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This study aimed at in vivo visualization of cyclooxygenase-2 (COX-2) by optical imaging using a
representative compound of a class of autofluorescent 2,3-diaryl-substituted indole-based selective
COX-2 inhibitors (2,3-diaryl-indole coxibs). COX-2 was successfully visualized in mice models with
phorbol myristate ester (TPA)-induced inflammation or bearing xenografted human melanoma cells by
2-[4-(aminosulfonyl)phenyl]-3-(4-methoxyphenyl)-1H-indole (C1). COX-2 protein expression in both
TPA-induced inflammatory sites and human melanoma xenografts was confirmed by immunoblotting.
Control experiments using surrogate markers, sham injections, and non-COX-2 expressing melanoma
cells further confirmed specificity of tissue association of C1. The merging of therapeutic and diagnostic
properties of 2,3-diaryl-indole coxibs may widen the range of applications of COX-2-targeted treatment,
e.g., for in situ-guided surgery and ex vivo diagnostics.

© 2015 Elsevier Inc. All rights reserved.

1. Introduction

Cyclooxygenase-2 (COX-2) is the inducible isoenzyme of
cyclooxygenases (prostaglandin-H-synthases, EC 1.14.99.1) whose
overexpression is implicated in a number of inflammatory or
inflammation-associated processes [1]. COX-2 is mostly induced as
reaction to inflammatory and proliferative stimuli [2], e.g. hypoxia
[3—6], glucose deprivation [7] or chemicals such as 12-O-tetrade-
canoylphorbol-13-acetat (TPA) [8,9]. Due to the structural similar-
ity of TPA to diacyglycerol, TPA directly activates protein kinase C.
Protein kinase C in turn activates NFkB, which transcriptionally
induces COX-2 gene expression [10,11]. Interestingly, a high COX-2
expression and activity is also found in many tumor entities
including the majority of human epithelium-derived malignant

Abbreviations: COX-2, cyclooxygenase-2; DMSO, dimethyl sulfoxide; FWHM, full
width at half maximum; TPA, 12-O-Tetradecanoylphorbol-13-acetat; i.p., intraper-
itoneal; EPR, enhanced permeability and retention.
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tumors. Hence, COX-2 expression is implicated in tumor inflam-
mogenesis, proliferation, angiogenesis, metastasis and radiosensi-
tivity of these tumors [5,12]. Human melanoma, a non-epithelial
tumor, shows a distinct inflammatory response as well as a meta-
static behavior. In addition, most of these tumors express COX-2,
which appears to be involved in the regulation of melanoma in-
vasion [13]. Consequently, blocking the COX-2 isoenzyme selec-
tively provides a number of therapeutic strategies such as the
inhibition of the progression of COX-2 expressing tumors or the
increase of their susceptibility to radiotherapy [14,15]. The speci-
ficity of COX-2 expression is suggesting the use of selective COX-2
inhibitors for the diagnosis of inflammatory lesions and COX-2
expressing tumor entities by means of imaging technologies
whereby unspecific enrichment in other organs may be avoided. To
this end, we developed a series of novel potential coxibs based on a
2,3-diaryl-substituted indole lead structure with high affinity and
selectivity for COX-2 as appropriate templates for radiotracer
design [16]. For our efforts the high potential of both varying the
C-2/C-3 substitution pattern in the indole scaffold, e.g., by intro-
ducing fluorine or methoxy groups, and using a highly effective
synthesis route via McMurry cyclization was of particular interest
[5,16]. The indole motif, on the other hand, is also a prominent
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fluorophore [17,18]. Thus, these 2,3-diaryl-substituted indole-based
cyclooxygenase-2 inhibitors (2,3-diaryl-indole coxibs) exhibited
physicochemical properties such as strong autofluorescent activity
[16], therefore suggesting to be promising compounds for novel
fluorescence based imaging of COX-2. On the other hand, COX-2
inhibitors with covalently coupled fluorophores already have
been developed and characterized as specific fluorescent imaging
agents of COX-2 expression in vitro and in vivo [19—21]. In a pre-
liminary investigation the 2,3-diaryl-indole coxib, 2-[4-(amino-
sulfonyl)phenyl]-3-(4-methoxyphenyl)-1H-indole (C1; ICs50(COX-
2) = 0.006 nM, IC50(COX-2) > 10 uM) [22], has been demonstrated
to be a powerful imaging agent for the characterization of specific
subcellular binding of coxibs to their target enzyme using confocal
cryofluorescence microscopy in melanoma cell culture in vitro [23].
As a great benefit, measurements at cryogenic temperatures (20 K)
show much higher quantum yields and, therefore, allow for the use
of very low concentrations (0.1 nM) of the inhibitor [23]. However,
we assumed that the use of higher, pharmacologically relevant
concentrations of this autofluorescent coxib would also allow
in vivo and ex vivo visualization of COX-2 in tissues at room tem-
perature. This approach could provide further information on
pharmacological properties of this selected coxib as a representa-
tive compound of a whole class of indole-based coxibs without the
need of further modification by radio- or fluorescent labeling. This
encouraged us to undertake a detailed in vivo and ex vivo
investigation to further characterize i) specific targeting of COX-2 in
inflammatory and tumor lesions using the compound C1 and ii) its
overall biodistribution and elimination in rodent models.

