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Abstract

Introduction—[*1C]JPBR28 binding to translocator protein (TSPO) was evaluated for imaging of
acute and chronic inflammation using two established rat models.

Methods—Acute inflammation was induced by local Carrageenan-injection into the paw of
Fisher 344 rats (model A). T-cell mediated adjuvant arthritis was induced by heat-inactivated
Mycobacterium butyricum injection in Lewis rats (model B). Micro-PET scan was performed after
injection of approximately 35 MBq [11C]PBR28. In model A, volumes of interest (VOIs) were
defined in the paw of Fisher 344 rats (n=6) with contralateral sham treatment as control. For
model B, VOIs were defined in the tail, sacroiliac joints, hips, knees and thigh muscles of M.
butyricum treated animals (n=8) and compared with sham-treated controls (n=4). The peak 11C-
PBR28 SUV (SUV/5e44) and area under the curve (AUCsy) of 60-minute time-activity data were
calculated. Immunohistochemistry for CD68, a macrophage stain, was performed from paw
tissues. In addition, the [11C]PBR28 cell uptake was measured in lipopolysaccharide (LPS)-
stimulated and non-stimulated macrophage cultures.

Results—LPS-stimulated macrophages displayed dose-dependent increased [11C]PBR28 uptake,
which was blocked by non-labeled PBR28. In both models, radiotracer uptake of treated lesions
increased rapidly within minutes and displayed overall accumulative kinetics. The SUV)eaand
AUCgsyy,of Carrageenan-treated paws was significantly increased compared to controls. Also, the
[11C]PBR28 uptake ratio of Carrageenan-treated vs. sham-treated paw correlated significantly
with CD68 staining ratios of the same animals. In adjuvant arthritis, significantly increased
[11C]PBR28 SUVipeakand AUCs values were identified at the tail, knees, and sacroiliac joints,
while no significant differences were identified in the lumbar spine and hips.

Conclusions—Based on our initial data, [11C]JPBR28 PET appears to have potential for imaging
of various inflammatory processes involving macrophage activation.
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BACKGROUND

The 18kDa translocator protein TP-18 (TSPO), earlier called peripheral benzodiazepine
receptor (PBR), is a five transmembrane domain protein associated with many biological
processes. High TSPO protein levels are found in steroid-synthesizing tissues, secretory and
glandular tissues and olfactory epithelium, intermediate levels in renal and myocardial
tissues, and low levels in the brain and liver [1]. TSPO is involved in a variety of cellular
functions, most notably cholesterol transport and steroid hormone synthesis, mitochondrial
respiration, mitochondrial permeability transition pore (MPTP) opening, apoptosis, and cell
proliferation [2, 3]. TSPO is mainly situated in the outer mitochondrial membrane, but has
been found in lysosomes, peroxisomes, nucleus, plasma membrane, and mature human red
cells [1, 3].

Currently, TSPO is actively been investigated as a marker of reactive gliosis and
inflammation associated with a variety of neuropathological conditions [4, 5]. Upon
activation microglia express binding sites for ligands recognizing TSPO. A number of PET
radiotracers have been developed to study binding to TSPO as surrogate markers of neuro-
inflammation with [11C](R)-PK11195 being the prototype molecule. Limitations of [11C]
(R)-PK11195 such as poor bioavailability in brain tissue and non-specific binding causing
inadequate signal-to-noise ratios led to the development of other second generation TSPO
ligands such as [11C]PBR28 [6], a PET radiotracer with improved biodistribution [7], which
was used in this study.

More recently, TSPO overexpression has been linked to the activation of the immunological
response to inflammation in arterial plaques [8-10], rheumatoid synovitis [11], and
osteoarthritis [12]. In addition, TSPO-tracers may have utility for PET imaging of glioma
[13, 14]. Here, we present first pilot data evaluating the potential of [11C]PBR28 for PET
imaging of extra-cranial inflammation. In this study, we used two well established rat
models of acute inflammation and adjuvant arthritis. Acute inflammation was induced by
Carrageenan injection into the hind paws [15]. Systemic T-cell mediated autoimmune
(adjuvant) arthritis, which has similarities to rheumatoid arthritis, was induced by injection
of heat-inactivated Mycobacterium butyricum [16].

