Am J Nucl Med Mol Imaging 2015;5(3):246-258
www.ajnmmi.us /ISSN:2160-8407/ajnmmiO004706

Original Article
In vivo inflammation imaging using a CB_R-targeted
hear infrared fluorescent probe

Shaojuan Zhang?, Pin Shao?, Xiaoxi Ling?, Ling Yang2, Weizhou Hou?, Steve H Thorne®, Wissam Beaino?,
Carolyn J Anderson®#5, Ying Ding®, Mingfeng Bait*>

IMolecular Imaging Laboratory, Department of Radiology, University of Pittsburgh, Pittsburgh, PA 15219, USA;
2Department of Cellular and Genetic Medicine, School of Basic Medical Sciences, Fudan University, Shanghai,
200032, China; 3Division of Surgical Oncology and Department of Inmunology, University of Pittsburgh Cancer
Institute, Pittsburgh, PA 15213, USA; “Department of Bioengineering, University of Pittsburgh, Pittsburgh, PA
15261, USA; SUniversity of Pittsburgh Cancer Institute, Pittsburgh, PA 15232, USA; °Department of Biostatistics,
University of Pittsburgh, Pittsburgh, PA 15261, USA

Received December 10, 2014; Accepted February 6, 2015; Epub February 15, 2015; Published March 1, 2015

Abstract: Chronic inflammation is considered as a critical cause of a host of disorders, such as cancer, rheumatoid
arthritis, atherosclerosis, and neurodegenerative diseases, although the exact mechanism is yet to be explored.
Imaging tools that can specifically target inflammation are therefore important to help reveal the role of infamma-
tion in disease progression, and allows for developing new therapeutic strategies to ultimately improve patient care.
The purpose of this study was to develop a new in vivo inflammation imaging approach by targeting the cannabinoid
receptor type 2 (CB,R), an emerging inflammation biomarker, using a unique near infrared (NIR) fluorescent probe.
Herein, we report the first in vivo CB,R-targeted NIR inflammation imaging study using a synthetic fluorescent probe
developed in our laboratory, NIR760-mbc94. In vitro binding assay and fluorescence microscopy study indicate
NIR760-mbc94 specifically binds towards CB,_R in mouse RAW264.7 macrophage cells. Furthermore, in vivo imaging
was performed using a Complete Freund’s Adjuvant (CFA)-induced inflammation mouse model. NIR760-mbc94 suc-
cessfully identified inflamed tissues and the probe uptake was blocked by a CB,R ligand, SR144528. Additionally,
immunofluorescence staining in cryosectioned tissues validated the NIR760-mbc94 uptake in inflamed tissues. In
conclusion, this study reports the first in vivo CB,R-targeted inflammation imaging using an NIR fluorescent probe.
Specific targeting of NIR760-mbc94 has been demonstrated in macrophage cells, as well as a CFA-induced inflam-
mation mouse model. The combined evidence indicates that NIR760-mbc94 is a promising inflammation imaging
probe. Moreover, in vivo CB,R-targeted fluorescence imaging may have potential in the study of inflammation-related
diseases.
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Introduction get inflammation are needed to help uncover
the role of inflammation in disease progression
Inflammation is a response from host defense and provide insights into developing new thera-
to stimuli that initiate the repair of damaged tis- peutic strategies to ultimately improve patient
sues and the removal of harmful stimuli. While care.

acute inflammation typically results in healing,
chronic inflammation is associated with many
types of diseases, such as cancer, arthritis,

atherosclerosis, autoimmune diseases, stroke,

Near infrared (NIR) fluorescence imaging is
emerging as an attractive imaging technique for
in vivo inflammation imaging in real time. Al-

and neurodegenerative diseases [1, 2]. Mor-
eover, inflammation has been found to promote
and aggravate the disease conditions [3]. Un-
fortunately, the mechanism of systemic chronic
inflammation is still poorly understood, and
therefore imaging tools that can specifically tar-

