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Abstract

We report here an immobilization strategy using a collagen binding protein to deliver and confine
synthetic reporters to the extracellular microenvironment in vivo for non-invasively imaging the
activity of targets in the microenvironment. We show that the immobilization of reporters on
collagens in the local microenvironment is highly efficient, and physiologically stable for
repetitive, long-term imaging. By using this strategy we successfully developed and an
immobilized bioluminescent activatable reporter, and a dual-modality reporter to map and
quantitatively image the activity of extracellular matrix metalloproteinases (MMP) in tumor-
bearing mice. The inhibition of MMP activity by chemical inhibitor was also demonstrated in
living subjects. We further demonstrated the general applicability of this immobilization strategy
by imaging MMP activity at the inflammation site in a mouse model. Our results show that the in
vivo immobilization of reporters can be used as a general strategy for probing the local
extracellular microenvironment.
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The microenvironment as an integral part of cells plays critical roles in their physiology,
structure and function. There are continuously increasing interests in understanding how the
microenvironment controls the behavior and fate of stem cells,!: 2 and the initiation,
progression and metastasis of tumors.3-> Molecular characterization of the extracellular
microenvironment is usually performed in vitro through identification of the secreted
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proteins in cultured cells® and analysis of gene expression in purified components of normal
and malignant tissues.’” The great complexity of the extracellular microenvironment and our
current incomplete understanding of the biological factors involved present a big challenge
in recreating an ex vivo counterpart. In vivo imaging can shed light into the biological
processes within their native microenvironment through tracking the movement of cells
genetically labeled with fluorescent proteins.8-14 It is, however, presently challenging to
directly image specific signaling molecules in the extracellular microenvironment involved
in the cell-to-cell and cell-to-matrix interactions because of the lack of methods that can
stably present the designed reporters in the extracellular microenvironment in vivo. To meet
this critical need, we report here a simple, general strategy to deliver and immobilize
synthetic reporters for creating a reporting system in animals for in vivo imaging of
molecular signaling and interactions in the microenvironment.

Our strategy takes advantage of the ubiquitous distribution of collagen proteins, which are a
major component of the extracellular matrix inside the mammalian body. Collagens provide
an ideal harbor for the reporters because of their abundance (they are the most abundant
proteins in the body, representing about 30% of total proteins) and relative physiological
stability. In our design, a reporter is immobilized onto the collagens in extracellular
microenvironment through a collagen-binding protein (Fig. 1a). Unlike targeting to the cell
surface, which often leads to internalization of the reporters, binding of the reporters to
collagens will prevent them from being internalized into cells, and retain them in the
extracellular microenvironment for effective sensing. With this strategy we were able to
create a mouse with reporters embedded throughout the body. The distribution, stability and
function of the immobilized reporters were evaluated by successfully mapping extracellular
enzyme activity in tumor-bearing mice. We further evaluated the immobilized reporter for
imaging enzyme activity in an inflammation site in a mouse model to demonstrate the
general applicability of the reporter immobilization strategy for various biological models.