METHODS

Radiotracer Synthesis

[11C]PBR28 was synthesized using modified GE Tracerlab FX C Pro based on the method
of Shao et al. [17]. Briefly, the precursor, desmethyl-PBR28 TBA salt (1 mg) was dissolved
into absolute ethanol (100 L), loaded onto the 2 mL stainless steel HPLC loop, and
conditioned with nitrogen gas for 20 seconds at 10 mL/min. [11C]MeOTf was prepared
according to the general procedure [18] and passed through the HPLC loop at 12 mL/min for
5 minutes. Following reaction, the mixture was purified by semi-preparative HPLC (column:
Prodigy ODS 250 x 10 mm, mobile phase: 40% CH3CN, flow rate: 5 mL/min). The
radioactive product peak was collected (retention time ~12 min) into 50 mL of water and
then passed through a C-18 extraction cartridge. The cartridge was washed with 7 mL USP
water. The final product was eluted with 0.5 mL of USP ethanol, followed by 9.5 mL of
USP saline for injection. This aqueous solution was filtered through a 0.22 um sterile filter
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into a sterile dose vial and submitted for QC testing. Quality control analyses were
performed based on the standard operation procedures of routine clinical production [19].

Animal Models

The animal research protocol was performed in compliance with internationally recognized
principles of laboratory animal care and was approved by the University of Michigan
Committee on Use and Care of Animals (protocol numbers 9088 and 9927). For all
procedures, animals were anesthetized using an isoflurane-oxygen mix (5% isofluorane for
induction and 1-2% for maintenance).

Carrageenan-Induced Paw Edema in the Rat (Model A)—The Carrageenan-induced
hind paw edema model has extensively been used as a model of acute inflammation [15].
Six Fisher 344 rats (Charles-River) were injected with 0.1 ml of 1% carrageenan solution
(Sigma) using a 30-gauge hypodermic needle. The needle was inserted into the pad region of
the glabrous skin and moved 6 to 8 mm proximal towards the tarsal region. The contralateral
paws were injected with 0.1 ml of saline as control. PET imaging was performed at the time
of maximum local edema (3 hours after treatment) [20].

Adjuvant Arthritis Model (Model B)—A systemic T-cell mediated autoimmune arthritis
was induced in 8 genetically susceptible female Lewis rats (~ 100 g body weight) by
subcutaneous injection into the base of the tail with lyophilized (inactivated) Mycobacterium
butyricum (0.3 ml; Difco, Detroit, Michigan) suspended in mineral oil at 5 mg/ml [21].
Avrticular index scores (0 = no swelling or erythema, 1 = slight swelling and/or erythema, 2 =
low-to-moderate edema, 3 = pronounced edema with limited use of the joint, and 4 =
excessive edema with joint rigidity) were recorded for tail joints and knees as described in
the literature [22]. Around 20 days after treatment, adjuvant arthritis animals showed a steep
increase in clinical scores from 0 to 3—4 for the tail and knees. Four sham-treated animals
(saline injection) served as controls. Their articular index scores were 0 for knees and tail.
PET imaging was performed 3-4 weeks after treatment.

PET Imaging and Data Analysis

Animals were placed prone within a microPET scanner (R4 or P4, Siemens/Concorde
Microsystems, Inc., Knoxville, TN, USA) [23]. Body temperature, maintained using a
circulating water warming pad, and respiratory rate were monitored during imaging.
Following a measured transmission scan, dynamic PET was performed for 60 minutes (10 x
30 sec, 3 x 1 min, 1 x 2 min, 4 x 5 min, 3 x 10 min). For model A experiments, the field of
view included the hind limbs, while in model B abdomen, pelvis, proximal lower extremities
and knees were included. With the start of the dynamic sequence, ~ 35 MBq (equaling ~ 5
nmol) of [11C]PBR28 (in 0.2 ml) was injected intravenously into a tail vein followed by a 1
ml flush of saline.

