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Abstract: We evaluated a cysteine cathepsin-activatable optical imaging probe (LUMO15) with improved kinetics
relative to larger macromolecules for detection and characterization of colorectal cancer (CRC), and thereby as-
sessed its potential use in fluorescence-guided colonoscopy. We showed that LUMO15 is stable in plasma. In-vitro
studies demonstrated selectivity of LUMO15 for targeting cathepsins; there was robust increase in emitted fluores-
cence signal from the cathepsin overexpressing HT-29 CRC cells within 1-5 minutes after incubation with LUMO15
compared to the cells incubated with combination of LUMO15 and a pan-protease inhibitor (as negative control).
Biodistribution, differential accumulation of the probe in the tumor and tumor-to-background fluorescence signal
ratio of LUMO15 were compared to ProSense680, a commercially available protease-activatable optical imaging
probe, over 24 hours after intravenous injection of the probes in nude mice with subcutaneously implanted HT-29
tumors. LUMO15 showed distinct kinetics compared to ProSense680 with time to peak signal for subcutaneous
tumor-to-colon ratio of 3.3+0.3 (mean + SD) at 4-8 hours compared to 2.9+0.2 at 24 hours, respectively (n=8 for
each group). Near-infrared fluorescence imaging and dual channel colonoscopy of the mice with orthotopic colon
tumors showed tumor-to-colon ratio of 3.7+0.2 in HT-29 tumors (n=4), 2.8+0.1 in genetically engineered mice
with APCKCKrasts:6120p53iox/flor mytation (n=4), and 4.1+0.1 in mice with APCLo®/LoPMgh2to®/tox® mytation (n=4) at 6
hours after LUMO15 administration. Immunohistochemistry and laser confocal microscopy of the extracted tumors
confirmed high expression of cysteine cathepsins in all colon tumor types tested. Optical imaging with cathepsin-
activatable LUMO15 in multiple models of CRC highlights its potential for increasing the efficacy of CRC screening
and therapeutic procedures.
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Introduction an unmet clinical need for development of novel
imaging techniques for improved detection and
real-time evaluation of the neoplastic process-

es in the colon and ultimately increasing the

Colorectal cancer (CRC) is the third most com-
mon cancer worldwide and despite marked ad-

vances in diagnosis and management, it is the
fourth most common cause of cancer-related
mortality with global incidence rate of 1.65 mil-
lion new cases and 835,000 deaths per year
[1]. Colonoscopy is the routine method of CRC
screening with overall excellent diagnostic per-
formance and has been shown to reduce CRC
mortality [2]. However, it has lower sensitivity
for detection of small polyps at early stages
with reported approximately up to 20% miss
rate for colonic polyps [3]. Therefore, there is

efficiency of endoscopic screening procedures.

Optical molecular imaging is a technology that
enables early detection and characterization of
CRC, and assessment of the response to the-
rapeutic interventions [4, 5]. Previous studies
have shown that optical imaging using non-spe-
cific organic fluorophores such as methylene
blue and indocyanine green can be used for
localization of detection of primary and meta-
static CRC with high sensitivity and tumor-to-
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Figure 1. Schematic structure of LUMO15. The probe consists of a fluorescence quencher molecule (QSY21) at-
tached to a 20-kD polyethylene glycol (PEG) as a pharmacokinetic modifier, and a Cy5 fluorophore through a GGRK
peptide. Once the proteolytic enzyme cleaves the quencher, the optically active fragment is released.