though a few magnetic resonance imaging
(MRI) [4] and positron emission tomography
(PET) [5] probes for inflammation imaging have
been developed, fluorescence imaging has the
advantages of high sensitivity and resolution,
as well as low instrument cost. The main limita-
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tion of optical imaging (i.e., limited tissue pen-
etration caused by tissue absorption and scat-
tering) can be partially resolved by adopting
NIR light, which improves tissue penetration
and minimizes tissue autofluorescence [6]. As
such, NIR fluorescence imaging has been wide-
ly used in preclinical and clinical imaging stud-
ies [7, 8]. Typically, inflammation-targeted NIR
fluorescence imaging is achieved with fluores-
cent nanoparticles, which can be internalized
by macrophages. These nanoparticles either
have intrinsic fluorescence (e.g., quantum dots
[9]) or incorporate fluorescent dyes into the
nanostructure (e.g. perfluorocarbon nanoemul-
sions loaded with NIR dyes in the oil layer [10,
11]) or onto the nanoparticle surface through
bioconjugation (e.g. VT680 dye attached to the
surface of dextran-coated iron oxide nanopar-
ticles [12]). Although macrophages are effec-
tive in taking up nanoparticles, other than a few
“smart” probes that can be activated by certain
proteases (e.g. matrix metalloproteinases and
cysteinyl cathepsins) produced by macroph-
ages [13-15], most of these nanoparticles have
limited selectivity due to the lack of effective
targeting strategies. Recently, a couple of small
NIR fluorescent dyes identified from screening
have been shown to preferably bind to macro-
phages; however, the targeting mechanism
remains unclear [16, 17], leading to difficulties
in thorough data interpretation and probe
optimization.

In an effort to develop novel inflammation-tar-
geted NIR fluorescent probes that can target
alternative inflammation biomarkers and pote-
ntially provide new insights on the role of inflam-
mation in disease progression, here we report
the first in vivo cannabinoid CB2 receptors
(CB,R)-targeted NIR inflammation imaging stu-
dy using a synthetic fluorescent probe devel-
oped in our laboratory, NIR760-mbc94. Due to
the important regulatory role, CB,R is emerging
as an attractive biomarker for inflammation
research. Under homeostatic conditions, CBzR
is predominantly a peripheral receptor abunda-
ntly expressed by immune cells [18, 19], al-
though limited expression in brain was also
reported [20]. Accumulated evidences indicate
that CB,R agonists exhibit promising therapeu-
tic value for treating inflammation [21]. There-
fore, CB,R-targeted imaging tools have promise
in imaging inflammation and exploring the ther-
apeutic value of CB,R. Both in vitro binding
assay and fluorescence microscopy studies
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suggest that NIR760-mbc94 specifically labels
mouse macrophage RAW264.7 cells. In a Co-
mplete Freund’s Adjuvant (CFA)-induced inflam-
mation mouse model, NIR760-mbc94 su-
ccessfully identified inflamed tissues and the
probe uptake was blocked by a CB,R ligand,
SR144528. Additionally, NIR760-mbc94 upta-
ke by macrophages was visualized in cryosec-
tioned inflamed tissues.

Materials and methods
Cell culture

RAW264.7 mouse macrophage cells were used
for in vitro studies (a gift from Dr. Jelena Janjic
at Duquesne University). RAW264.7 cells were
activated by treating with 200 ng/mL lipopoly-
saccharides (LPS, Sigma-Aldrich, St. Louis, MO)
for 24 h at 37°C. Mouse Delay Brain Tumor-
Wild Type (DBT-WT, non CB,R expressing) cells
were used as the negative control. RAW264.7
cells were cultured in Dulbecco’s Modified Ea-
gle’'s Medium (DMEM, Sigma-Aldrich, St. Louis,
MO) supplemented with 10% Fetal Bovine
Serum (FBS), 10 mM HEPES (Life Technology,
Carlsbad, CA), 1 x Penicillin-Streptomycin-Glu-
tamine (Life Technology, Carlsbad, CA). DBT-WT
cells were cultured in DMEM supplemented
with 10% FBS and 1 x Penicillin-Streptomycin-
Glutamine. Cells were cultured at 37°C in a
humidified incubator in an atmosphere of 5%
CO0.,.
Reverse transcription polymerase chain reac-
tion (RT-PCR) and western blot

To determine CB,R mRNA and protein expres-
sion level in RAW264.7, LPS-treated RAW264.7
and DBT-WT cells, RT-PCR and western blot
were conducted as previously reported [22].
For RT-PCR, The sequences used for mouse
CB,R primers were 5'-tcctatcatttacgecctge-3’
(sense) and 5'-ggctcctaggtggttttcacatcagecte-
3’ (antisense). GAPDH (primer sequences:
5-tgaacgggaagctcactggeat-3’ (sense) and 5'-
tgectgettcaccaccttettg-3'  (antisense))  was
used for template normalization. Amplifications
were run using Platinum Taq DNA polymerase
(Invitrogen, Carlsbad, CA) and consisted of 33
cycles of 30 s at 94°C, 30 s at 55°C, and 30 s
at 72°C. For western blot, anti-CBzR monoclo-
nal antibody (Sigma-Aldrich, St. Louis, MO) was
used as primary antibody. Anti-mouse IgG,
HRP-linked antibody (Cell Signaling Technology,
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Danvers, MA) was used as secondary anti-
body.