In vivo immobilization with a collagen binding protein CNA35

CNAZ35, a 35 kDa collagen binding domain in an adhesion protein from Staphylococcus
aureus,15 binds a variety of collagen types with high affinity (K4 ~500 nM) and has been
used for in vitro collagen visualization.16-18 We first evaluated the reporter-immobilizing
ability of CNA35 by using a bioluminescence reporter, which can be sensitively monitored
because of extremely low background bioluminescence. Luc8-535, an engineered mutant of
Renilla luciferase that emits maximally at 535 nm and has excellent chemical and biological
stability (more than 200 hours of half-life in mouse serum),1920 was genetically fused with
the N-terminus of CNA35. The luciferase activity of the purified Luc8-535 and CAN35
fusion protein (CB-Luc: collagen binding luciferase) was approximately 60% of that of
Luc8-535. CB-Luc (10 pmol) was injected via the tail vein into a nude mouse with a
xenograft HT1080 tumor, and imaged at different intervals with intravenous injection of the
substrate of Renilla luciferase, coelenterazine. During the first four hours, the total intensity
of the bioluminescence emission throughout the mouse body decreased less than 5% (Fig.
1b). However, the bioluminescence in the blood dropped 50% in 30 minutes, and 88% in 4
hours (Fig. 1c). The observation of fast clearance of CB-Luc from the blood compared to
practically no decrease in the total bioluminescence emission suggests that the binding of
CB-Luc to the collagen proteins in vivo is relatively fast, and that the immobilization is
highly efficient. The binding of the CB-Luc to collagen was remarkably stable in vivo. After
24 hours, the total bioluminescence intensity from the mice remained 60% of the initial
value, and 8 days post-injection, more than 10% of signal (more than 20% after the
correction of the biochemical half-life of Luc8-535 activity in mouse serum) remained
(Supplementary Figure 1a). As a comparison, the same amount of Luc8-535 (without
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CNAZ35) gave a strong initial emission after injection (Fig. 1d), but the total emission
decreased by 55-fold in just one hour, and less than 1% of the initial signal remained after 4
hours. The biodistribution study of CB-Luc in mice sacrificed at 4 hours post-injection
revealed the presence of the fusion protein reporter in all organs (Supplementary Fig. 1b). A
further study with radiolabeled reporters provided more quantitative information on their
biodistribution and stability (Supplementary Fig. 2). Consistent with the result of the
bioluminescence imaging, the biodistribution of the radiolabeled reporter remained
essentially unchanged in the majority of organs and tissues even after 24 h except for the
liver and kidneys which showed an approximate 50% decrease, probably due to the
degradation and clearance of the fusion protein reporter. Notably, the reporter concentration
in blood was low even at the initial one hour, indicating fast extravasation of the reporter
and rapid binding with the collagens. These results demonstrate highly efficient
immobilization of the reporters through collagen binding and good in vivo stability of
immobilized reporters.

The specific binding of CB-Luc to the collagens was verified by histological staining of the
tumor tissue samples. The CB-Luc was labeled with the fluorescent dye, Cy5, and injected
into the tumor-bearing mice through the tail vein. After 24 h the tumor samples were
collected, frozen and sectioned for immunostaining of the collagens. The collagen type |
antibody was used as the primary antibody for staining of the type I collagen because the
collagen binding protein CNA35 has the highest affinity for the type | collagen. The
collagens were visualized by a secondary antibody conjugated with Alexa 488, and the CB-
Luc was directly imaged by the conjugated Cy5 (Fig. 2). Nearly all the red fluorescence
signal from CB-Luc co-localized with the green fluorescence signal from the type |
collagens in the tumor tissue sections (Fig. 2) verified that the CB-Luc is likely bound and
accumulated on the type I collagens in vivo.1®

A bioluminescent activatable reporter for MMP sensing

Having proven the ubiquitous distribution and good stability of the immobilized reporters,
we next applied the strategy to immobilize reporters for imaging specific targets in the
extracellular microenvironment. One of the important components within the extracellular
microenvironment are secreted enzymes, such as matrix metalloproteinases (MMPs) that
process many molecular targets including growth factors and extracellular matrix proteins
and are over-expressed in a variety of tumors.21:22 We first chose gelatinases matrix
metalloproteinase-2 and 9 (MMP-2/9) as the model target in the tumor extracellular
microenvironment to evaluate our in vivo reporter immobilization strategy for imaging the
microenvironment.

Fluorescent probes have been developed for in vivo imaging of enzyme activity,23- 25 put
there have been no successful examples of activatable bioluminescent reporters yet for in
vivo imaging of enzyme activity.2% The extremely high sensitivity and low background of
bioluminescent reporters presents a large advantage for in vivo imaging. We hypothesized
that an activatable bioluminescent reporter could be designed by attaching chemical dye
quenchers to a bioluminescent protein. Bioluminescence resonance energy transfer (BRET)
from the bioluminescent protein to the dye quenchers should result in a quenched dark
state,2”: 28 and the removal of the quenchers by MMP-2 would restore the bioluminescent
emission (Fig. 3a).

We used dabcyl, a non-emitting absorber, as the quencher since its absorption spectrum
shows a good degree of overlapping with the emission spectrum of Luc8-535 (Fig. 3b).
Dabcyl was chemically conjugated to the MMP-2 substrate peptide (GPLGVRGC, also a
substrate of MMP-9, which usually shares the same substrate specificity as MMP-2)23. 24 at
the N-terminus (Supplementary Fig. 3). A hetero-bifunctional linker containing both an
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NHS ester and maleimide (SM(PEG),) was used to conjugate the peptide via its cysteine
side chain to the side chains of lysine residues on the fusion protein reporter CB-Luc. As
shown in Fig. 3c, when the NHS ester of the dabcyl-peptide (16 pM) conjugate was added to
CB-Luc (8 pM), the bioluminescent emission of CB-Luc dropped drastically. The
bioluminescent emission of the reporter was able to be restored by MMP-2. Fig. 3d shows
the activation kinetics of a reporter (1.0 uM) with on average 4 quenchers per CB-Luc in the
presence of MMP-2 (160 nM) over the course of 2 hours. As a comparison, the control
reporter with a scrambled MMP-2 substrate sequence (GVRLGPGC) could not be activated
by MMP-2. As expected, the quenching efficiency was dependent on the number of
quenchers conjugated to the protein. The contrast ratio of the emission before and after the
MMP-2 activation was 18, 24, 38, 51, and 82-fold for 2, 3, 4, 5, and 7 quenchers per CB-
Luc, respectively (Fig. 3e).

