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Pancreatitis remains a diagnostic challenge in patients with mild to
moderate disease, with current imaging modalities being inadequate.
Given the prominent macrophage infiltration in chronic pancreatitis,
we hypothesized that 12%|-iodo-DPA-713, a small-molecule radiotracer
that specifically targets macrophages, could be used with SPECT/CT
to image pancreatic inflammation in a relevant experimental model.
Methods: Chronic pancreatitis was induced with cerulein in C57BL/6
mice, which were contrasted with saline-injected control mice. The
animals were imaged at 7 wk after induction using N,N-diethyl-2-(2-
(3-12%1-iodo-4-methoxyphenyl)-5,7-dimethylpyrazolo[1,5-a]pyrimidin-
3-yl)acetamide ('2°l-iodo-DPA-713) SPECT/CT or '8F-FDG PET/CT.
The biodistribution of 12%|-iodo-DPA-713 was determined under the
same conditions, and a pair of mice was imaged using a fluorescent
analog of 2%|-iodo-DPA-713, DPA-713-IRDye800CW, for correlative
histology. Results: Pancreatic 125l-iodo-DPA-713 uptake was signifi-
cantly higher in treated mice than control mice (5.17% = 1.18% vs.
2.41% =+ 0.34% injected dose/g, P = 0.02), as corroborated by im-
aging. Mice imaged with '8F-FDG PET/CT showed cerulein-enhanced
pancreatic uptake in addition to a moderate signal from healthy
pancreas. Near-infrared fluorescence imaging with DPA-713-
IRDye800CW showed strong pancreatic uptake, focal liver uptake,
and gastrointestinal uptake in the treated mice, whereas the control
mice showed only urinary excretion. Ex vivo fluorescence micros-
copy revealed a large influx of macrophages in the pancreas coloc-
alizing with the retained fluorescent probe in the treated but not
the control mice. Conclusion: These data support the application
of both 125]-jodo-DPA-713 SPECT/CT and DPA-713-IRDye800CW
near-infrared fluorescence to delineate pancreatic, liver, or intestinal
inflammation in living mice.
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Acute pancreatitis occurs at a rate of 13-45/100,000 persons
(I), and approximately 50/100,000 individuals develop chronic
disease (2). Mortality from chronic pancreatitis increases with
its duration, with survival at 5, 10, and 20 y being 97%, 70%—
86.3%, and 45%—63%, respectively (3). The overall cost of care in
2012 was $150 million in the United States (4). Chronic pancre-
atitis is relatively easy to define with a combination of pathologic
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and functional findings. However, given the location and nature of
the organ, it is difficult to obtain a biopsy of the pancreas in a safe
and convenient manner. Although diagnosis by conventional ra-
diologic imaging (CT or MRI) is straightforward in florid cases, it
is challenging in patients with subtler disease because of the rel-
atively nonspecific nature of the clinical features and incomplete
validation of imaging findings (5). In addition, there is also a need
for improved imaging to monitor active inflammation for response
to treatment or for objective correlation with flare-ups of pain.

Although inflammation is universal in pancreatitis regardless of
etiology and is a biomarker for disease severity (6-9), clinical im-
aging for management of pancreatitis is primarily undertaken with
anatomic techniques such as CT, ultrasound, and endoscopy, which
can detect only gross correlates (fluid or phlegmon) of the inflam-
matory process (10-14). PET with '8F-FDG is a sensitive molecular
imaging technique that has been tested in chronic pancreatitis, but
this modality detects all glycolytic metabolism, including that from
the unaffected pancreas itself (/5,16). Macrophage activity is an
attractive and novel target for biomarker development since macro-
phages represent approximately one third of the inflammatory in-
filtrate in chronic pancreatitis (/7).

The translocator protein (TSPO) found on the mitochondrial
membrane and in all steroidogenic tissues, including the heart and
liver (18-20), is upregulated in activated monocytes and macro-
phages (27). TSPO has been targeted to image neuroinflammation,
cancer, and inflammation associated with coronary artery disease
(19,22-31). Here, we used N,N-diethyl-2-(2-(3-'>I-iodo-4-methox-
yphenyl)-5,7-dimethylpyrazolo[1,5-a]pyrimidin-3-yl)acetamide
("®I-iodo-DPA-713), a second-generation TSPO radioligand that
we previously developed (30,31), to target macrophages associated
with pancreatitis and demonstrate proof of the concept that it can be
used as an imaging tool in a mouse model of chronic pancreatitis.
We also showed that the mechanism by which **I-iodo-DPA-713
binds to the inflamed pancreas is related to TSPO-independent trap-
ping within macrophages.