In vitro binding assay

We used RAW264.7 and DBT-WT cells for in
vitro binding assay. 1 x 10* cells (per well) were
seeded onto 96-well black polystyrene optical
bottom plates (Thermo Scientific, Pittsburgh,
PA). Cells were incubated at 37°C for 48 h prior
to treatment of fluorescent probes. For LPS-
treated RAW264.7 cells, RAW264.7 cells were
seeded onto 96-well optical black plates and
incubated at 37°C for 24 h and subsequently
treated with 200 ng/mL of LPS for an addition-
al 24 h at 37°C. Cells were treated with 1.0 yM
of NIR760-mbc94 or NIR760 at 37°C for 30
min, with or without pretreatment of 2.0 uM
blocking agent SR144528 at 37°C for 30 min.
A Synergy™ H4 Hybrid Multi-Mode Microplate
Reader (BioTek, Winooski, VT) was used to read
fluorescence at 740/790 nm (excitation/emis-
sion). After the initial reading, cells were rinsed
with cell culture medium twice and the fluores-
cence emission was measured again. The fluo-
rescence emission spectra recorded were nor-
malized by dividing each point by the initial
reading and then corrected with cell number
(with data expressed in terms of relative fluo-
rescence units, RFU). Each data point repre-
sents the mean + SEM based on triplicate sam-
ples. The cell numbers were obtained as follow:
cells were fixed in 4% paraformaldehyde in PBS
(Affymetrix, Santa Clara, CA) for 10 min at
25°C, permeabilized with 0.1% Triton X-100 in
PBS (Sigma-Aldrich, St. Louis, MO) for 5 min at
25°C and rinsed twice with PBS. Then, DRAQ-5
(1:2500) was added for 5 min at 25°C and ri-
nsed twice with PBS. Fluorescence at 650/690
nm (excitation/emission) was recorded for cell
number quantification.

Cell fluorescence imaging

RAW264.7 and DBT-WT cells (1 x 10* cells)
were seeded into 8-well chamber slide (Thermo
Scientific, Pittsburgh, PA) incubated at 37°C for
48 h. For LPS-treated RAW264.7 cells, RAW-
264.7 cells were seeded into 8-well chamber
slide and incubated at 37°C for 24 h and sub-
sequently treated with 200 ng/mL of LPS for an
additional 24 h at 37°C. Cells were treated with
1.0 uyM of NIR760-mbc94 or NIR760 at 37°C
for 30 min, with or without pretreatment of 2.0
UM blocking agent SR144528 at 37°C for 30
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min. After the incubation, cells were washed
three times with cell culture medium to remove
the unbound probe, and fixed with 4% parafor-
maldehyde in PBS for 20 min at 25°C. Cells
were then permeabilized with 0.1% Triton X-100
in PBS. The cell nucleus was stained with 10
pug/mL DAPI (Life Technologies, Carlsbad, CA)
for 15 min at 25°C and rinsed three times with
PBS. Cells were mounted with ProLong® Gold
antifade reagent (Life Technologies, Carlsbad,
CA) and then imaged using the Zeiss Axio
Observer fluorescence microscope equipped
with the ApoTome 2 imaging system (Carl Zeiss
Microimaging Gmbh, Jena, Germany). NIR pro-
bes images were captured with a NIR camera
with an indocyanine green (ICG) filter set (exci-
tation/emission: 750-800/820-875 nm). Nucl-
ear images were obtained with a DAPI filter set
(excitation/emission: 335-383/420-470 nm).
Differential interference contrast (DIC) images
were obtained through Trans light DIC. All the
fluorescence images are captured using the
same parameters (i.e. exposure time, gain,
etc.). All images were processed using Zen
2011 (Carl Zeiss Microimaging Gmbh, Jena,
Germany) at the same fluorescence intensity
scale.

In vivo inflammation imaging

All animal experiments were performed in ac-
cordance with the guidelines for the Care and
Use of Laboratory Animals of the Medical
Research Council of University of Pittsburgh.
CFA-induced inflammation model was devel-
oped in the left paw of 6-8 week old female
nude mice as described below. Nine mice were
anesthetized with a 2.5% isoflurane/oxygen
gas mixture. 50 yL of CFA (MP Biomedicals,
LLC, Solon, OH) and PBS mixture (CFA : PBS =
1:1) was injected into the footpad of left paw
[23]. The untreated right paw was used as the
negative control. At 12 h post-injection, inflam-
mation was well stimulated in the left paw. The
mice were assigned into three groups for differ-
ent i.v. injection with imaging agents in 100 yL
saline via tail vein as follow: (1) three mice with
10 nmol of NIR760-mbc94; (2) three mice with
100 nmol of SR144528 followed by 10 nmol
NIR760-mbc94 after 1 h; (3) three mice with 10
nmol of NIR760.