After correction for decay, dead time and random coincidences, data were reconstructed
using iterative ordered subset expectation maximization — maximum a posteriori (OSEM-
MAP) [24] yielding a reconstructed image resolution of approximately 1.4 mm on both
scanners. Regions of interest (ROIs) were defined using standardized rectangular ROls
measuring 5 x 3 pixels placed on the image slice with the maximum uptake in the target
regions (muscle, lumbar spine, root of tail, as well as hip, knee, and sarcroiliac joints),
thereby determining the peak standardized uptake value (SUV/,ea4) [25] of data obtained
between 30-60 minutes using ASI Pro VM software (Siemens Medical Systems, Malvern,
PA). For model A experiments, Carrageenan-to-control ratios were calculated for further
analysis. Sigma Plot (Systat, Chicago, IL) was used to calculate the area under the curve for
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normalized mean SUV time activity data (AUCg) between 0 and 60 minutes post tracer
injection.

Histology and Immunohistochemistry

Tissue from both paws of 5 Fisher 344 rats (model A) were available for histologic analysis
using a macrophage stain performed with a mouse anti-rat CD68 primary antibody (1:67)
Serotec, Raleigh, NC) [26]. Utilizing a Leica DMR microscope (Leica Microsystems IN,
Buffalo Grove, IL), motorized stage, and Stereo Investigator software (Version 4.34,
Microbrightfield Inc., Williston, VVT) stereologic assessments (average of 140 high-power
fields at 63x) of control and carrageenan-treated sections were evaluated [27]. Macrophage
and muscle estimates per unit area (um?2) were determined and tissue-to-muscle and
Carrageenan-to-vehicle ratios were determined for each animal. Histological evaluation was
performed by an experienced reader blinded to imaging results.

Macrophage Cell Culture Experiments

Statistics

RESULTS

To test [11C]PBR28 uptake in response to stimulation of macrophages, the murine RAW
264.7 macrophage cell line was obtained (Sigma) and maintained in complete RPMI 1640
(C-RPMI), which contains 1140 mmol/L L-Arg (BioWhitaker Walkersville, MD) and
supplemented with 10% fetal calf serum, 25 mmol/L HEPES, 4 mmol/L L-glutamine, and
100 units/mL penicillin/streptomycin. The cells were grown to approximately 80%
confluence on polystyrene 6-well plates in C-RPMI. [11C]JPBR28 cell uptake was
determined in macrophages stimulated at 10, 100 and 1000 pug/ml lipopolysaccharide (LPS,
Sigma) for 24 h and compared to non-stimulated cultures. Samples were incubated for 10
minutes with ~0.6 MBq of [11C]JPBR28 (at ~0.05 pmol/mL concentration). Non-specific
binding was determined in parallel blocking experiments were samples were incubated with
excess amounts of cold PBR28 (480 pmol/mL) for 30 minutes prior to adding [*1C]PBR28.
Cell numbers per sample were determined greater than 25 million for each level. Cells were
washed 3 times in ice-cold PBS before counting. All experiments were performed in
triplicate.

Parameters were compared by means of a one-way ANOVA, including tests for
homogeneity of group variances using the Bartlett test, selecting a conservative significance
level of P > 0.1. In case of homogenous group variances, the data were then compared using
a ttest, otherwise a Wilcoxon rank-sign test was applied. Results are expressed as mean +
SD. P < 0.05 was considered statistically significant. Statistical tests were performed with
the JMP (SAS) statistical software package.