MATERIALS AND METHODS

Induction of Chronic Pancreatitis

Animal procedures were performed in accordance with the regula-
tions of the Johns Hopkins Animal Care and Use Committee under an
approved protocol. Twenty male C57BL/6B mice (6 wk old) were
obtained from Jackson Laboratories. The mice were housed in a specific
pathogen-free facility under controlled conditions of temperature and
humidity with a 12/12 light/dark cycle and were maintained on standard
laboratory chow (Teklad 8604; Harlan Laboratories) with free access to
water. They were randomly assigned to either of 2 groups: a chronic
pancreatitis group or a control group. Chronic pancreatitis was induced
by intraperitoneal injection of cerulein (Sigma) at a dose of 50 pg/kg,
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6 injections/d at hourly intervals, twice weekly for 6 wk (32). Con-
trol mice received the same number of injections of sterile saline
vehicle. The cerulein preparation consisted of a stock solution of
1 mg of cerulein dissolved in 1 mL of 50 mM NaOH. The working
solution consisted of 5 L of stock solution in 1 mL of sterile saline
(5 pg/mL).

Synthesis and Administration of 25l-lodo-DPA-713

125]-i0do-DPA-713 was synthesized as described previously (33),
and batches ranging from 70.3 to 77.7 GBg/mmol (1,900-2,100 Ci/
mmol) in specific radioactivity were used. The >’I-iodo-DPA-713
radiotracer was formulated in 10% ethanol in phosphate-buffered
saline (PBS) at pH 7.4 and was injected as a 100-uL bolus through
the tail vein.

SPECT/CT Imaging

Three mice from each group (treated and control) were injected
with an equal amount of '25I-iodo-DPA-713 (37 MBq, 1 mCi) and
were scanned in pairs 24 h later using an X-SPECT SPECT/CT scan-
ner (Gamma Medica Ideas). Beforehand, the mice were anesthetized
using 3% isoflurane in oxygen (2 L/min), and during scanning the
anesthesia was maintained using 2% isoflurane in oxygen. CT and
SPECT data were reconstructed and coregistered using the manufac-
turer’s software, and the data were displayed and analyzed using
AMIDE (http://amide.sourceforge.net).

Biodistribution of 125I-lodo-DPA-713

Six mice from each group were injected intravenously with 259
kBq (7 nCi) of '*’I-iodo-DPA-713 and placed back in their cages for
24 h. Then, the mice were sacrificed by cervical dislocation, 15 tissues
of interest were removed, a blood sample was taken by cardiac punc-
ture, the intestinal contents were removed, and all tissues were briefly
rinsed with water and blotted dry. The tissues were then weighed and
counted using an automated -y-counter (1282 Compugamma CS; LKB
Nuclear) with decay correction along with 2 dilutions of a standard
injected dose. All values are expressed as percentage injected dose
(%ID) per gram of tissue.

18F-FDG PET Imaging
Three mice from each group were kept fasting for 4 h before re-
ceiving an intravenous injection of approximately 9.25 MBq (~250 w.Ci)

of 8F-FDG (PET Net Solutions). After a 45-min period of uptake
with the mice under isoflurane anesthesia (2% isoflurane in oxygen at
2 L/min), they were scanned in cerulein—control pairs. The same anes-
thesia conditions were maintained during scanning. A SuperARGUS
PET/CT scanner (Sedecal) was used, with a 20-min static acquisi-
tion per bed position. The PET and CT data were reconstructed using
the manufacturer’s software and were coregistered using AMIDE.
Regions of interest, including pancreas and liver, were drawn,
and '8F-FDG uptake was expressed as a ratio between treated and
control mice.

Near-Infrared Fluorescence Imaging

DPA-713-IRDye800CW, a red-shifted fluorescent analog of DPA-
713-IRDye680LT (30,31) (patent WO2013138612 Al), was formu-
lated in 10% dimethylsulfoxide in PBS at pH 7.5 and injected into one
mouse from each group. After a 24-h period of uptake, the mice were
sacrificed by cervical dislocation, the body cavity was exposed, and
images were acquired using a Pearl Impulse Imager (LI-COR Biosci-
ences) with a band-pass filter of 790/800 nm for the DPA-713-
IRDye800CW probe. A white-light photograph was also taken. The
images were displayed using the manufacturer’s software (Image Studio,
version 4.0).