2. Materials and methods
2.1. Chemical synthesis and fluorescence properties

The selective COX-2 inhibitor 2-[4-(aminosulfonyl)phenyl]-3-
(4-methoxyphenyl)-1H-indole (C1) was synthesized as published
elsewhere, the analysis of the fluorescence properties of C1 was
previously published by our group [16,22,23]. The compound
showed a bright fluorescence at an excitation of 345 nm and an
emission of 482 nm.

2.2. Animal experiments

All animal procedures and experiments were carried out ac-
cording to guidelines of the German Regulations for Animal Wel-
fare. The protocols were approved by the local Ethical Committee
for Animal Experiments. In order to characterize a non-tumor
associated COX-2 expression female immunocompetent NMRI
mice (30—35 g, n = 3) were used. COX-2 expression was chemically
induced by injecting 200 uL TPA (100 puM) in the right armpit and
100 pL TPA behind the right ear on the first day of the experiment.
Consecutively, at the second and third day high COX-2 expression
was maintained with injections of 20 pLTPA in the armpit and 10 uL
behind the ear. The same procedure was done with isotonic injec-
tion solution (E153) on the left side (sham) of the mice. As an in-
dependent surrogate control measurement to prove successful
induction of the proinflammatory process the luminol derivative
L-012 (Wako Chemicals, Virginia, USA) was used, which reacts with
reactive oxygen species, e.g., formed by NADPH oxidase, leading to
the emission of photons [24—26]. Therefore, mice were anes-
thetized with desfluran (9—10% v/v, 30% oxygen air) and put in
supine position. 500 pg L-012 were injected intraperitoneally (i.p.)
in each mouse in 100 pL isotonic sodium chloride. The lumines-
cence was measured using the dedicated small-animal In-vivo
Imaging System FX Pro (Carestream Health, USA) in luminescence
mode (no filter) with an exposure time of 10 min and a 4 x 4