CB-gLuc was tested for imaging the MMP activity in the HT1080 culture medium
containing secreted MMP-2 and 9. Both CB-gLuc (with 4 quenchers on average) and the
control reporter were added to the culture dishes containing HT1080 cells and the control
dishes without HT1080 cells but only the medium and matrigel for a period of 12h
incubation (Fig. 3f). The bioluminescent emission from the control reporter in the HT1080
cell dish was about 20% higher than that from the control dish, but 200% higher
bioluminescent emission was observed with CB-gLuc in the HT1080 cell dish than that in
the control dish. This result demonstrates that our activatable bioluminescent reporter can
image the activity of extracellular MMP-2/9 secreted by HT1080 cells in vitro.

In vivo mapping of local MMP activity in tumors

The MMP reporter CB-gLuc tested above was then evaluated in living mice for imaging the
MMP activity. A nude mouse with an HT1080 tumor xenograft received 11 pmol of CB-
gLuc via the tail vein injection (Fig. 4a). At different time intervals, 10 pg of coelenterazine
was injected intravenously prior to image acquisition. A time-dependent increase in the
bioluminescent emission was observed at the tumor site. The activation of CB-gLuc at the
tumors was small at the early time points, but could still be visualized due to the high signal-
to-noise ratio with the bioluminescence imaging (image at 1h in Fig. 4a). Among the more
than 20 mice imaged, all the tumors displayed increased emission 1 h post-injection of CB-
gLuc, and at 24 hours, the contrast between the tumor site and normal tissues near the tumor
site increased significantly to 8.6+0.2 (P<0.01, n=4). Continuous activation of CB-gLuc by
MMP was observed 6 days post-injection (Supplementary Fig. 4). For the immobilized
control reporter under the same conditions, no significant bioluminescent emission was
detected throughout the body in the first 6 hours (Fig. 4b), and after 24 hours, the contrast
between the tumor site and the normal tissue near the tumor site increased slightly to 2.1+0.3
(P<0.01, n=4). Tumors were excised and lysed for in vitro zymographic analysis
(Supplementary Fig. 5), confirming the presence of active MMP-2 in tumors (14.8+1.6 ng/
mg protein tissue, an average of 6 mice). These results demonstrate that our activatable
bioluminescent reporter has been successfully immobilized in vivo and can image the MMP
activity at the tumor microenvironment.

Notably, significant signals were also detected at other sites besides the tumors, for example,
the joints at the front and back legs, and the liver (Fig. 4a). For the control reporter with the
scrambled MMP substrate sequence, only slightly increased emission was detected in the
liver at the same time point. These data suggest that the immobilized reporter can map the
local enzyme activity throughout the whole body of the animal. The observation of
considerable MMP activity in other tissues and organs compared to the tumors also
emphasizes the need for stable immobilization of the reporters for truly imaging the local
microenvironment.
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We confirmed the specific activation of the reporter by MMP in an inhibition study using
SB-3CT an inhibitor that is relatively specific to MMP-2/9. SB-3CT irreversibly inhibits the
enzyme activity by forming a covalent adduct (K; for MMP-2 is 14nM, and 600 nM for
MMP-9).2% 30 The inhibitor was intraperitoneally injected to HT1080 tumor-bearing mice 2
h before i.v. injection of the CB-gqLuc. We observed almost complete inhibition of the
activation of CB-gLuc with injection of 500 pg of SB-3CT (Fig. 4d). The bioluminescence
ratio between the tumor site and the surrounding normal tissue slightly decreased from
2.3+0.7 at 2 h to 1.7+0.5 at 24 h post-injection of CB-gLuc (P<0.02, n=3) (Fig. 4e). In
addition, no significant increase in bioluminescence of the whole animal was observed after
treatment with the inhibitor. On the other hand, the continuous increase of the
bioluminescence signal at the tumor site and with the whole animal was observed in the
mice without the inhibitor treatment: the tumor/surrounding tissue ratio increased to 7.4+1.6
at 24 h from 2.4+0.1 at 2 h (P<0.02, n=3) (Fig. 4c).