Epifluorescence Microscopy
Tissues from the 2 mice injected with DPA-713-IRDye800CW were
collected immediately after near-infrared fluorescence imaging, frozen
over dry ice, cryosectioned into 20-pm slices, and placed on charged
glass slides. The sections were then probed for CD68 expression to
delineate macrophages (34) within the tissue, as well as for expression
of TSPO, the molecular target for DPA-713 analogs (35). The probing
was done for 1 h at room temperature with a pH 7.5 solution of PBS
containing 10% fetal bovine serum (Gibco), mouse anti-CD68 antibody
(IgGl1, ab955, 1:67; Abcam), and rabbit polyclonal anti-TSPO antibody
(NBP1-45769, 1:67; Novus Biologicals). Afterward, the slides were
washed with PBS twice, for 5 min each time, and then probed with
goat anti-mouse secondary antibody—fluorescein conjugate (ab97022,
1:250; Abcam) and chicken anti-rabbit Alexa Fluor 647 (A-21443,
1:250; Invitrogen) in PBS for 30 min at room temperature. After aspi-
ration of the secondary antibody solution, the slides were exposed to
Hoechst 33342 dye for 1.5 min (H3570, 1:1,000 in PBS; Invitrogen).
The slides then underwent two more 5-min
PBS washes, followed by the addition of aque-
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ous mounting medium (Faramount; Dako) and
a glass coverslip. The slides were then imme-
diately viewed using an 80i upright epifluor-
escence microscope (Nikon) equipped with
a DS-Qil monochrome dark-field charge-
coupled-device camera (Nikon) and excited by
a Intensilight C-HGFI lamp (=720 nm; Nikon)
and an LB/LB-30 xenon lamp (790 nm; Sutter
Instruments Co.). Images were recorded and pro-
cessed using NIS-Elements software (Nikon).

Vehicle

Statistics

P values were calculated using a paired,
2-tailed ¢t test (Microsoft Excel), with 0.05
or less being considered significant.

{

RESULTS

FIGURE 1.

D = duodenum; Gl = gastrointestinal tract; K = kidney.

1686

125]-jodo-DPA-713 SPECT/CT of treated (Cer) and control (vehicle) mice. Coregis-
tered images show radiotracer uptake in inflamed pancreas (arrows) and duodenum of treated
mouse but not in either tissue of control mouse. Stomach is delineated by dotted circles.
Gastrointestinal uptake of radiotracer is specific for peritoneal macrophages. Scale unit is %ID/g.

SPECT/CT Imaging

In Figure 1—the SPECT/CT images from
1 of the 3 pairs of mice—a thin line of
125]-jodo-DPA-713 uptake is seen adjacent
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FIGURE 2. Ex vivo biodistribution in 4 treated (cerulein) and 4 control
(vehicle) mice injected intravenously with 259 kBq (7 pCi) of 25I-iodo-
DPA-713. The indicated tissues were collected and weighed, and their
radioactivity was counted along with a standard dose for comparison.
Data are mean + SD. *P < 0.05.

to and posterior to stomach in the treated mouse but not in the
control mouse. The pattern shows an inflamed pancreas and a
portion of duodenum in the treated mouse. Proximal duodenum
in the treated mouse retained radiotracer, whereas duodenum in
the control mouse did not. The other 2 pairs of mice showed
similar differences in uptake in pancreas, spleen, and duodenum
(Supplemental Fig. 1; supplemental materials are available at
http://jnm.snmjournals.org), and all mice showed uptake in the
lower gastrointestinal tract, possibly reflecting uptake by abundant
sentinel peritoneal macrophages as well as hepatobiliary clearance
of radiotracer (36,37). Uptake of 12’I-iodo-DPA-713 in gastroin-
testinal tract, brown fat, and kidneys was previously demonstrated
to be specific binding via the observance of near-quantitative
pharmacologic blockade with unlabeled iodo-DPA-713 (31).

Biodistribution of
125]-lodo-DPA-713

The ex vivo ?’I-iodo-DPA-713 biodistribution (Fig. 2) was
similar between groups for all assayed tissues except stomach

(mean = SD, 3.66 = 0.91 vs. 4.97 = 0.54 in cerulein vs. control,
respectively, P = 0.04), pancreas (5.17 = 1.18 vs. 241 = 034, P =
0.02), duodenum (6.04 = 3.06 vs. 3.89 = 0.74, P = 0.26), and colon
(548 = 1.01 vs. 743 = 0.82, P = 0.01). Notably, only in pancreas
was uptake higher for the treated animals than for the control ani-
mals. The larger SD in treated mice relative to control mice reflected
the expected heterogeneity in phenotypic severity in this model
(38—40) and accounted for the insignificance of the 1.5-fold av-
erage increase in duodenal uptake in treated over control mice.