binning. The pictures were merged with the X-ray acquisitions. In
order to characterize melanoma-associated COX-2 expression
athymic nude NMRI mice bearing human melanoma xenografts
were used. The human malignant melanoma cell lines A2058,
A375-pIRES and A375-EphB4 were cultivated as described else-
where in detail [27]. Of note, the transgenic A375 cell lines (A375-
pPIRES and A375-EphB4) were developed in context of another
investigation published by us elsewhere [28]. Subcutaneous
xenograft tumor models of A375 and A2058 cell lines were
generated by injecting 5 x 108 cells (passages 5—10) in 100 pL
isotonic sodium chloride in the right thigh (A2058) or both thighs
(A375-pIRES, left side and A375-EphB4, right side) of female nude
NMRI mice (30—35 g, n = 9; A2058 xenografts (n = 5); A375
xenografts (n = 4)) as described elsewhere in detail [28]. The tu-
mors were grown over 2—3 weeks to a maximum size of 1 cm®. For
COX-2 imaging experiments a 20 mM injection solution of C1 was
prepared in DMSO. The mice were anesthetized with desfluran
(9—10% v/v, 30% oxygen air). Animals were put in supine position
and injected intraperitoneally with 100 pL of the injection solution.
Fluorescence measurements were conducted using the In-vivo
Imaging System FX Pro (Carestream Health, USA) with an expo-
sure time of 15 min and a 4 x 4 binning. An excitation filter for
340 nm (FWHM 10 nm, Edmund Optics, Barrington, USA) and an
emission filter for 480 nm (FWHM 110 nm, Carestream Health,
USA) were used. The fluorescence pictures were merged with the
conducted X-ray acquisition using Carestream Molecular Imaging
software. After the measurements the animals were sacrificed and
80 um thick whole animal coronal cryosections were prepared
using a Leica Jung Cryopolycut (Leica Microsystems, Wetzlar, Ger-
many). The cryosections were put on foils and lyophilized. Subse-
quently, the sections were measured in the In-vivo Imaging System
EX Pro and scanned. For a better resolution the exposure time was
set to 30 min and no binning was performed. For the sections same
filter settings were used as described for the whole animal
acquisition.

2.3. Determination of COX-2 expression

In order to detect COX-1 and COX-2 expression in the used cells
and animal tissues Western blotting was performed. Therefore cells
were lyzed as described previously [27]. Tissue samples from the
TPA-injected mice (inflammatory site and sham tissue at 3rd day
post injection) and tumors from xenograft models were explanted
out of the euthanized animals, homogenized in the TissuelLyser
(Qiagen Germany) in RIPA lysis buffer (150 mM NacCl, 50 mM Tris
pH 8.0, 1% NP40, 0.5 wt.-% SDS, 7 pg/mL leupeptin, 1 mM PMSF,
1 mM Na3VO4, 1 mM DTT, 7 mM NaF) three cycles for each 3 min
with a frequency of 25 Hz. SDS-PAGE and Western blotting were
performed as described previously [27,29].

3. Results
3.1. Determination of COX-2 expression

The Western blot analysis of cells, xenograft and inflammation
tissue lysates is shown in Fig. 1. A2058 cells and the corresponding
xenograft tumors show a high expression of COX-2 and a basal level
of COX-1 synthesis, which is less in the tumor lysates. A375-EphB4
cells show no COX-2 expression, whereas A375-pIRES cells and the
tumor lysates express very low levels of COX-2. Interestingly, in
A375-pIRES derived tumors we found a higher expression of COX-1
compared to the A2058 tumors (Fig 1B). Tissue obtained from
TPA-induced inflammatory lesions also exhibit high COX-2
expression (Fig. 1C). At the sham injection site no expression of
either COX-1 or COX-2 could be detected.
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Fig. 1. Expression of COX-2 and COX-1 in (A) human melanoma cell lines A2058 and A375 (wild type, pIRES: transfection control, EphB4: transfection with EphB4), (B) tumor
xenograft models of human melanoma cell lines A2058 and A375 (pIRES: transfection control, EphB4: transfection with EphB4) in nu/nu mice, and (C) in NMRI mice after chemical
induction of COX-2 expression by injection of 100 M TPA in PBS or control injection with E153 in ear and axilla region. The figure shows a representative Western blot out of 3 (cell

lysates and animals) independent experiments.

3.2. COX-2 visualization

3.2.1. Non-tumor associated COX-2 expression

In Fig. 2 the non-tumor model is presented. The injection of the
luminol derivative L-012 shows a strong luminescence signal in
both inflammatory sites (ear and axilla) on the right side of the
animal (Fig. 2A). On the left side no signal could be detected, which
suggests that no production of reactive oxygen species occurred.
We therefore conclude that no inflammation was induced by the
injection of isotonic sodium chloride.

After intraperitoneal injection of C1 emission of fluorescence at
the inflammatory site was observed after 5 h (Fig. 2B). In contrast to
the luminescence signal only a single fluorescent region was
located at the ear of the mice on the right side. The signal occurred
directly behind the ear where the animals have less fur. On the left
side no fluorescence signal was present. Due to the short wave-
lengths of the excitation and emission maxima of the compound
and the resulting low penetration depth it was not possible to
detect signals from the inflammatory site under the armpit in su-
pine position.

