificity, low immunogenicity, and high
affinity. As a recombinant cytokine ligand, radiolabeled TNFR2-
Fc or TNFR1-Fc usually remains in the bloodstream and binds to
blood cells and has limited tissue distribution. Detection of
inflammation through the IL-1 pathway would provide important
information regarding the underlying pathobiology of many in-
flammatory and autoimmune diseases. Radiolabeled IL-1ra using
structurally modified or unmodified IL-1ra represents an important
probe for inflammation imaging (32,33). However, radiolabeled IL-
1ra showed relatively poor in vivo sensitivity in animal studies, prob-
ably because of competition with IL-1 for the IL-1 receptor (32,33).

The potential synergetic mechanism between IL-1 and TNF
pathways may provide TNFR2-Fc-IL-1ra with an inflammatory
targeting effect greater than that of the 2 probes alone or
administered concurrently. IL-1ra may extend the biologic
half-life of TNFR2-Fc-IL-1ra and direct the dual-domain ligand
to IL-1 receptor—-rich inflammatory sites (23). We have previ-
ously shown that in healthy rats, the blood half-life of ?°™Tc-
TNFR2-Fc-IL-1ra was 140.8 min (22). In the same study, we
demonstrated that **™Tc-TNFR2-Fc-IL-1ra was capable of specif-
ically targeting inflammatory sites, as indicated by blocking
experiments with unlabeled ligand using an ear inflammation
model. More importantly, °°mTc-TNFR2-Fc-IL-1ra showed
greater affinity to the inflamed ear than °°™Tc-IL-1ra-Fc or
99mTc-TNFR2-Fc. In the present study, *°™Tc-TNFR2-Fc-IL-1ra
uptake in IR myocardium was identified by in vivo SPECT and
ex vivo autoradiography. The hot-spot uptake of **™Tc-TNFR2-
Fc-IL-1ra corresponded to IAR as determined by postmortem
staining with Evans blue, and the involved area was much larger
than the myocardial infarct shown by TTC staining. Furthermore,
we found that *°™Tc-TNFR2-Fc-IL-1ra had greater uptake in
myocardial IR sites than **™Tc-IL-1ra-Fc or *°™Tc-TNFR2-Fc.

The ischemia-reperfusion procedure resulted in significant in-
flammatory reactions with upregulated cytokine expression in the
present study. First, a local increase in the tissue level of IL-13
was demonstrated by Western blot and ELISA. It has been reported
that increased levels of IL-18 could occur for more than several
weeks in IR rat heart models (8,34,35). The IL-13 pathway plays
a major role in mediating transcription of adhesion molecules, che-
mokines, secondary cytokines, nitric oxide synthase, and cyclo-
oxygenase, all relevant to inflammation reactions. IL-1{3 is found in
macrophages, endothelial cells, and vascular smooth muscle cells in
addition to myocytes. Moreover, our Western blot analysis showed
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FIGURE 5. Regression analysis of mTc-TNFR2-Fc-IL-1ra (TFl) distribution (%1D/g) versus mi-
crosphere-determined MBF in 31 left ventricular myocardial samples from 3 IR rat hearts. MBF
(mL/min/g) was measured 10 min after LCA occlusion (A) and 5 h after LCA reflow (B). TFl was
intravenously administered at 2 h after LCA reflow. Tissues with blood flow less than 1.0 mL/min/g
exhibited significant correlation (P < 0.05) with TFI uptake at LCA occlusion and also at LCA reflow.

significantly upregulated local expression of IL-1RI. Second, there
was an increase in TNF-a at the IR site. The involvement of TNF-
o has been investigated in prior studies with myocardial ischemia—
reperfusion injury, with varying results (9,36-38). TNF-a was
found to increase significantly at 4 h and return to baseline after
8-24 h of reperfusion (9,36). In the present study, both Western
blotting and ELISA showed significantly upregulated TNF-a ex-
pression in IAR at 5 h after reperfusion, though the time of peak
TNF-a expression was not determined.

It is not yet clear which cytokine pathway contributed more
significantly to the increased uptake of **™Tc-TNFR2-Fc-IL-1ra. On
the basis of the levels of IL-1B and TNF-a expression, both IL-13
and TNF-a pathways might play significant roles. Unlike the IL-1ra
domain, which targets IL-1RI competitively with IL-13, the TNFR2
domain of TNFR2-Fc-IL-1ra can bind to a bioactive membrane-
bound form (mTNF) or precursor on TNF-producing cells and the
soluble form (STNF) in the extracellular environment (39,40). In prin-
ciple, sSTNF and mTNF are biologic targets for *™Tc-TNFR2-Fc and
the TNFR2-domain of *™Tc-TNFR2-Fc-IL-1ra. When the TNFR2
domain binds to STNF or
mTNE, the IL-1ra domain can
bind to IL-1RI on another cell

TNF-a
- membrane. The competitive
GAPDH mechanism between natural
IL-1B and the IL-1ra domain
IL-1B S might diminish %™ Tc-TNFR2-

Fc-IL-1ra uptake in the case of
a limited number of IL-IRI
sites available and overexpres-
sion of IL-13. However, the
results of our Western blot anal-
ysis indicated that IL-1RI was
upregulated more significantly
than IL-13 by about 15-fold,
and IL-1RI was correlated with
the high uptake of °™Tc-
TNFR2-Fc-IL-1ra.
Reestablishing blood flow to
ischemic myocardium might
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FIGURE 6. Representative Western
blot analysis of TNF-a, IL-18, and
transmembrane IL-1RI in homogenized
IAR and control myocardium. Glycer-
aldehyde 3-phosphate dehydroge-
nase (GAPDH) is shown as protein
loading control.
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the present study showed that increasing the
severity of ischemia led to enhanced %°™Tc-
TNFR2-Fc-IL-1ra uptake in a direct negative
linear relationship. *°™Tc-TNFR2-Fe-IL-1ra
uptake was markedly increased at a flow less
than 0.1 mL/min/g when LCA was occluded.
Similar negative linear correlation was found at 5 h after reperfusion.
The increase of **™Tc-TNFR2-Fc-IL-1ra uptake was mostly found in
reperfused tissues with blood flow around 0.5 mL/min/g but not in
the high blood-flow areas. Thus, the contribution of hyperperfusion
effects and vascular leakage issues might not be significant in the
myocardial distribution of **™Tc-TNFR2-Fc-IL-1ra in our model.

CONCLUSION

Inflammatory reactions corresponding to myocardial ischemia—
reperfusion injury can be assessed by SPECT imaging using
99mTc labeled IL-1ra-Fc, TNFR2-Fc, and TNFR2-Fc-IL-1ra.
The dual-domain *°™Tc-TNFR2-Fc-IL-1ra showed more potent
affinity, with enhanced uptake in the inflammatory sites of IR
hearts, than the single-domain ligands. **™Tc-TNFR2-Fc-IL-1ra
SPECT imaging may provide an effective tool for targeting in-
flammatory components relating to myocardial ischemia-reperfu-
sion injury. The synergy between TNFR2 and IL-1ra may lead to
an inflammatory targeting effect greater than that of either of the 2
probes alone or administered concurrently. Molecular imaging
using **™Tc-TNFR2-Fc-IL-1ra holds promise for specific detec-
tion of inflammation via IL-1 and TNF pathways in other inflam-
matory diseases.
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