Biodistribution

The radiotracer showed avid uptake in the liver with biliary excretion of radioactivity into
bowel as well as fast renal excretion and subsequent accumulation of radioactivity in the
bladder. Additional radiotracer accumulation was noted in visualized bones and spleen. The
SUV/peax Of [*1C]PBR28 of untreated animals of both rat species was significantly higher in
bone than compared to muscle (p <0.001), suggesting binding of [11C]JPBR28 to TSPO-
positive bone and/or marrow cells.

Carrageenan Model

Radiotracer uptake in 5 out of 6 Carrageenan-treated paws was visually increased compared
to the contralateral side, while in one experiment radiotracer uptake of the treated side was
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similar to the control side. A representative case is demonstrated in Figure 1. The
[11C]PBR28 SUV/sea Was significantly higher in Carrageenan-treated paws compared to
paired contralateral controls (SUV)peax 1.02 + 0.27 vs. 0.72 + 0.34; paired #test p < 0.01),
while no significant difference was seen in thigh muscles. Figure 2 shows time-activity data
(same case as Figure 1) with accumulative tracer kinetics. Also, the mean AUCg, of
Carrageenan-treated paws was significantly increased compared to contralateral controls
(AUCsyy-3040.9 + 1182.3 vs. 2028.0 + 1123.4, paired £test p < 0.05), respectively. As can
be seen from the AUCgsy,, of thigh muscles, Carrageenan-treatment did not increase thigh
muscle uptake on either side (Carrageenan-treated side: 764.9 + 318.5 vs. controls 776.2 £
354.9).

Adjuvant Arthritis Model

The results are summarized in Table 1. Time-activity data showed rapid tracer uptake and
accumulative kinetics in adjuvant arthritis with minimal accumulation of radioactivity in
control tissues. Figure 3 illustrates this behavior for adjuvant arthritis in the root of the tail
compared to sham treatment.

Increased [11C]PBR28 uptake (SUV)pear) Was identified at the root of the tail (Figure 4),
sacroiliac joints and knees, while no significant differences were identified in the lumbar
spine and hips. Also, the mean AUCg,,, of the root of the tail, knees and sacroiliac joints
was significantly increased compared to control animals, while no such difference was noted
for the lumbar spine and hips. The AUCg, of thigh muscle was not affected by inducing
adjuvant arthritis. However, the SUV/,ex and AUCsy\, 0f muscle was significantly lower
than any other measured tissue.

Histology and Immunohistochemistry

Stereologic assessments revealed positive staining in Carrageenan-treated paws compared to
control paws of the same animal. On average 1845 cells were counted positive on the
Carrageenan-treated side vs. 570 on the contralateral side assessing the entire paw surface
area (mean 24.2 mm? per side). However 3 hours after Carrageenan injection, the overall
density of CD68-positive cells was low. Nevertheless, Carrageenan-treated tissue displayed
on average a 1.8-fold increase of CD68 positive cells per umm?. A representative case is
shown in Figure 5.

Also, [11C]PBR28 uptake was related to the number of CD68 positive macrophages. The
[11C]PBR28 SUV/seak ratios (Carrageenan-treated over controls) correlated significantly
with the CD68 staining ratios of the 5 animals available for analysis (see supplemental data:
Figure 6). Interestingly, the animal without perceivable Carrageenan-induced changes on
PET also showed a lack of increased CD68 staining on the treated side.

Macrophage cell culture experiments

Stimulation of macrophages with LPS resulted in a dose-dependent increased [11C]PBR28
uptake compared to non-stimulated macrophages. Uptake was significantly blocked by
excess non-labeled PBR28 at any stimulation-level, indicating specificity of [11C]JPBR28 for
TSPO (Figure 7).