However, a specific enrichment of C1 could be detected at the
inflammatory site behind the ear but not at the sham injection site,
giving first hints towards COX-2 specific binding properties of C1
in vivo.

3.2.2. Tumor associated COX-2 expression

In Fig. 3 the fluorescence acquisition of the A375 tumor
xenograft model is given. Fig. 3A shows the whole animal acqui-
sition 6 h after injection of C1. No significant local enrichment of the
fluorescent signal (only a very weak signal) could be detected at the
regions at and around the tumor. The cryosections 6 h after injec-
tion shown in Fig. 3B also confirm no local enrichment of C1 in the
tumor. In contrast, accumulation of C1 could be observed in adipose
tissue in the neck region and, more abundant, in the abdominal
region of the animals. Also an amount of C1 could be observed in
the upper layers of the skin of the animals.

In contrast to the A375 tumors, which were used as negative
control, the whole animal acquisition of the A2058 tumor xenograft
model revealed a first local enrichment of C1 at the tumor site after
3 h (data not shown). 5 h past injection of C1 the signal to back-
ground ratio in the tumor region in the whole animal acquisition
was highest (Fig. 4a). The maximum fluorescence intensity could be
observed at 24 h post injection (Fig. 4B). However, at this time point
a fluorescence signal could be detected that is distributed over
almost the whole animal. Notably, cryosections after 24 h, shown in
Fig. 4C, clearly revealed a local enrichment of C1 within the tumor
region. Compound enrichment was observed in the gastro-
intestinal system suggesting hepatobiliary elimination of the
compound, as well as in the skin of the mice, most probably located
in the subcutaneous fat tissue, which could explain the whole body
distribution of the fluorescence signal of C1.

4. Discussion

This pilot study demonstrates the visualization of COX-2 in
TPA-induced inflammatory lesions in NMRI mice and in human
melanoma xenografts in nu/nu NMRI mice in vivo and ex vivo (in
cryosections) by the use of an autofluorescent 2,3-diaryl-indole
coxib. The TPA-injected mouse model could successfully be used as
proof of non-tumor associated COX-2 synthesis by using the pre-
sented autofluorescent indole-based compound C1. However, short
compound-dependent excitation wavelengths used in this study
can only penetrate less than one mm deep into the tissue, hence
limiting the possible detection depth [30,31]. Additionally, the fur
of the NMRI mice disrupts the fluorescence signal, hindering the
complete detection of the fluorescence signal in this animal model.
But even though only the inflammatory site at the ear could be
detected in the supine position of the animals the observed data are
consistent with the literature reporting elevated COX-2 expression
after TPA-injection [2]. A very weak signal around the tumor region
could also be detected during whole animal acquisition in the COX-
2 negative A375 tumor bearing animals. Reasons for this could be

[2eses.

Fig. 2. Inflammation model Measurement of (A) the ROS sensitive dye L-012 direct after injection, exposure time 10 min, binning 4 x 4 and (B) C1 5 h after i.p. injection exposure
time 15 min, binning 4 x 4. The figure shows representative images out of 3 independent experiments.
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Fig. 3. A375 tumor xenograft model (A) Whole animal acquisition of A375 (A375-pIRES, left side and A375-EphB4, right side) tumor bearing mice 6 h after i.p. injection of 100 pL
20 mM C1 exposure time 15 min, binning 4 x 4; (B) cryosection 6 h after i.p. injection of C1, exposure time 30 min. The figure shows representative images out of 4 independent

experiments.