Further evidence showing the specific activation of the reporter CB-gLuc by MMP-2/9 in
vivo was obtained from differential imaging of two tumor cell lines HT1080 and HT29
implanted in the same mice. HT29 cells secrete very low levels of active MMP-2/9.31 Our
previous in vitro assay of the MMP-2 activity in the HT29 cell culture showed more than ten
folds lower MMP-2 activity than that in HT1080 cell culture.32 We subcutaneously
implanted both HT29 and HT1080 in the same mouse. The CB-gLuc reporter was injected
intravenously right after the tumor cell implantation. This experiment also examined if the
immobilization strategy could work in disease models where the EPR (Enhanced
Permeability and Retention) effect does not exist. Since the CB-qLuc reporter was injected
before the formation of a solid tumor mass, there was no accumulation of the reporters at the
cell implantation sites through the EPR effect. The injected CB-gLuc was found to stay long
enough for monitoring the enzyme activity at the cell implantation sites. Significant
activation of the CB-qLuc at the HT1080 site 4 days after implantation and injection of the
CB-qgLuc reporter was observed (Fig. 4f). The bioluminescence from the HT1080
implantation site was 7.6+1.6 (P<0.01, n=2) fold higher than that from the HT29
implantation site. The selective imaging of the MMP activity from HT1080 but not HT29
cells implanted in the same mouse further suggests that the CB-gLuc is likely activated by
MMP-2/9.

Quantitative imaging of the MMP activity with $4Cu-labeled CB-gLuc

Since the concentration of the reporter may vary in tissue locations, quantitative analysis of
the enzyme activity requires simultaneous determination of the concentrations of both the
substrate (the reporter) and the product (activated reporter). We addressed this need by
introducing a second imaging modality--positron emission tomography (PET)33 to quantify
the total reporter concentration. We labeled CB-qLuc with 84Cu, a positron-emitting isotope,
and on average one DOTA-54Cu ligand was conjugated to each reporter CB-gLuc via its
amino groups. The uptake of the dual functional reporter is high in liver, kidneys and spleen
(Supplementary Fig. 2). There is no statistically significant difference in the tumor uptake
over 24 h: 1.7+0.3% ID/g tissue at 1 h, 1.8+0.4% at 4 h, and 1.5+0.5% (n = 4) at 24 h.

After PET imaging (Fig. 5a), the mice were immediately transferred to the cooled CCD
imaging system (Fig. 5b). We selected three regions for comparison of their MMP-2/9
activity: liver, tumor and its nearby superficial normal tissues. The concentration of the total
reporter at each selected region was estimated from the PET signals, and used to normalize
the bioluminescence signal. At the beginning (t=0 h), the observed residual bioluminescence
signals are due to the residual Luc8-535 activity (Fig. 5¢). The normalized bioluminescence
signal (independent of the reporter concentration) at time zero would be the same at
different regions if there was no depth-dependent attenuation of the bioluminescent light,
and their difference reflects the depth of the location of the immobilized reporters. Indeed, at
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time zero, the normalized bioluminescence values decrease in the order of normal nearby
superficial tissue, tumor and liver as the tissue depth increases (Fig. 5c¢); it is worth noting
that without the PET normalization the bioluminescence signal at the liver was the highest.
After 24 h, the normalized bioluminescence signal from the tumor increased by 5.5+0.2 fold
(n=3, P<0.02) (Fig. 5c), whereas no changes were observed with the tissue near the tumor.
The normalized bioluminescence signal from the liver increased by 2.2+1.1 fold (n=3,
P<0.05) in comparison to that at the time zero. With an immaobilized dual functional
reporter, MMP activity at different regions can be quantitatively imaged.

In vivo imaging of MMP activity in an inflammation model

Unlike other receptor-targeted imaging approaches, the unique feature of the reporter
immobilization strategy is that the reporters are retained in the local tissues and no
accumulation of the reporters or specific binding to the target molecules is required. In a
second disease model, we evaluated the immobilization strategy for imaging enzyme
activity at the inflammation site of a living mouse.