18F.FDG PET Imaging

I8F.-FDG uptake was high in heart, in muscle, and within the
gastrointestinal tract in both groups of mice, with pancreas being
evident in both groups as well (Fig. 3). Two of the treated mice
displayed modestly increased radiotracer uptake in the pancreas,
whereas the third had triple the uptake of the matched control mouse,
again in keeping with the anticipated phenotypic variability of the
model (38). Pancreas-to-liver ratios were measured from each set of
PET SUV data, with the average being 2.86 * 1.05 for treated
pancreas and 1.57 £ 0.55 for control pancreas. The average ceru-
lein-to-control pancreas-to-liver ratio was 1.96 = 0.86. A positive
finding for inflammation using this method is defined as pancreas
uptake higher than background uptake, with liver or gastrointestinal
tract serving as the comparative background tissue (47).

Near-Infrared Fluorescence Imaging

Figure 4, an image of DPA-713-IRDye800CW-injected treated
and control mice side by side, reveals the presence of DPA-713-
IRDye800CW conjugate in pancreas, in portions of liver, and
focally within gastrointestinal tract in the treated mouse, as well
as excretion through the urinary bladder in both animals. DPA-
713-IRDye800CW is displayed as a rainbow color scheme. Spleen
and colon are not visible in this image. Only the treated animal
retained DPA-713-IRDye800CW in upper gastrointestinal tissues
and within pancreas and portions of liver. The control animal
showed only urinary clearance of the conjugate, demonstrating
inflammation within cerulein-affected tissues.

Epifluorescence Microscopy

Figure 5 shows fluorescence micrographs of pancreatic tissue
depicting the ex vivo disposition of DPA-713-IRDye800CW in re-
lation to CD68-expressing macrophages and
total TSPO expression. TSPO is expressed
in pancreas, a neuroendocrine tissue (42,43).
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DPA-713 analogs target TSPO, but radioio-
dinated DPA-713 and DPA-713-IRDyes
were previously demonstrated to be selec-
tively trapped by activated macrophages af-
ter a 24-h biologic uptake period (44). The
micrographs in Figure 5 demonstrate that
DPA-713-IRDye800CW was trapped within
CD68-expressing macrophages, which were
abundant within treated pancreas. Equally
abundant endogenous TSPO expression
was present throughout both treated and
control pancreas but was not associated with
DPA-713-IRDye800CW retention after the

Sagittal 0

FIGURE 3.

18F-FDG PET/CT of treated (cerulein) and control (saline) mice. Coregistered im-

24-h uptake period. DPA-713-IRDye800CW
was retained in small amounts within the

ages show radiotracer uptake in inflamed pancreas (solid arrow) of cerulein-treated mouse,

with reduced background uptake (dashed arrow) seen in control mouse. Prominent uptake is
also apparent in skeletal muscle, heart, and diaphragm. Scale unit is SUV (%1D/g/body weight).

D = diaphragm; H = heart; S = skeletal muscle.

MACROPHAGE IMAGING IN PANCREATITIS

CD68-expressing macrophages of control pan-
creas (Supplemental Fig. 2). The data demon-
strate that DPA-713-IRDye800CW—and, by
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FIGURE 4. Ex vivo near-infrared fluorescence imaging of DPA-713-
IRDye800CW in treated (cerulein) and control (saline) mice. Fluorescent
tracer uptake is seen in pancreas, gastrointestinal tract (arrow), and
urinary bladder (dotted circle) of treated mouse but in only urinary blad-
der of control mouse. Adjacent stomach is labeled for context. Color
bar is relative fluorescence units (RFU). L = liver; P = pancreas; S =
stomach.

shared structural analogy, '>*I-iodo-DPA-713, which has the
same targeting mechanism—is selectively trapped within and
report on activated macrophages within pancreas after a 24-h
uptake period. Indeed, the radiotracer and fluorescent tracer
uptake patterns displayed in Figures 1 and 4, respectively, share
the same distribution.

Ex vivo DPA-T13-IRDye | q-TSPO Ab #

a-CD68 Ab Hoechst 33342

Vehicle (merge)
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q

FIGURE 5. Ex vivo near-infrared fluorescence microscopy of
DPA-713-IRDye800CW in pancreatic sections from mice in Figure
4. Separate and merged images are shown for treated mouse,
whereas only merged image is shown for control mouse (vehicle).
Treated pancreas has abundant fluorescent tracer uptake (magenta)
in CD68-positive phagocytic cells (yellow) along with abundant
TSPO expression (white), whereas control pancreas has almost
no phagocytic cells present, small amounts of TSPO expression,
and no visible fluorescent probe uptake. Scale bar = 50 pm. Ab =
antibody.
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DISCUSSION