DISCUSSION

PET imaging of arthritis has been suggested to determine the severity and extend of disease
and to assess response to treatment. However, while assessing metabolic changes in arthritis
with 18F-FDG PET is widely available, clinical applications are rare [28, 29]. As a
metabolic marker, 18F-FDG lacks true specificity for inflammatory processes. Therefore,
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radiotracers that would be able to specifically assess the inflammatory burden of disease are
needed. To test the hypothesis that TSPO-binding radiotracers could be used for in vivo
imaging of rheumatoid synovitis, Van der Laken et al. investigated [11C](/)-PK11195 in
patients with rheumatoid arthritis [11]. They concluded that [11C](/)-PK11195 PET is
useful for both, early detection of synovitis and monitoring of disease activity during
treatment.

Here we tested [11C]PBR28, a second generation PET radiotracer for imaging of TSPO
binding with improved signal-to-noise ratios compared to [11C](R)-PK11195 [7], in
macrophage cell cultures and two well-established rat models of acute inflammation and
adjuvant-induced arthritis. The study demonstrates for the first time that [L1C]JPBR28 can
visualize the inflammatory response typically seen in both models.

Macrophage cell culture experiments indicated a dose-dependent increase of [11C]PBR28
uptake with the level of LPS stimulation. These data are in agreement with earlier in-vitro
macrophage studies using labeled PK11195 [10] and indicate that the uptake of TSPO-
binding radiotracers increases upon activation of macrophages. Furthermore, our blocking
experiments indicated specificity of [11C]JPBR28 uptake for TSPO in both, non-stimulated
and LPS stimulated macrophages. In addition, the level of [11C]JPBR28 uptake in
Carrageenan-treated paw tissues correlated with increased macrophage-specific CD68
protein staining. Similarily, other investigators verified spatial co-localization of CD68
staining and [3H]PK11195 uptake on autoradiography [8, 9]. These data indicate the
potential of TSPO ligands for PET imaging of macrophage-rich tissues or tissues with a
significant population of activated macrophages.

The adjuvant-induced arthritis rat model is clinically and pathologically similar to
rheumatoid arthritis [30-32]. It is well known that synovial lining cells that normally
enclose the joint cavity proliferate during the course of inflammatory diseases such as
rheumatoid arthritis and osteoarthritis [33]. The role of activated macrophages in the
pathogenesis of this model has been extensively investigated [34-36]. Upregulation of
TSPO has been identified in adjuvant-induced arthritis and autoimmune encephalomyelitis
[37, 38]. In adjuvant arthritis, we identified increased [11C]PBR28 uptake in several joints,
indicating its clinical potential. While the use of adjuvant-induced inflammation to study
TSPO-binding radiotracers has been applied to study brain inflammation [38], application of
[11C]PBR28 to study adjuvant-induced inflammation outside of the brain has not been
performed.

The Carrageenan-induced inflammation in the rat paw model has been extensively used in
the development of non-steroidal anti-inflammatory drugs and selective cyclooxygenase 1
and 2 inhibitors [15, 39]. The maximum of the acute inflammatory response to Carrageenan
is typically seen around 3 hours after injection. In this model, several TSPO ligands
including PK11195 have demonstrated TSPO-mediated anti-edamatogenic and
antinociceptive effects when given in pharmacological doses [40]. Also, diazepam reduces
the Carrageenan-induced inflammatory paw edema in rats via action on TSPO receptors [41,
42]. Our results indicated increased [11C]JPBR28 uptake 3 hours after Carrageenan-induced
acute paw edema. As acute inflammation will increase local blood flow and vascular
permeability [43], increased [11C]PBR28 is expected simply due to locally increased
perfusion. In addition, we suspect that besides perfusion-related changes, migration of
activated macrophages into the affected paw tissue may play a role as well. First, we
identified accumulative tracer kinetics which cannot be simply explained by increased
perfusion (as this would result in a flat, plateau-type uptake curve). Furthermore, the
correlation between CD68 stains and [11C]PBR28 uptake measures suggests that migration
of TSPO-expressing macrophages into the Carrageenan-treated tissues may have contributed
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to the observed increased [11C]PBR28 uptake. As identified in our cell culture experiments,
the number of macrophages seen in inflammation as well as their level of activation
influences [11C]PBR28 uptake.