Matrix proteolysis is a hallmark of the inflammatory process, and MMPs as matrix
degrading proteases play important roles in inflammation. The increased or mis-regulated
levels of many MMPs are observed in diseases associated with inflammation.34:3% In
addition to degrading matrix, MMPs are also found to act as effectors in various processes.
The ability to monitor in vivo MMP activity in real time will help to reveal their roles in
diseases involving inflammation. Here we show that CB-gLuc can directly image MMP
activity in a cutaneous inflammation model.

Inflammation can be induced by topically applying PMA (phorbol myristate acetate) onto
the mouse’s skin.36 MMP-2/9 are the major MMPs that are over-expressed at the
inflammation site.37- 38 After multiple topical applications of PMA on the nude mouse skin,
10 pmol CB-gLuc was i.v. injected. Strong bioluminescence signal emitted from the PMA-
treated skin site, and the contrast to the vehicle-treated skin site reached 10.9+1.6 fold in 10
h (Fig. 6a, c). The activation of the reporter CB-qLuc was faster and more significant in
comparison to that in tumor imaging, suggesting a much higher level of MMP activity
during the inflammation process. The specific activation of the reporter by MMPs was
similarly confirmed by i.p. administration of SB-3CT: no significant activation of the
reporter was observed in 10 h, and the bioluminescence emission from the PMA- and
vehicle-treated skin sites were at the same level (Fig. 6b, c). At the end of the
bioluminescence imaging experiments, the skin samples were collected for histological
analysis. In comparison to the vehicle-treated skin, the PMA-treated skin showed
characteristics of inflammation including the presence of massive neutrophil infiltrates and
tissue destruction in the dermis due to the matrix degradation by MMPs (Fig. 6d, ). Gelatin
zymography analysis of the skin tissue lysates revealed that the level of MMP-9
dramatically increased in the inflammation skin, while the increase in the level of MMP-2
was much less than MMP-9 (Fig. 6f). These results demonstrate that the reporter
immobilization strategy can image the enzyme activity during inflammation in living mice.
We observed predominant activation of the reporters at the inflammation site, suggesting a
much higher level of MMP-9 activity than other regions. The enzyme activity can be
similarly quantitated with a dual-modality reporter as in the tumor imaging.

DISCUSSION

We have developed an in vivo immobilization strategy for systemic delivery of reporters to
visualize the molecular targets in the extracellular microenvironment. Collagens were
chosen as the base for immobilization because of their abundance in the extracellular matrix
and the extremely small amount of reporters introduced (typically tens of pmol) should have
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minimal interference on their normal physiological function. The reporters immobilized on
collagens are ubiquitously distributed in the body and retained for a long period of time.
Importantly, the binding of the reporters to collagens will prevent them from being
internalized into cells, and retain them extracellularly for long-term imaging. The protease-
activatable reporters on collagens are well exposed and fully functional in the extracellular
microenvironment of tumors and in the cutaneous inflammation site. The immobilization
strategy offers an attractive solution to characterizing the extracellular microenvironment in
vivo because it can provide local information on specific targets in the microenvironment,
and also allows global mapping of the target activity in the whole body for comparison.

The MMP activity is usually analyzed in the tissue samples. However, the in vitro analysis is
hard to assess the exact MMP activity under in vivo conditions due to tight regulation of the
enzyme activity by the endogenous effectors such as tissue inhibitors of metalloproteinases
(TIMPs).3940 The variations on tissue sample preparation also limit accurately assessment
of the enzyme activity in the different tissues.

A number of activatable probes have been previously reported for in vivo imaging of
enzyme activity in tumors.23-2% These probes preferentially accumulate at the tumor sites by
taking advantage of the leaky tumor vasculature through the EPR effect. A potential
problem of this type of probes is that they can also be activated by the enzyme present in
other regions besides the tumor site, and the activated products may eventually translocate
and accumulate in tumors, also through the EPR effect, as reported in a recent study.*0
These issues make it difficult to reliably quantify the enzyme activity in tumors with the
EPR based activatable probes. Furthermore, these probes will not be useful for studying
other disease models where the EPR effect does not exist. Neither of these issues is a
limiting factor for the collagen-based reporter immobilization strategy.