background ratio (TBR) [6, 7]. However, these
probes are non-specific for neoplastic lesions
and the increase in local fluorescence signal
is mainly driven by increase in blood flow and
leakiness of the tumor vessels; therefore, these
probes do not provide specific information for
in-situ characterization of the tumors. Multiple
molecularly targeted optical imaging agents
have been developed which target enzymes
such as proteases [5, 8], reporters of apopto-
sis [9], or angiogenesis processes [10] among
others. Cysteine cathepsins are a group of ly-
sosomal proteases, which have received much
attention as molecular targets for detection of
various types of tumors including CRC. Overex-
pression of multiple cysteine cathepsins includ-
ing K, L, S and B has been shown to be associ-
ated with CRC tumor progression, metastasis
and shortening of patients’ survival by facilitat-
ing the invasion of cancer cells, endothelial and
inflammatory cells, and progression of necrotic
and apoptotic cell death [11-14]. Studies have
reported that highly selective inhibitors of ca-
thepsins result in suppression of CRC invas-
ion and metastasis [15, 16]. Thus, a cathepsin-
targeting probe could provide a minimally inva-
sive strategy for improved diagnosis of CRC.

LUMO15 (Lumicell, Newton, MA) is an optical
molecular imaging probe highly selective for
cysteine cathepsins with improved kinetics co-
mpared to larger macromolecular agents, whi-
ch has undergone phase 1 human safety test-
ing and has demonstrated the potential for
translation in a variety of applications [17, 18].
In this study, we assessed the LUMO15 probe
for early detection and precise characterizat-
ion of the tumors in multiple mouse models of
CRC. In addition, biodistribution and specifici-
ty of the LUMO15 probe for detection of CRC
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was compared to Prosense680, a commercial-
ly available protease-activatable probe.

Materials and methods
Optical imaging probe (LUMO015)

LUMO15 is a novel protease-activatable optical
imaging probe, which consists of a fluores-
cence quencher molecule (QSY21) attached to
a 20-kD polyethylene glycol (PEG) and a Cyb
fluorophore through a GGRK peptide [17]. Once
the proteolytic enzyme cleaves the peptide
backbone and removes the quencher, the opti-
cally active fragment is released (Figure 1).
In-vitro studies have shown that this peptide is
activated by different types of cysteine cathep-
sins including cathepsin K, L, S, and B [17].
Preclinical toxicity studies of LUMO15 per-
formed in rats and dogs indicated a wide mar-
gin of safety. This probe has undergone phase
1 human safety testing in a pilot study on
patients with breast cancer or soft tissue sar-
coma. LUMO15 biodistribution, pharmacokinet-
ic profiles, and metabolism have been compa-
rable in mice and human subjects [17, 19].

Assessment of the stability of LUMO15 probe
in plasma

To assess the stability of LUMO15 probe in the
murine plasma, the probe (4 nmol/150 ul, 27
puM) was mixed with 150 ml of either Dulbecco’s
Phosphate Buffered Saline (D-PBS, ATCC) as
negative control, Trypsin (ATCC) as positive con-
trol, or murine plasma. The mixtures were incu-
bated in 37°C for 6 hours. The mean fluores-
cence intensity (MFI) of each sample was mea-
sured over time using the Carestream In-Vivo
Multispectral FX imaging system (NYC, USA)
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with excitation filter of 650 nm and emission
filter of 700 nm.

Cell culture and western blotting

Human colon cancer cells, HT-29 (ATCC) were
cultured in McCoy's 5a medium containing
10% fetal bovine serum, and 1% Penicillin-
Streptomycin (ATCC) at 37°C in a humid atmo-
sphere containing 5% CO, and 95% air. Wes-
tern blotting was performed to measure the
expression level of multiple cathepsins includ-
ing cathepsin B, S, L and K in HT-29 cells, using
methods previously described [20]. Briefly,
after electrophoresis using polyacrylamide gels
(Bio-Rad Hercules, USA), proteins were trans-
ferred to a polyvinylidene difluoride (PVDF)
membrane (Roche, Germany). The membrane
was blocked with Tris-buffered saline (10 mM
Tris-HCI, pH 8.0, 150 mM NacCl), 0.05% Tween-
20 and 5% non-fat dry milk (Bio-Rad). The blot
was incubated overnight at 4°C with mouse
anti-cathepsin antibodies (Abcam, USA) at
1:1000 dilution, and rabbit beta-actin monoclo-
nal antibody (Santa Cruz, USA) with 1:1000
dilution as an internal control. The membrane
was incubated with secondary antibodies of
goat anti-mouse IgG-HRP (Santa Cruz) with
1:500 dilution for cathepsin and goat anti-rab-
bit 18G-HRP antibody (Santa Cruz) with 1:1000
dilution for beta-actin. The bands were detect-
ed using enhanced BM Chemiluminescence
(Mouse/Rabbit) Western Blotting Kit (Roche).
Quantitation of cathepsin and beta-actin ex-
pression was performed by drawing a region
of interest over the protein bands on the imag-
es using the Carestream analysis software. The
measured level of cathepsin expression was
normalized to the beta-actin level.