Here, we have described the visualization and quantification
of macrophage-specific inflammation using both !?’I-iodo-
DPA-713 SPECT/CT and DPA-713-IRDye800CW near-infrared
fluorescence imaging within the cerulein mouse model of chronic
pancreatitis. '8F-FDG PET was also performed to compare meta-
bolic imaging of inflammation with the cell-specific imaging. 2°1-
iodo-DPA-713 SPECT/CT revealed starkly differential radiotracer
retention in cerulein-treated pancreas (Fig. 1 and Supplemental
Fig. 1) and, in some mice, duodenum, whereas control mice
exhibited no radiotracer retention in these tissues. The biodistri-
bution of '?3I-iodo-DPA-713 (Fig. 2) revealed significant dif-
ferences in radiotracer uptake between the treated and control
groups in pancreas and, oppositely, in stomach, where other
differences in uptake were insignificant. Qualitative imaging
of macrophages in gastrointestinal tissues using DPA-713-
IRDye800CW near-infrared fluorescence revealed uptake of
the fluorescent probe in pancreas, duodenum, and portions of
liver (Fig. 4) in the treated mouse, whereas the control mouse
showed the fluorescent probe only in the urinary bladder. Col-
lection of the pancreas from both mice, cryosectioning, and
costaining with anti-CD68 and anti-TSPO antibodies revealed
that accumulation of DPA-713-IRDye800CW was confined to
CD68-expressing macrophages after a 24-h in vivo uptake pe-
riod despite the presence of widespread TSPO expression
within the pancreas (Fig. 5 and Supplemental Fig. 2). Lastly,
in the 3 pairs of mice that underwent '®F-FDG PET/CT to
compare metabolic imaging with macrophage-specific imag-
ing, '8F-FDG uptake in pancreata was present in only 2
treated mice but, though reduced by 55%, was present in all 3
control mice (Supplemental Fig, 3). In this study, '?’I-iodo-DPA-
713 imaging yielded an unambiguous high-contrast qualitative
read on pancreatic and upper gastrointestinal inflammation
whereas '8F-FDG imaging required quantitation and comparison
with a reference tissue (liver) to accurately assess inflammatory
status.

To our knowledge, no molecular probe other than 'F-FDG PET
has been reported for imaging chronic pancreatitis, and although
I8F_FDG PET is the emerging clinical standard for imaging pan-
creatic inflammation (41), 8F-FDG is taken up by all cells ac-
tively using glucose (45—48), including cells in both normal
pancreas and pancreatic tumors (15,16,49).

Amid the dense mixed-lineage inflammatory recruitment to
sites of disease, '>°I-iodo-DPA-713 is able to single out and pro-
vide a measurement of macrophage content for pure readout of
phagocyte-specific inflammation. That narrow target population
could serve as a tool to detect subtle chronic pancreatitis but could
also be useful in acute pancreatitis to differentiate mild, organ-
confined disease from lethal, systemic disease, occurring in 3%—
16% of patients (50). Systemic inflammatory disease of pancreatic
origin in critical tissues such as lung, liver, and peritoneum is
characterized by activation of resident macrophages into pro-
inflammatory M1 phenotype cells (57,52). These can be visualized
and localized by '>I-iodo-DPA-713 imaging, which detects all
mature phagocytes.

Imaging with radiolabeled analogs of '?’I-iodo-DPA-713, in-
cluding '2¥1241-iodo-DPA-713, does not require fasting and is
specific for macrophages 24 h after injection, potentially distin-
guishing inflammation from pancreatic neoplasms. Low and uni-
form background liver uptake also allows for higher-contrast
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pancreatic radiotracer uptake as well as visualization of any
downstream duodenal or peritoneal inflammatory uptake. These
cell-specific and favorable nontarget clearance features of iodo-
DPA-713 make it a promising radiotracer for imaging pancreatic
and biliary inflammation.

CONCLUSION

Iodo-DPA-713 imaging represents a view of macrophage-specific
inflammation in the cerulein model of mild chronic pancreatitis.
Because of its cell-type specificity and clearance from nontarget
tissues, radiolabeled iodo-DPA-713 provides a high-contrast view
of macrophage infiltration within the pancreas and surrounding
tissues, including liver and duodenum, delineating inflammation-
specific disease in the upper gastrointestinal tract and nearby
regions. Because of its physical half-life of 4 d, use of ?>*I-iodo-
DPA-713 PET may enable clinical translation of this method by
allowing for the 24-h uptake period, as well as for shipping to sites
distant from the production site.
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