We observed slow activation of MMP reporters in the xenografted HT1080 tumor (Fig. 4).
The zymogram of the tumor lysate, however, showed that over 50% of MMP-2 was in the
active form (Supplementary Fig. 5). Since the MMP activity is regulated by both the
expression control and TIMP inhibition, it is thus likely that most of active MMP-2 in the
tumor microenvironment was inhibited by TIMPs. For example, TIMP-1 inhibits MMP-
mediated degradation of extracellular matrix,*! and can also stimulate cell growth 42 and
inhibit apoptosis*3. In accompanying with the increased MMP expression in HT1080 cells,
there may be a local increase in the TIMPs expressed from tumor or neighboring stroma
cells to maintain the balance between the tumor growth and matrix degradation. This
argument is consistent with the dual roles TIMPs play in the modulation of MMP activity:
they are necessary to assist activation of pro-MMPs, but also inhibit the MMP activity.44

In the inflammation model, a burst of MMP-9 activation in the inflammation model was
observed shortly after the injection of the reporters (Fig. 6a). On the other hand, the
zymogram of the tissue lysates showed that the proportion of active MMPs was much lower
than that in the tumor (Fig. 6f). It is thus likely that the MMP activity regulation in the
inflammation site may be different from the tumor, and that there may not be an increased
TIMPs expression. In light of the dual role of TIMPs in the modulation of MMP activity,**
like MMP-2, pro-MMP9 may similarly require TIMPs for its activation.

As an enzyme that catalyzes the hydrolysis of its substrates, both concentrations of the
product and substrate have to be determined for quantitative imaging of the MMP activity.
Previous activatable MMP probes only measure the signal from the product -- activated
probe.23-25 Since the probe is often not evenly distributed after systematic introduction into
the body, without prior knowledge of the amount of the probe localized at the tumor, it can
result in over- or under-estimating the enzyme activity from only the activated product
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signal. Therefore, a second imaging modality should be introduced to provide an
independent, quantitative measurement of the reporter (both activated and non-activated)
concentration at all the tissues. The signal resulting from activated reporter is normalized
against the total concentration determined from the PET imaging, and the normalized value
thus truly reflects the MMP activity. For example, the MMP activity in the liver appeared as
high as in the tumor before the normalization (Fig. 4a), but after the normalization of the
reporter concentration, the MMP activity in the liver is much lower than that in the tumor
(Fig. 5c¢). This result underscores the important consideration in designing and applying
activatable probes for quantitative imaging enzyme activity in vivo.

In summary, we have imaged the enzymatic activity of gelatinases in the extracellular
microenvironment with immobilized activatable reporters, and demonstrated its general
applicability for in vivo imaging extracellular microenvironment in two disease models.
Reporters for sensing other molecular targets and events of interest may be similarly
immobilized for the microenvironment imaging. The fact that many growth factors are
present at very low concentrations in the microenvironment may also require activatable
reporters with a mechanism of signal amplification for sensitive detection. We anticipate
that the reporter immobilization will be a general strategy for long-term serial real-time
imaging of biological targets in the microenvironment at the molecular level.

Dabcyl NHS ester was from Anaspec (San Jose, CA). Cy5.5 was from GE Healthcare.
Bifunctional linker, succinimidyl-([N-maleimidopropionamido]-4-ethyleneglycol) ester
(SM(PEG),4) was from Pierce. Coelenterazine was from Nanolight (Pinetop, AZ). Rink
amide resins for peptide synthesis were from Novabiochem. Active recombinant MMP-2
was from Calbiochem. Pro-MMP-9 was from Anaspec. Collagen type I antibody from rabbit
was from AbCam. Alexa 488 conjugated anti-rabbit 1gG from goat was from invitrogen.
SB-3CT was from Enzo Life Sciences. Bioluminescence emission spectra were collected on
a FluoroMax-3 (Jobin Yvon Inc.) with the excitation light blocked, and emission spectra
were corrected with a correction file provided by the company. TD-20/20 luminometer
(Turner Biosystems) was also used for characterization of the quenched bioluminescent
reporters.

In vivo MMP activity imaging in the tumor—Tumor xenografts were generated by
injecting 5x10% HT1080 cells subcutaneously in the back flank of athymic nude or SCID
mice (6 weeks old, Charles River). Images were typically collected on IVIS 200 (Xenogen
Inc.) 1-2 weeks after the tumor implantation with mice anesthetized with 2% isofluorane.
CB-gLuc (10-100 pmol) was i.v. injected to the tumor-bearing mice. Luciferase substrate
coelenterazine was i.v. injected at the time of imaging. The concentration of probes in
circulation was monitored by measuring bioluminescence in 5 pl of blood samples
withdrawn periodically. For imaging MMP-2/9 activity right after the tumor cell
implantation, 2x107 HT29 and HT1080 cells were subcutaneously injected. CB-gLuc (10
pmol) was i.v. injected right after the cell implantation. For biodistribution studies of CB-
Luc, organs were harvested after imaging. Tissue lysates at a concentration of 200 mg/ml
were prepared in 2.5% Triton X-100, 25 mM Tris buffer (pH 7.5 and 300 mM NaCl). The
bioluminescence in 200 pl of lysates was measured with an IVIS 200 imager.