In vitro assessment of LUMO15 probe for tar-
geting cathepsins

For in vitro assessment of the cellular fluores-
cence in the presence of LUMO15, HT-29 cells
were cultured on sterile coverslips in 6-well
plates. After two days, media was removed
from the wells. The cells were incubated with
LUMO15 probe (27 uM) or a mixture of the
probe and a pan-protease inhibitor (Sigma-
Aldrich, USA) at 37°C for 5 minutes. The fluo-
rescent signal emitted from the cancer cells
and extracellular space was qualitatively asse-
ssed under a laser scanning confocal micro-
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scope (LSM-5 PASCAL, Zeiss, Germany) with
emission wavelength of 633 nm.

Mouse models of colorectal caner

All animal experiments were approved by our
Institutional Animal Care and Use Committee.
The subcutaneous tumor-bearing mouse model
of CRC was generated by injection of a mixture
of 1x108 HT-29 cells with 10% Matrigel (Becton-
Dickinson, USA) into the subcutaneous space
of the nu/nu mice (Taconic, Germantown, NY;
n=16) using a 25-gauge needle. Observation of
a bulge under the skin was a sign of successful
injection. Tumor growth was monitored weekly
and imaging was performed when the tumors
reached 7-10 mm in size in approximately 3
weeks.

Additionally, 3 orthotopic mouse models of
colon cancer were generated: 1) HT-29 cells
were injected into descending colon wall of
nude mice (n=4). For this purpose, 250,000-
300,000 cells (20-30 pl) were washed with
sterile PBS and injected into the wall of the
descending colon using a 32-gauge needle.
Observation of a small bulge at the site of in-
jection was considered as the sign of success-
ful implantation. 2) A genetically engineered
mouse model (GEMM) of orthotopic CRC with
common mutations was developed with cross-
ing APCKC, Kras'St¢12 and p5371/fx mice to
generate APCKOKras'S-612bp53flox/flox (AKP) mo-
del (n=4). Colonic tumors were induced throu-
gh focal administration of adenovirus express-
ing cre recombinase (AdCre) in the descending
colon to cause the recombination based on the
previously described method [21]. 3) Another
GEMM of orthotopic CRC was developed by
focal injection of AdCre in the distal colon wall
of APCL*/LoxPMgh2LoxF/LloxP mice (3 mice with 4
developed tumors) using previously described
method [22].

Development and growth of the orthotopically
implanted colon tumors were monitored for 6-8
weeks by weekly colonoscopy until the tumors
reached 3-7 mm in largest diameter.

In vivo targeting of cathepsins

In vivo assessment of LUMO15 probe was per-
formed in colorectal tumor bearing mice when
the tumors reached the appropriate size (7-10
mm for subcutaneous tumors and 3-7 mm for
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orthotopic tumors). Mice were anesthetized by
inhalation of 100% oxygen and isoflurane (5%
for induction and 1.5% for maintenance) via
facial mask. The LUMO15 probe was prepared
with concentration of 3.5 mg/kg based on pre-
vious preclinical studies [17], and was injected
into the lateral tail vein of the mice (<0.2 ml
volume).