unspecific enrichment in subcutaneous adipose tissue or inflam-
matory or necrotic regions around the tumor inducing COX-2
expression [32]. This also explains the higher level of COX-2
expression in the A375 tumor xenograft models compared to
levels of the different cell lines identified via immunoblotting
analysis. Furthermore, the enhanced permeability and retention
(EPR)-effect possibly causes increased accumulation of the low-
molecular-weight, lipophilic inhibitor in the tumor microenviron-
ment compared to adjacent healthy tissue [33]. On the other hand,
the COX-2 positive A2058 xenograft model shows higher signal
intensity as well as a better signal-to-noise ratio in the tumor tissue
5 h post injection. However, both xenotransplanted animal models
show compound enrichment in subcutaneous fat, which is
complicating the differentiation between specific fluorescence
signal and unspecific subcutaneous signal within the whole animal
acquisitions obtained from nude NMRI mice. Nevertheless, cry-
osections clearly reveal enrichment of the inhibitor in the COX-2
expressing A2058 tumors but not in the COX-2 negative A375 tu-
mors. According to the higher COX-1 protein level of A375-pIRES

tumor xenograft we confirmed that no unselective binding of C1
to the structurally similar COX-1 isoenzyme occurs confirming
former results [16,22,23]. The cryosections of the COX-2-negative
A375 tumor bearing mice show a higher unspecific enrichment in
adipose tissue compared to the A2058 tumor bearing animals.
Although the substance is very lipophilic (logP(C1) = 4.39, calcu-
lated with ALOGPS) there is only a low unspecific enrichment in
adipose tissue in the A2058 tumor bearing mice. Taken together,
using an autofluorescent COX-2 inhibitor visualization of TPA-
induced and human melanoma xenografts in vivo and ex vivo was
allowed and differentiation between COX-2-expressing and COX-2-
negative tumor xenotransplants was clearly possible. On the other
hand, the whole animal acquisitions revealed problems associated
with the biodistribution of C1 because the compound showed
substantial enrichment in the subcutaneous fat. Due to the specific
wavelengths (Agx. = 345 nm, Agm, = 482 nm) that have to be used for
the autofluorescent inhibitor, tissue penetration is severely limited.
Therefore, the whole animal acquisition only gives a superficial
two-dimensional distribution of the compound with less than

-~ lung---

—--liver-~_|

Fig. 4. A2058 tumor xenograft model Whole animal acquisition of A2058 tumor bearing mice at (A) 5 h and (B) 24 h after i.p. injection of 100 uL 20 mM C1, exposure time 15 min,
binning 4 x 4; (C) cryosection 24 h after i.p. injection of C1, exposure time 30 min. The figure shows representative images out of 5 independent experiments.
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1 mm penetration depth. In contrast, fluorophores with longer
excitation and emission wavelengths like near infrared and infrared
dyes show higher tissue penetration up to several millimeters
[21,30,31]. On the other hand investigations by Tanaka et al. [34]
using three different 'C-labeled diaryl-substituted imidazole or
indole derivatives as PET-agents which allow for high tissues
penetration and have lower lipophilicity (logP74 = 1.9—2.3) showed
no specific enrichment in COX-2 expressing AH109A tumors after
60 min. Therefore, the use of fluorescence COX-2 inhibitors
revealed advantages regarding the time window for observation
(24 h and longer). Taken together, ex vivo cryosections demon-
strated a high specificity of C1 to COX-2. In addition, we were able
to examine pharmacological properties of this autofluorescent
COX-2 inhibitor (without an additional fluorophore) as a repre-
sentative of a novel indole-based group of coxibs. Despite the fact
that animals can tolerate small amounts of DMSO [35] application
in DMSO is not transferable to medical practice in humans.
Nevertheless, we present new data about the general distribution
and hepatobiliary elimination properties of this COX-2 inhibitor.
Compared to previous work of other groups [21,36] the herein
presented indole-based COX-2 inhibitor offers distinct advantages
due to its autofluorescent properties, which eliminates the need for
additional fluorophore or radiolabeling of the coxib. Therefore, no
sterically demanding group, which might lower the inhibitory ef-
ficacy or change the pharmacological properties of the coxib had to
be introduced. Because of the selective binding of the inhibitor to
COX-2 expressing tissues in vivo and its autofluorescent properties
[16], the compound C1 is a potential substance to combine thera-
peutic approaches, in situ guided surgery, and ex vivo diagnostics
and makes it interesting as well as promising for further effect
studies, e.g., antioxidant, radioprotective, and radiosensitizing ac-
tivities [37,38].
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