Optical imaging was performed with a charge-
coupled device camera-based biolumines-
cence imaging system IVIS Lumina XR (Per-
kinEImer, Waltham, MA) using the following
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Figure 1. Structure of
NIR760-mbc94.
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S05° 038

NIR760-mbc94

parameters: excitation filter, 745 nm; emission
filter, 800 nm; exposure time, 1 sec; binning,
small; field of view, 12; f/stop, 2; open filter. The
images were captured at pre-injection and 0.5,
1,4,8,12, 24,36, and 48 h post-injection. Sig-
nal was displayed as Radiant Efficiency ([pho-
tons/sec/cm?/sr]/[UW/cm?]). Images were ana-
lyzed by using Living Image 4.4 software (Ca-
liper Life Sciences, Hopkinton, MA). Region-of-
interest (ROI) on the affected left paw (INF) and
control right paw (Non-INF) were drawn. The
contrast enhancement profiles of NIR760-m-
bc94 uptake in inflamed area were obtained by
dividing INF by Non-INF.

Ex vivo imaging

After the last time point (48 h post-injection) of
in vivo imaging, all mice were euthanized. The
paws and selected tissues and organs (blood,
heart, lung, liver, spleen, pancreas, kidneys,
muscle from right leg, and brain) were excised
and imaged under IVIS Lumina XR system. The
fluorescent intensity of the NIR760-mbc94 and
NIR760 in the corresponding mice groups was
evaluated by drawing ROl along the excised tis-
sues and organs. The quantitative fluorescent
intensity contrast profiles were obtained by
dividing target by control paw.

To determine the tissue or organ uptake of
NIR760-mbc94 at earlier post-injection time
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Figure 2. CB,R expression in RAW264.7 and DBT-WT
cells. A. CB,R (55 kDa) and B-actin (42 kDa) protein
expression was determined by western blot. B. CB,R
MRNA (165 bp) and GAPDH (124 bp) expression was
determined by RT-PCR.

point, 10 nmol of NIR760-mbc94 was i.v. inject-
ed into two nude mice. The mice were eutha-
nized 30 min and 1 h post-injection, respective-
ly. Major tissues and organs (blood, heart, lung,
liver, spleen, pancreas, kidneys, muscle from
right leg, and brain) were excised and imaged
under IVIS Lumina XR system. The images were
processed similarly as above.

Immunofluorescence staining on frozen paw
sections

Paws of mice were excised and divided into four
groups for histological investigation as follow:
(1) INF from mice injected with NIR760-mbc94;
(2) Non-INF from mice injected with NIR760-
mbc94; (3) INF from mice injected with NIR760-
mbc94 with pretreatment of SR144528; (4) INF
from mice injected with NIR760. All paw sam-
ples were flash frozen in Tissue-Tek O.C.T. com-
pound mounting medium (Sakura Finetek,
Torrance, CA), and cryostat-sectioned (10 um)
using a Microm HM 500 DM Cryostat (MICROM
International GmbH, Walldorf, Germany). Tissue
slices were fixed in acetone for 10 min. The
slices were then immunostained with anti-CD-
68 anitbody (Bio-Rad AbD Serotec, Oxford, UK)
for 1 h at 25°C (1:300 in 0.2% BSA, 0.05%
Tween20 in PBS) as primary antibody, followed
by anti-rat Alexa Fluor 488 (Invitrogen, Grand
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Figure 3. In vitro binding assay. Cells were treated with NIR760-mbc94, with
or without pretreatment of SR144528 (blocking agent). NIR760 without CB,R-
targeted moiety was used as a control. After removal of the unbound probes,
fluorescence intensity at 790 nm was measured and represented as RFU. Each
data point represents the mean + SEM based on triplicate samples (*p < 0.05;

**p < 0.01).

Island, NY) for 1 h at 25°C (1:500 in 0.2% BSA,
0.05% Tween20 in PBS) as fluorochrome-conju-
gated secondary antibody. The slices were
stained with 10 yg/mL DAPI for 15 min at 25°C.
Zeiss Axio Observer fluorescent microscope
was used to capture fluorescence images.
NIR760-mbc94 or NIR760 was directly visual-
ized with an ICG filter (excitation/emission:
750-800/820-875 nm). Macrophage cells
were visualized with a green fluorescent protein
(GFP) filter (excitation/emission: 450-490/500-
550 nm). Nuclear images were visualized with a
DAPI filter (excitation/emission: 335-383/420-
470 nm).