Pharmacokinetics of LUMO15 in comparison to
ProSense680

Mice with subcutaneous HT-29 tumors were
imaged using Carestream Multispectral imag-
ing system (Excitation: 570-650 nm, emission:
700 nm) at multiple time points between 5
minutes to 24 hours after injection of LUMO15
(n=8). The mean fluorescence signal intensity
of the tumors was assessed over the skin and
tumor-to-skin (as background) ratio was calcu-
lated. These results were compared to a sec-
ond group of mice with subcutaneous HT-29
tumors (n=8), which were imaged with ProSen-
se680 (Perkin Elmer, USA), a commercially av-
ailable protease-activatable probe, with con-
centration of 2 nmol/mouse [23].

Mice from both LUMO15 and Prosense680
groups were then euthanized at 6 hours and 24
hours post-injection (n=4 for each group and
each time point) and biodistribution of the
probes was assessed by comparison of MFI of
the tumors and multiple extracted tissues.

Dual channel colonoscopy

Based on the results of LUMO15 probe kine-
tics experiments, in vivo optical colonoscopy of
the mice with orthotopic CRC was performed at
the time point with maximum TBR. The optical
endoscopy system was constructed in a man-
ner analogous to the previously designed de-
vices by our group, to incorporate quantita-
tive real-time fluorescence imaging [24, 25].
This custom-designed dual channel apparatus
allows simultaneous white light and near-infra-
red fluorescence (NIRF) imaging. White light
was filtered by a dichroic mirror and short-pass
filter for wavelengths above 650 nm. For NIRF
imaging, we used a fiber coupled 650 nm class
lllb laser (B&W TEK) for excitation and a long-
pass emission filter of 700 nm. Mice were given
a chlorophyll-free diet for at least one week
prior to colonoscopy to minimize the autofluo-
rescence related to ingested material in the
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gastrointestinal tract. Under inhalation anes-
thesia (1.5% vaporized isoflurane in 100% O,),
the endoscope was inserted rectally, air was
insufflated through the working channel, and
the number and signal of the tumors were
assessed. Using the 8-bit white light and NIRF
images in Imagel, a straight line was placed
over the regions of interest and the plot profile
of the arbitrary signal intensity values was gen-
erated. The tumor and adjacent normal colon
signals were measured and compared between
the images of white light (as conventional meth-
od of colonoscopy) and NIRF colonoscopy.

Ex vivo near-infrared fluorescence imaging of
colorectal cancer

Mice with orthotopic HT-29 tumors, AKP mutant
and APC/Msh”- tumors were euthanized at 6
hours after intravenous injection of LUMO015
and the tumor and colon tissues were imaged
using the Carestream surface reflectance fluo-
rescence imaging system. The MFI was mea-
sured by drawing a 3 mm circular region of in-
terest (ROI) over the respective brightest fluo-
rescence area in the tumors (n=4 for each
group) to calculate the mean pixel intensity
using standard Carestream image analysis
software. Tumor-to-colon ratio was then com-
puted by dividing the MFI of tumor by MFI of
adjacent normal colon tissue.