We identified increased [11C]PBR28 uptake in the bone and bone marrow, which was
significantly higher than muscle background in treated and untreated animals. These
findings can be explained by recent research indicating that TSPO expression is found in
bone marrow and trabecular bone, particularly in osteoblasts and osteoclasts [44]. As a
result, the physiologic uptake of [11C]PBR28 in bone may actually have lessened our ability
to identify additional inflammation-induced TSPO expression as inflamed joints are located
close to bone and overlap of VVOIs with bone may have occurred.

Conclusion

While many aspects of TSPO expression in acute inflammation and adjuvant arthritis are
still unknown, our pilot data suggest that [11C]JPBR28 appears to be a promising radiotracer
for PET imaging of various inflammatory processes involving macrophage activation.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Photograph (A), as well as axial (B) and coronal (C) [*1C]PBR28 microPET images of

Carrageenan-treated (yellow arrow) and sham-treated control paws (blue arrow).
Carrageenan injection causes acute swelling of the foot as well as increased [11C]PBR28 in
the paw.
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Figure 2.

[11c]PBR28 SUV/peax time-activity data show increased tracer uptake of Carrageenan-
treated (black circles) compared to sham-treated (white circles) paws with accumulative
tracer kinetics. Thigh muscle of the treated (black triangles) and sham-treated (white
triangles) are shown for comparison (same case as Figure 1).
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Figure 3.

[ic]PBR28 SUV/5ea time-activity data of heat-inactivated Mycobacterium butyricum
treated (black circles) and sham-treated (white circles) tails display rapid uptake and
differential accumulative tracer kinetics favoring treated animals (SUV/e2 mean + SD).
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Figure4.

Sagittal [11C]PBR28 microPET of heat-inactivated Mycobacterium butyricum treated (A)
and sham-treated (B) animals. Adjuvant arthritis is identified as increased radiotracer uptake
in deformed tail root vertebrae.

Nucl Med Biol. Author manuscript; available in PMC 2014 October 01.



Shao et al.

Figureb.
CD68 immunostaining of Carrageenan-treated (A) and sham-treated control paws (B).

Images show an entire paw, delineating the skin surface and central paw muscles, as a
mosaic of slides at low power (x1.6) with respective high power detail image (x63)
displaying positive CD68 staining in the Carrageenan-treated paw.
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Figure7.

RAW 264.7 macrophages (black circles) show a dose-dependent increase of [11C]PBR28
with LPS stimulation (x-axis logarithmic scale). Regression analysis results (solid line with
dotted 95% confidence intervals) are given. Uptake can be significantly blocked (white
circles) by excess non-labeled PBR at any stimulation-level.
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TABLE 1

[11C]PBR28 Uptake Measures in Adjuvant-induced Arthritis and Controls

Adjuvant arthritis (n=8)

Controls (n=4)

SUV pesi AUCsyy SUV pesi AUCsyy
Root of tail 127037 | 3575948769 [ 0712011 | 5081244404 7
r* e
Knee joints 1134041 | 343885564 [ 0.78+027 | pg00644272 7%
f *
Sacroiliac joints | 1.26+0.38 [ 3477.67+1021.9 | 0.80+0.11 | 2380.8+286.1
7‘ ARk j' *AKX
Hip joints 1.08+032 | 2832247923 [ 0.96+1.4 2836.8 + 4105 'ns.
fﬂ.S.
Lumbar spine | 1.26+047 | 32855+982.2 | 0.96+14 2840.2+347.2 1 ns.
7‘n.s.
Muscle 030£035 [ 544.5+2525 026007 | 620.5+191.2
*p<0.001 | *p<0.001 "ns. Tns.
***b <0.001 p<0.001

r . . "
Comparison adjuvant arthritis versus controls

Denotes comparison of any listed region with muscle tissue

Significance level * p < 0.05,

*:

ok
p<0.01,

Aok

p < 0.001;

not significant: n.s.
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