Data processing and statistics

All of the data given in this study are the mean
+ SEM (standard error of the mean) of 3 inde-
pendent measurements. For in vitro binding
study and ex vivo imaging study, statistical
analyses were performed using the one-way
ANOVA method, with p values < 0.05 consid-
ered statistically significant. For in vivo imaging
studies, statistical analyses were performed
using the repeated measures ANOVA (all data
from 0-48 h were utilized), with p values < 0.05
considered statistically significant. The analy-
ses were performed using SAS 9.4 (SAS Insti-
tute Inc., Cary, NC).

Results

CB,R-targeted NIR fluorescent probe specifi-
cally labels macrophages in vitro

The CB,R-targeted NIR fluorescent probe,
NIR760-mbc94 (Figure 1), consists of an NIR
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E=3 NIR760-mbc94 in LPS treated RAW264.7

fluorescent dye, NIR760,
and a CB,R-targeting mole-
cule, mbc94. NIR760-mbc-
94 and NIR760 were pre-
pared as we previously re-
ported [22]. NIR760-mbc94
exhibits intense NIR absorp-
tion and emission peaked
at 766 nm and 785 nm in
water respectively [22].

To study target-specific up-
take of NIR760-mbc94 in
vitro, we first characterized
the CB,R protein and mRNA
expression level in regular
RAW264.7 (mouse macro-
phages), LPS-treated RAW-
264.7 (activated macrophages) and CB,R-
negative wild type delayed brain tumor (DBT-
WT) cells. As shown in Figure 2, positive CB,R
protein and mMRNA expression was observed in
both activated and regular RAW264.7 cells,
and negligible level was observed in DBT-WT
cells. In addition, treatment of LPS greatly
decreased CB,R mRNAexpression in RAW264.7
cells (Figure 2B). Next, we carried out cellular
binding assay to evaluate the specific binding
of NIR760-mbc94 to CB,R expressed by macro-
phages using a microplate reader (Figure 3).
Four-fold higher fluorescent signal (RFU (10-%):
478 + 3.6 vs 11.1 + 1.9, **p < 0.01, respec-
tively) was observed when the RAW264.7 cells
were treated with NIR760-mbc94 than with
non-targeted NIR760 (free dye control). In addi-
tion, SR144528, which is a widely used CB,R
inverse agonist and was used as the blocking
agent here, reduced the fluorescence signal of
NIR760-mbc94 in regular RAW264.7 cells by
36% (RFU (103): 30.7 + 3.8 vs 47.8 £ 3.6, *p <
0.05, respectively) and activated RAW264.7
cells by 23% (RFU (103): 33.2 + 1.6 vs 43.0
2.7, *p < 0.05, respectively). As expected, no
significant blocking effect was observed in
CB,R-negative DBT-WT cells (RFU (1073): 20.7
1.1vs29.7 £ 7.2, p > 0.05, respectively). These
data indicate the specific binding of the
NIR760-mbc94 probe to the target receptor.

NIR fluorescence microscopy was then con-
ducted to visualize the uptake of NIR760-
mbc94 in RAW264.7, LPS-treated RAW264.7
and DBT-WT cells. As shown in Figure 4A,
NIR760-mbc94 was predominantly localized in
cytoplasm of RAW264.7 and LPS-treated

Am J Nucl Med Mol Imaging 2015;5(3):246-258
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NIR probes DAPI
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Figure 4. Cellular uptake of NIR760-mbc94 vi-

d sualized by fluorescence microscopy. A. RAW-

264.7 and LPS-treated RAW264.7 cells were
treated with NIR760-mbc94, with or without
pretreatment of blocking agent SR144528.
Non-targeted NIR760 was used as the free
dye control. B. DBT-WT cells were treated with
NIR760-mbc94, with or without pretreatment
of blocking agent SR144528. After removal of
the unbound probes, cells were imaged under
fluorescence microscope. NIR760-mbc94 or
NIR760 staining was shown under ICG filter.
Nuclei were stained with DAPI and shown under
DAPI filter. Scale bar = 20 pm.

= SR144528+NIR760-mbc4 Figure 5. In vivo inflammation imaging. CFA-induced inflammation model
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with imaging agents in 100 pL saline via tail vein as follows: (1) three

SR144528 followed by 10 nmol NIR760-mbc94 after 1 h; (3) three mice

33 - NIR7E0 was developed in left footpad of nude mice. Nine nude mice were injected
254 . I; ; mice with 10 nmol of NIR760-mbc94; (2) three mice with 100 nmol of
- with 10 nmol of NIR760. Optical imaging was performed with IVIS Lumina
T XR. A. The images were captured at pre-injection, 0.5 h, 1 h, 4 h, 8 h, 12

E) é 1|6 2l4 3IZ 4.0 4'a

h, 24 h, 36 h, and 48 h post-injection. B. Quantitative analysis of fluores-
cence intensity contrast of INF paw over Non-INF paw.
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RAW264.7 cells, whereas non-targeted NIR760
failed to show significant fluorescence signal. In
addition, SR144528 dramatically reduced the
uptake of NIR760-mbc94 in regular and acti-
vated RAW264.7 cells. In contrast, DBT-WT
cells showed lower uptake of NIR760-mbc94
as compared to CB,_R-positive cells (Figure 4B).
These data provided further evidence on the
specific binding of NIR760-mbc94 to CB,R.