Confocal microscopy and histopathological
analysis

The excised tumor tissues were frozen with lig-
uid nitrogen and stored at -80°C. Serial cryo-
stat sections with 5 ym thickness were pre-
pared for H&E & IHC staining, and for qualita-
tive assessment of the tumor fluorescence sig-
nal under laser confocal microscopy (LSM-5
PASCAL, Zeiss, Germany, emission wavelength:
633 nm). IHC staining was performed for asse-
ssment of cathepsin expression in colon tumor
tissues, using the previously described method
[20, 26]. In brief, tissue slides were fixed in
100% acetone in -20°C for 10 minutes and left
at room temperature for complete evaporation
of acetone. The specimens were then incub-
ated with primary anti-cathepsin antibodies
specific for cathepsin B, L, S or K (abcam) at
4°C overnight. After incubation with Envision +
System-HRP Labeled Polymer anti-rabbit/ant-
mouse (Dako) for 1 hour at room temperature,
slides were treated with liquid DAB plus sub-
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Figure 2. Stability of cathepsin-activatable LUMO015
probe in plasma and western blot analysis of cathep-
sin expression in colorectal cancer cells. A. Incuba-
tion of LUMO15 probe with trypsin resulted in rapid
activation of the probe and robust increase in fluo-
rescence signal intensity. The signal intensity of the
probe mixed with murine plasma did not significantly
increase over 6 hours compare to the mixture of
probe with PBS as negative control. B. Western blot
analysis of the HT29 cells showed high expression of
cathepsin S, B, K and to lesser degree cathepsin L.

strate chromogen (Dako) and then counter-
stained with hematoxylin.

Statistical analysis

Statistical analysis was performed using Gra-
phPad Software (version 6, CA, USA). The con-
tinuous variables are presented as mean *
standard deviation (SD). Two-tailed Student’s t
test was performed to compare the means of
two groups. P-value of less than 0.05 was con-
sidered as statistically significant.

Results

Stability of cathepsin-activatable probe in mu-
rine plasma

We tested the stability of LUMO15 probe in
plasma to ensure that there is no non-specific
activation of the probe by the plasma. While
incubation of LUMO015 with trypsin showed
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rapid activation of the probe and robust incre-
ase in the signal intensity of the sample, the
fluorescence signal intensity in the mixture of
probe with murine plasma remained low with
no significant increase over time compared to
the mixture of probe and PBS as negative con-
trol (Figure 2A).

Cathepsin expression level and in vitro assess-
ment of LUMO15 fluorescence signal

Western blot analysis demonstrated high ex-
pression of cathepsin S, K, B and to lesser
extent cathepsin L in HT29 CRC cells (Figure
2B). Incubation of the cells with LUMO015 sh-
owed rapid activation of the probe and increa-
se in fluoresce signal intensity in the cells and
extracellular space within 1-5 minutes. How-
ever, in the presence of a pan-protease inhibi-
tor cocktail there is no detectable fluorescen-
ce signal above the background level with
LUMO15 (Figure 3).

Optimizing the timing for in vivo imaging of
LUMO15 and comparison of the kinetics of
LUMO15 and Prosense680

Multispectral deconvolution fluorescence imag-
ing of the mice with subcutaneous HT-29 tu-
mors showed a gradual increase in MFI of the
tumors with the maximal tumor-to-skin ratio of
1.840.2 at 4-8 hours after intravenous injec-
tion of the probe and a slow decline in tumor-
to-skin ratio to 1.5+0.1 at 24 hours post injec-
tion (Figure 4A, 4B). In comparison to Prosen-
se680, the MFI and tumor-to-skin ratio were
higher with LUMO15 over 24 hours post-injec-
tion (P<0.05 from 1-24 hours). The overall
kinetics of Prosense680 was much slower in
the subcutaneous xenografts and tumor-to-
skin ratio reached the peak (1.3+0.1) at 24
hours post injection (Figure 4B).

Comparison of biodistribution of LUMO15 and
ProSense680 in colorectal tumor-bearing mice

Biodistribution of the optical imaging probes at
6 and 24 hours post injection demonstrated
more rapid kinetics of LUMO15 compared to
ProSense680 with faster clearance of LUMO15
from background tissues (Figure 4C, 4D) and
higher net fluorescence signal intensity in the
HT-29 tumors at both time points. In the Pro-
Sense680 group, there was higher MFI in mul-
tiple excised non-target organs such as liver

Am J Nucl Med Mol Imaging 2019;9(5):230-242
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and spleen. Both protease-activatable probes
were mainly excreted through the renal sys-
tem. Figure 4D shows representative images
of LUMO015 and ProSense680 biodistribution
at 6 hours post injection.