In vivo MMP inhibition study in the tumor—The inhibitor SB-3CT (500 pg) in 200 pul

PBS buffer was intraperitoneally injected into the mice with HT1080 tumors. After 2 h, CB-
gLuc (10 pmol) was i.v. injected and imaged 2 h and 24 h later.

ACS Chem Biol. Author manuscript; available in PMC 2012 October 21.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Xiaetal.

Page 9

MicroPET and bioluminescence imaging—MicroPET imaging was performed on a
GE Vista scanner. The anesthetized animals were placed in a imaging chamber, positioned
on the scanner bed, $4Cu labeled CB-qLuc (90 pCi, 1.2 pM in 120 ul PBS buffer) was
injected via tail vein, and a static whole-body PET scan was acquired at 0, 1, 4, and 24 h
after injection. Immediately after the microPET scan, mice were i.v. injected with
coelenterazine, and imaged at the 1\VIS Spectrum (Xenogen Inc.). The reporter concentration
in various tissues was determined by using the AMIDE software.*> The bioluminescence
was analyzed by Living Imaging 3.2 from Caliper. The regions of interest (ROIs) from the
PET imaging were calculated from an ellipsoid ROI drawn over the selected organs and
tissues. The mean values were directly used as the average reporter concentration in the
selected regions. The average radiance (photon/s/cm?/sr) of selected ROIs from
bioluminescence imaging was normalized to the average probe concentration of the same
region from PET.

In vivo MMP activity imaging in the inflammation—To induce inflammation, 10 ug
PMA in 100 pl acetone was topically applied on the mouse skin every two days. Acetone
was applied as control. After one week, 10 pmol CB-gLuc was i.v. injected. For inhibition
study, mice were i.p. injected with 500 pg of SB-3CT 2 h before the CB-gLuc injection.

Histological analysis of collagen binding in tumor tissues—Cy5-labeled CB-Luc
(0.5 nmol) was i.v. injected into the mice with HT1080 tumors. Tumor tissues were
collected after 24 h. The frozen tumor tissue samples were stained with a collagen type |
primary antibody followed by a secondary antibody labeled with Alexa 488 after washing.
Fluorescence images were collected with a Cy5 filter set for the Cy5-labeled CB-Luc and an
FITC filter set for immunostained type | collagen.

Histological analysis of skin tissues—The skin samples were collected after imaging,
inflated with 4% paraformaldehyde, fixed overnight at 4 °C, and embedded in paraffin.
Sections were stained with hemotoxylin and eosin.

Detection of MMP in skin tissuse on Zymography—The skin samples were
homogenized in 1% Triton-X in PBS with protease inhibitor cocktail added. The protein
concentration was measured by BCA assay, and the protein sample (5 pug) was loaded on
Novex zymogram gel from Invitrogen. Active MMP-2, Pro-MMP-9 and aminophenyl
mercuric acetate activated MMP-9 were used as the standards.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.

A reporter immobilization strategy for in vivo imaging. (a) Schematic of reporter
immobilization over the body through binding ubiquitous collagens for imaging the
extracellular microenvironment. (b) In vivo bioluminescence imaging of CB-Luc, a fusion
reporter of Luc8-535 with CNA35 in nude mice with HT1080 tumor xenografts (marked by
a red circle). The reporter protein (10 pmol) was injected via the tail vein (acquisition time,
1's; 10 pg coelenterazine). The liver showed the highest bioluminescence emission, and the
biodistribution of the reporter activity in tissues at 24 h post-injection is shown in
Supplementary Fig. 1. (c) Plot of the bioluminescence emission in the whole body (red dot;
right y-axis) and in blood (black open circle; left y-axis) at various post-injection time
points. (d) Fast clearance of non-immobilized Luc8-535 from the circulation after injection
into nude mice with HT1080 tumor xenografts (red circle).
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Fig. 2.