In vivo inflammation imaging

To explore the potential of NIR760-mbc94 for
imaging inflammation in vivo, we used the CFA-
induced inflammation mouse model. After the
CFA/PBS mixture was topically injected into the
left footpad of mice, classical signs of inflam-
mation, such as redness and swelling, were
observed in the affected area at 12 h post
injection. A total of nine mice were divided into
three groups (n = 3 for each group), received i.v.
injection of fluorescent agents as shown below,
and imaged: (1) three mice treated with 10
nmol of NIR760-mbc94; (2) three mice treated
with 100 nmol of SR144528 followed by 10
nmol NIR760-mbc94 after 1 h; and (3) three
mice treated with 10 nmol of non-targeting NIR-
760. One representative mouse from each
group was shown and all images are fluores-
cence images overlaid on the corresponding
white light images (Figure 5A). Upon injection,
NIR760-mbc94 dispersed rapidly in mice dur-
ing the first 12 h and then underwent a delayed
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Figure 6. Time-resolved absolute fluorescence inten-
sity from NIR probes in INF and Non-INF paws. A. Three
mice treated with 10 nmol of NIR760-mbc94; B. Three
mice treated with 100 nmol of SR144528 followed
by 10 nmol NIR760-mbc94 after 1 h; C. Three mice
treated with 10 nmol of NIR760.

clearance after 24 h. Significantly higher uptake
of NIR760-mbc94 was observed in the inflamed
(INF) paw vs the non-inflamed paw (Non-INF) at
all the post-injection time points. To quantify
the imaging outcome (Figure 5B), the fluores-
cence signal in INF was divided by that in Non-
INF to calculate the image contrast (INF/Non-
INF), which gradually increased over the time
course (ranging from 1.8 + 0.2 at 30 min post-
injection to 3.3 + 0.2 at 48 h post-injection).
The blocking agent, SR144528, significantly
reduced the uptake of NIR760-mbc94 in the
INF, with imaging contrast of 1.9 + 0.2 vs 2.7 +
0.2 (30% blocking effect, ***p < 0.001) at 36
h and 2.5 + 0.2 vs 3.3 + 0.2 (24% blocking
effect, ****p < 0.0001) at 48 h post-injection.
Additionally, the absolute fluorescence intensi-
ty in INF and Non-INF paw was compared to
demonstrate that the background signals
between the two groups are in similar level
(Figure 6A and 6B). Non-targeting NIR760
exhibited rapid distribution within 4 h post-
injection followed by quick tissue clearance
(Figures 5B and 6C). The imaging contrast (INF/
Non-INF) of NIR760 injected mice was signifi-
cantly lower than that of NIR760-mbc94 inject-
ed mice, with the INF/Non-INF ratio of 1.8 £ 0.2
vs 2.7 £ 0.2 (****p < 0.0001) at 36 h and 1.7
+ 0.1vs 3.3 £ 0.2 (****p < 0.0001) at 48 h
post-injection. These data indicate that NIR-
760-mbc94  specifically labeled CB,R-expre-
ssing inflamed tissues in vivo.
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Figure 7. Ex vivo inflammation imaging. A. Ex vivo imaging of tissues and organs after 48 h post injection of probes.
The red arrow points to INF paw, and the green arrow points to the Non-INF paw. B. Quantitative analysis of fluores-
cence intensity contrast of tissues and organs over Non-INF paw. C. Ex vivo study on normal nude mice at 30 min

and 1 h post i.v. injection of NIR760-mbc94.

Ex vivo inflammation imaging

To study the bio-distribution and further vali-
date the in vivo binding specificity of NIR760-
mbc94, all mice were euthanized after the last
imaging time point. The paws and selected tis-
sues and organs (blood, heart, lung, liver, sp-
leen, pancreas, kidneys, muscle from right leg,
and brain) were excised and imaged (Figure
7A). Similar to the in vivo imaging results, for
mice injected with NIR760-mbc94, the INF sh-
owed higher fluorescence signal than the Non-
INF (INF/Non-INF contrast = 2.8 + 0.1). When
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blocked by SR144528, the INF/Non-INF con-
trast significantly decreased (2.1 £ 0.2vs 2.8 +
0.1, *p < 0.05). In addition, mice injected with
non-targeting NIR760 showed significantly lo-
wer INF/Non-INF contrast than the NIR760-
mbc94 treatment group (1.6 £ 0.2 vs 2.8 £ 0.1,
**p < 0.01, respectively). Other than the
inflamed paws, liver and kidneys also exhibited
high uptake of NIR760-mbc94, however, no
blocking effect was observed in these organs
(Figure 7B). Notably, limited amount of fluores-
cent intensity was observed from the spleen,
which is known for high CB,R expressing [18],
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NIR probes