Comparison of the tumor-to-colon ratio show-
ed higher TBR in LUMO015 group compared to
Prosense680 (3.3+0.3 vs. 2.1+0.1, respective-
ly, P<0.05) at 6 hours post injection. The tumor-
to-colon ratio overall decreased in both groups
at 24 hours with higher TBR in Prosense680
group compared to LUMO15 (2.2+0.1 vs. 2.9+
0.2, respectively, P<0.05) (Figure 4C).

Fluorescence imaging in orthotopic murine
models of colorectal cancer

Based on the probe kinetics simultaneous,
white-light and NIRF colonoscopy of the mice
with orthotopic colon tumors were performed
at 6 hours post-injection. In both orthotopically
implanted and genetically engineered mouse
models of CRC, tumors were detected with
sharp margins and significantly higher tumor-
to-colon signal ratio in optical colonoscopy
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Figure 3. In vitro assessment of LUMO15 probe. A, B. Repre-
sentative confocal microscopic images of incubated HT-29
cells with LUMO15 shows rapid increase in fluorescence sig-
nal in the cells and extracellular space in 1-5 minutes. C.
Activation of the probe was inhibited by addition of protease
inhibitor cocktail to the media.

images compared to the conventional white
light colonoscopy images (Figure 5). Represen-
tative analysis of the arbitrary signal of HT-29
tumor and normal adjacent colon tissue is
demonstrated on Figure 5B and 5C. Surface
reflectance epifluorescence imaging of the ex-
tracted colon tumors confirmed our colonosco-
py results; high signal intensity was detected in
the tumors with tumor-to-colon ratio of 3.7+0.2
(mean = SD) in mice with orthotopic HT29 tu-
mors, TBR of 2.8+0.1 in AKP mice, and 4.1+0.1
in APCLoF/LoP\gh2LoxP/LoxP mijce at 6 hours post-
injection (Figures 5, 6).

Confocal microscopy and histopathological
analysis of colorectal tumors

H&E staining of all tumor tissue sections sh-
owed well-developed tumors in the subcutane-
ous space or within the colon wall. Confocal
microscopy of the frozen subcutaneous and
orthotopic tumor tissues showed high concor-
dance between the areas of increased cysteine
cathepsin expression and enhanced fluores-
cence signal in the tumors while normal adja-
cent colon tissues showed minimal cathepsin

Am J Nucl Med Mol Imaging 2019;9(5):230-242
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Figure 4. Optimizing the timing for in vivo imaging of LUMO015 and comparison of the biodistribution of LUM015
and Prosense680. A. Representative multispectral deconvolution fluorescence imaging of the subcutaneously im-
planted HT29 tumor overlaid with white light at 6 hours post LUMO15 injection showed localization of the tumor
with sharp margins. B. LUMO015 showed overall more rapid kinetics compared to Prosense680 over 24 hours post
injection with maximum tumor-to-skin ratio of 1.8+0.2 (mean * SD) at 4-8 hours (*), and slowly decreased ratio
to 1.5+0.1 at 24 hours. C. LUMO15 results in maximum tumor-to-colon ratio of 3.3+0.3 at 6 hours, compared to
Prosense680, which results in maximum ratio of 2.9+0.2 at 24 hours. D. Representative comparison of LUM015
and ProSense680 biodistribution at 6 hours shows more rapid clearance of LUMO15 from non-targeted background
tissues such as liver and spleen and higher probe accumulation in the colon tumor compared to Prosense680.

expression and very weak fluorescence signal
(Figure 7).