NIR760-mbc94
INF paw

NIR760-mbc94
Non-INF paw

SR144528 +
NIR760-mbc94
INF paw

NIR760
INF paw

CDe68 DAPI

Figure 8. Immunofluorescence staining on frozen paw sections. Cryosection of paw samples were used for histologi-
cal investigation. There are four groups of tissue slices: (1) INF from mice injected with NIR760-mbc94; (2) Non-INF
from mice injected with NIR760-mbc94; (3) INF from mice injected with SR144528 followed by NIR760-mbc94;
(4) INF from mice injected with NIR760. Slice images were obtained from fluorescent microscope. NIR760-mbc94
or NIR760 staining was shown under ICG filter. Macrophage cells were immunofluroescent stained with anti-CD68
staining and shown under GFP filter. Nuclear were stained with DAPI and shown under DAPI filter. Scale bar = 10 ym.

after 48 h post injection of the NIR probe. It is
possible NIR760-mbc94 uptake in spleen has
been cleared out at such a late time point. To
study NIR760-mbc94 uptake at early time
points, a preliminary biodistribution study at 30
min and 1 h post injection of the probe was
conducted and significant spleen uptake of the
probe at 1 h time point was observed (Figure
7C). These data provide further evidence on the
specific uptake of NIR760-mbc94 by the CB,R-
expressing inflamed tissues.

Immunofluorescence staining on frozen paw
sections

Having determined the specificity of NIR760-
mbc94 for inflamed tissues in vivo and ex vivo,
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we further characterized the binding profiles of
NIR760-mbc94 at the tissue level. Figure 8
shows the histological characterization results
using frozen paw sectioning samples from the
mice imaged in vivo. NIR fluorescence images
(Figure 8, red, labeling NIR760-mbc94 or NIR-
760) were collected using an ICG filter set and
compared with fluorescence images (Figure 8,
green, labelling macrophages) that correlate
with a macrophage marker, CD68. As expected,
strong NIR fluorescence signal was only identi-
fied in INF tissues from mice injected with
NIR760-mbc94, whereas much lower fluores-
cence signal was detected in Non-INF tissues
from NIR760-mbc94 injected mice, INF tissues
from blocking agent injected mice (SR144528
+ NIR760-mbc94) or non-targeted NIR760
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injected mice. Importantly, for NIR760-mbc94
injected mice, fluorescence from CD68 largely
colocalized with that from NIR760-mbc94 in
INF tissues, suggesting the effectiveness of
NIR760-mbc94 in labeling macrophages. It
appears that NIR760-mbc94 also labeled addi-
tional cells as the NIR fluorescence covered
larger area than the green fluorescence. This is
not surprising because other types of CB,R-
expressing immune cells, such as neutrophils
[24] and basophils [25], could have also been
recruited by the inflamed tissues. Minimal
green fluorescence was observed from Non-
INF paw tissue samples, indicating low amount
of macrophage cells. These findings indicate
that, in histological level, NIR760-mbc94 accu-
mulated in CFA-induced inflammation areas,
where macrophage cells were abundant.

Discussion

The richness of inflammation involvement in
various diseases has positioned inflammation
as an attractive therapeutic target. The ability
to noninvasively and specifically image inflam-
mation would broaden our understanding on
the role of inflammation in disease progression
and mechanism of chronic inflammation, as
well as facilitate the development of novel ther-
apeutic techniques. As a major component of
the mononuclear phagocyte system, macro-
phages play a critical role of initiation, mainte-
nance and resolution of inflammation, and
therefore has become a common target for in-
flammation imaging [26, 27]. The high endocy-
tosis activity of macrophages has provided
opportunities to image inflammation using na-
nomaterials, such as superparamagnetic iron
oxide nanoparticles for MRI [28], %*Cu-labeled
nanoparticles for PET imaging [29], and fluores-
cent dye-labeled nanoparticles for optical
imaging [30]. Although many of these nanopar-
ticles have been shown to be effective in mac-
rophage labeling, significant challenges still
exist. For example, it is difficult to selectively la-
bel immune cell subsets (e.g. macrophages
versus B cells) and target “bad” vs “good” mac-
rophages. Additionally, relatively large nanopar-
ticles typically experience prolonged circulation
time, leading to poor imaging contrast [31]. We
postulate that small molecule-based imaging
probes with targeting functionalities would
have promise in inflammation imaging due to
the desired plasma circulation time, easily
characterized structure and straightforward
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targeting strategy (no concerns of endocytosis
Vs receptor targeting).

An advantage of targeting CB,R for inflamma-
tion imaging is the potential of high imaging
contrast. Under basal conditions, CB,R has low
expression throughout the organism, other
than in tissues that contain B cells of the
immune system [32]. Indeed, CB,R expression
is high only in spleen and lymph nodes, and low
- or even undetectable - in brain, thyroid, retina,
placenta, skeletal muscle, kidney, liver, adrenal
gland, heart, prostate and ovary [33, 34].
However, as much as a 100-fold increase of
CB,R mRNA level documented during inflam-
mation [35, 36]. Such high up-regulation of
CB,R provides opportunities for high contrast
inflammation imaging.

The goal of this work was to develop a new in
vivo NIR inflammation imaging approach by tar-
geting CB,R, which is an emerging biomarker of
inflammation. Although a few CB,R ligands
have been radiolabeled and evaluated in neu-
roinflammation imaging, no in vivo CB,R-tar-
geted NIR fluorescence imaging of inflamma-
tion has been reported [37-39]. Using a unique
CB,R-targeted NIR fluorescence probe we
recently reported [22], NIR760-mbc94 (Figure
1), we conducted NIR fluorescence imaging of
inflammation in vitro and in vivo. CB,R-ex-
pressing RAW264.7 cells were used for in vitro
studies and CB,R-negative DBT-WT cells were
used as the control cells (Figure 2). Similar
CB,R protein expression level was character-
ized in LPS treated and regular RAW264.7 cells,
but decreased level of CB,R mRNA expression
level was found in LPS treated RAW264.7 cells,
which is consistent with recent reports [40]. As
expected, negligible CB,R protein and mRNA
expression was characterized in DBT-WT cells.
NIR760-mbc94 specifically binds to CB,R in
both LPS treated and untreated RAW264.7, but
not in cells expressing low level of CB,R, as evi-
denced by studies from a cell binding assay
(Figure 3), and fluorescent microscopy (Figure
4). These results are similar to our previous cel-
lular imaging studies using a CB_R-transfected
tumor cell line [22].

Building upon the findings from cellular imaging
studies, we further evaluated the in vivo imag-
ing potential of NIR760-mbc94 in a mouse
inflammation model. Several agents have been
reported to stimulate inflammation in vivo,
including CFA, carrageenan, and LPS [16]. Here

Am J Nucl Med Mol Imaging 2015;5(3):246-258



CB_R-targeted inflammation imaging

we injected CFA to the left footpad of mice to
stimulate inflammation. After injection of the
fluorescent probe, higher NIR fluorescence sig-
nals in INF than in the Non-INF were observed
at all time points indicating a regional-selective
probe uptake. In contrast, such selectivity was
not observed in mice injected with the non-tar-
geting NIR760 (Figures 5-7). As such, NIR760-
mbc94 may be applied as a potential fluores-
cent contrast agent for inflammation lesions
detection. Moreover, CB,R reverse agonist
SR144528 successfully blocked uptake of
NIR760-mbc94 in INF, which indicates NIR760-
mbc94 labels inflamed areas through a CB,R-
specific binding. Immunostaining on frozen sec-
tioned paw samples also validated the above
findings (Figure 8). Strong fluorescence signals
of NIR760-mbc94, the majority of which are co-
localized with CD68-labeled macrophage cells,
were observed in inflamed paw tissues. It is
worth noting that, besides macrophages, addi-
tional areas were stained with NIR760-mbc94.
This is possible as other types of inflamed cells
also express CB,R [33].

We also noted that the binding specificity of
NIR760-mbc94 is relatively low. It is common in
molecular CB,R probes design that the binding
property of the ligand is compromised upon
conjugation with bulky fluorophore [41]. A key
effort in our laboratory is to develop new CB,R-
targeting NIR fluorescent probes with improved
binding specificity. Further work may involve
applying these new probes in inflammation
imaging studies.

Conclusion

This study reports the first in vivo CB R-targeted
inflammation imaging using an NIR fluores-
cence probe. Specific targeting of NIR760-mb-
c94 has been demonstrated in macrophages,
a CFA-induced inflammation mouse model and
ex vivo inflamed tissues. The combined evi-
dence indicates that NIR760-mbc94 is a prom-
ising inflammation imaging probe. As a new
inflammation imaging approach, in vivo CB,R-
targeted fluorescence imaging may be helpful
in the study of various diseases and shine light
on the mechanism of disease progression in-
volving immune cells.
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