Discussion

We demonstrated the use of a cathepsin-acti-
vated optical probe for improved detection of
small colonic lesions and in-situ characteriza-
tion of the neoplastic tissues in real-time with
high tumor to normal adjacent colon ratio.
Upregulation of cysteine cathepsins has been
reported in colorectal tumors with common
genetic mutations such as APC and Kras ge-
nes and microsatellite instability among others
[10, 27-29]. Our histopathological analysis con-
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firmed overexpression of cysteine cathepsins
in multiple mouse models of CRC with either
xenografts or spontaneously developed tumors
in genetically engineered mouse models. In
vivo optical imaging of CRC using LUMO15 sh-
owed selective targeting and accumulation of
the probe in the neoplastic tissues resulting in
sharp demarcation of the tumor margins. Dual
channel colonoscopy system with combination
of a NIRF for detection of the molecularly tar-
geted optical probe and conventional colonos-
copy is a powerful tool for improved detection
of the colonic lesions specifically the small, flat
or depressed lesions with malignant potential
that can be missed by conventional white light

Am J Nucl Med Mol Imaging 2019;9(5):230-242
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Figure 5. Near-infrared fluorescence imaging and dual channel colonoscopy in orthotopic HT-29 tumors using
LUMO15. A. Custom-made dual channel colonoscopy using the standard white light and near infrared fluorescence
channel detects the implanted HT-29 tumor in distal part of the colon. Surface reflectance epifluorescence imaging
of the extracted colon tissue confirms the colonoscopy results with tumor-to-colon ratio of 3.7£0.2 (mean £ SD) at
6 hours post injection. B, C. Representative analysis of the arbitrary signal of the HT-29 tumor and normal adjacent
colon tissue demonstrates significantly higher tumor-to-colon ratio in optical image compared to conventional white
light (median £ SEM: 7.3+0.2 vs. 2.94£0.3 respectively, P<0.05). C: normal adjacent colon background, T: tumor.

colonoscopy [30]. In addition, the standard of
care colon lesion biopsy and resection is im-
precise in distinguishing neoplastic tissue from
surrounding normal colon parenchyma at the
tumor margins [4]. Optical imaging with cathep-
sin-activated targeting probes could provide a
real-time method for sensitive detection of the
microscopic residual cancer at the tumor mar-
gins at the time of surgery, which could redu-
ce the need for re-resection, lower the rates
of local recurrence, and personalize adjuvant
therapy [19].
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Several protease-activated fluorescent imaging
probes with different functional characteristics
have been developed over the past decade [4,
30]. For instance, MMPSense680, a non-spe-
cific near-infrared probe that gets activated by
a broad array of matrix metalloprotease (MMP)
enzymes [31], and multiple small targeted pep-
tides have been introduced for detection of
colonic adenomas and dysplastic lesions [32,
33]. However, these probes require long time to
achieve the optimal TBR. ProSense680 is one
of the first activatable fluorescence probes that

Am J Nucl Med Mol Imaging 2019;9(5):230-242
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Figure 6. Optical imaging of colorectal tumors in genetically engineered mouse models of colorectal cancer. (A)
Representative optical imaging of orthotopic colon tumors in 6 hours post probe injection shows significantly in-
creased signal intensity in the tumor relative to the normal adjacent colon tissue with tumor-to-background ratio of
2.8+0.1 in APC*OKras'S-e12bp53foxvfiox (AKP) tumors (A), 4.1+0.1 in APC->*/LoPMgh 2L/t tymors (B), and 3.7+0.2 in
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A Fluorescence B Cathepsin B Cathepsin K

i R PN o

Tumor

PYE R 1
Cathepsin S

Normal Colon

Figure 7. Histopathologic and laser confocal microscopic evaluation of cysteine cathepsins in colorectal cancer.
Representative histology and fluorescence confocal microscopy of the tumors in APC-®/Lo®\gh2tox/Lo® mice con-
firms the results of in vivo optical imaging with demonstration of neoplastic cells within different layers of the colon
wall with significantly higher fluorescence signal compared to the normal adjacent colon tissue (A), and high expres-
sion of cysteine cathepsins S, K, L and B compared to the adjacent normal colon tissue (B).

was introduced for targeting cysteine cathep-
sins [34] and has shown high signal intensity
in different types of cancers including CRC.
Our biodistribution studies and comparison of
LUMO15 with prosense680 demonstrated fav-
orable pharmacokinetics of LUMO15 as a low-
molecular weight probe with minimal uptake by
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majority of the relevant background tissues,
rapid clearance from normal background co-
lon wall, and rapid accumulation in the tumor.
Therefore, LUMO15 resulted in higher abso-
lute fluorescence signal intensity in the colon
tumors and much shorter time of optimal tu-
mor-to-colon ratio (4-6 hours with LUMO15 vs.
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24 hours with prosense680). The favorable
characteristics of LUMO15 potentially facilita-
tes its clinical translation with providing shorter
time of dual channel colonoscopy in patients
and enabling same day optical-guided proce-
dures such as colonoscopy, biopsy or surgical
margin resection. In addition, relatively slow
washout of LUMO15 from the tumor provides a
wide time window for any type of NIRF-guided
procedure with single systematic injection of
the probe. A recent study by Segal et al, intro-
duced a Cyb-labeled protease activity based
probe for detection of colon polyps in APC™*
mice [30], which confirms the potential of the
activity based probes as promising tools for
improving the detection of colorectal lesions
using colonoscopy.

To our knowledge, LUMO15 is the first prote-
ase-activatable probe that has been transla-
ted for use in human subjects; a phase-1 clini-
cal safety study on LUM015 (NCT01626066)
reported that systemic administration of LUM-
015 at 0.5-1.5 mg/kg doses was safe and well-
tolerated by patients (n=15) with no adverse
reaction or complication [17, 18]. LUMO15 is
currently under evaluation in feasibility clinical
trials for assessment of breast cancer, brain
cancer, prostate cancer, peritoneal surface
malignancies and gastrointestinal tumors such
as colon, esophageal and pancreatic cancers
(NCT02438358, NCT03686215, NCTO37171-
42, NCT03441464, NCT03834272 and NCT-
02584244) [35]. A previous study by Lazarides
et al, demonstrated that using LUMO15 fluores-
cence-guided laser ablation in mouse models
of soft tissue sarcoma achieved over a 50%
improvement in recurrence-free survival com-
pared to resection of the tumor using direct
visual guidance [19]. Since cathepsins are over-
expressed in multiple types of solid tumors
[17], similar techniques with combination of
fluorescence guidance using LUMO15 and con-
ventional methods of screening and/or proce-
dures could be potentially applied to target
other primary and metastatic cancers such
as CRC metastasis, ovarian and brain tumors
[36-38], and contribute to more efficient pro-
cedures.

Although we tested the LUMO15 probe in a vari-
ety of spontaneous and implanted mouse mod-
els of CRC, we did not evaluate the application
of this probe in the wide spectrum of neoplastic
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colorectal disease. However, we used the mou-
se models that bear the most common genetic
mutations found in the CRC to simulate the
possible clinical scenarios for future clinical
trials. Future studies focused on comprehen-
sive pathological evaluation of human CRC
samples with different grades, stages and vari-
ous genetic mutations would be required to
better guide patients selection for clinical trials
that assess the real-time detection of colorec-
tal lesions with fluorescence endoscopy using
LUMO15.

Recent advances in precision imaging appro-
aches highlight the impact of image-guided
procedures using smart probes with sophisti-
cated chemical design that particularly target
molecular signature of the tumors. Our study
confirmed that cathepsin-activatable LUMO15
probe has desirable characteristics for in-situ
evaluation of colorectal tumors. Overexpression
of cathepsins in CRC and real-time feedback
during dual channel colonoscopy could bring
the concept of optical molecular imaging guid-
ed diagnostic and therapeutic procedures clos-
er to clinical use and provide valuable informa-
tion to guide management decisions.
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