Histological analysis of binding of CB-Luc to collagens in tumor. The Luc8-535 and
collagen binding protein CNA35 fusion protein CB-Luc was labeled with Cy5 (excitation:
650 nm; emission: 670 nm). The tumor tissues were collected 24 h after i. v. injection of 0.5
nmol of Cy5-labeled CB-Luc. The frozen tissue sections were stained with primary collagen
type | antibody and Alexa 488 conjugated secondary antibody (Alexa 488: excitation: 499
nm; emission 519 nm). The Cy5-labeled CB-Luc (red) co-localizes well with type | collagen
(green), indicating the accumulation of CB-Luc on the type | collagen after 24 h. Scale bar:
50 pm.
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Characterization of bioluminescent activatable reporter CB-qLuc for mapping MMP-2/9
activity in living mice. (a) Design of bioluminescent reporter CB-gLuc for sensing
MMP-2/9 activity. (b) Emission spectrum of CB-Luc, and absorption spectra of dabcyl and
dabcyl-conjugated CB-gLuc. (c) Bioluminescence emission spectrum of CB-Luc (8 uM in
200 pl PBS buffer, pH 7.4) after a stepwise addition of the NHS ester of dabcyl-conjugated
MMP-2/9 substrate in every 15 mins over the course of 1 h. The amount of the quencher in
the solution increases from the top to bottom: 0, 2 equivalent, 4 eq., 6 eq. 8 eq.; typically 4
guenchers are conjugated to CB-Luc at the end of the reaction. (d) Activation kinetics of
quenched CB-gLuc (red) and the scrambled control reporter (black) (1.0 pM; 4 quenchers
per protein on average) by recombinant MMP-2 (160 nM) in 0.05% Tween-20 PBS buffer
(pH 7.4) at 37 °C. (e) Effect of the number of quenchers on the luciferase activity of CB-
gLuc before and after MMP-2 activation for 2 h under the same condition as in (d). (f)
Imaging MMP-2/9 activity in cell culture with 10 pmol of CB-gLuc (right row) or
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scrambled probe (left row) immobilized in 50 pl matrigel at the center of the dishes (marked

by red circles). HT1080 cells (50% confluence) were cultured for 12 h before
bioluminescence imaging and no cells were in the control dishes.
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Fig. 4.

Immobilizing reporters for imaging MMP-2/9 activity and its inhibition in tumor xenografts.
(a&b) Representative bioluminescence images of mice with xenografted HT1080 tumors.
11 pmol of (a) CB-gLuc or (b) a control reporter was i.v. injected into each mouse. At
indicated time points after the reporter injection, 10 pg coelenterazine was i.v. injected for
each image collection (acquisition time: 20 s). Tumors are marked by red circles. The tissue
near the tumor (black dash circle) is selected for comparison. The liver is indicated with a
yellow circle, and one of the joints by a red arrow. (c,d&e) Imaging the inhibition of
MMP-2/9 activity in vivo: (c) Without and (d) with SB-3CT (500 pg, i.p. injected 2 h before
i. v. injection of 10 pmol CB-gLuc); 10 pg coelenterazine was i.v. injected for each image
collection (acquisition time: 10 s). (e) Quantification of the MMP-2 activity from the images
in the inhibition study. The y-axis is the bioluminescence ratio between the tumor and
normal tissue near the tumor. For mice without inhibitor treatment in (c), the ratios are
2.4+0.1 and 7.4+1.5 at 2 h and 24 h, respectively (P<0.02, n=3); for inhibitor-treated mice in
(d), the ratios are 2.3£0.7 (2h) and 1.7+0.5 (24h) (P<0.02, n=3). (f) Imaging MMP-2 activity
in HT1080 and HT29 (control) cells implanted in mice; 2x107 cells were injected
subcutaneously into nude mice. 10 pmol of CB-gLuc was injected through tail vein. The
right image shows bioluminescence 4 days after cell implantation. The HT1080 implantation
site shows 7.6x1.6 (P<0.01, n=2) fold higher bioluminescence intensity than the HT29 site.
Red circles mark the tumors as indicated.
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Immobilization of a dual-modality reporter for quantitative imaging of MMP-2 activity. (a)
PET imaging with 54Cu labeled CB-gLuc reporter (coronal view); 90 pCi of reporters (120
pl, 1.2uM in PBS) were i.v. injected, and static scans were acquired at 0 and 24 h; white
arrows indicate the liver and red arrows mark the tumor location. (b) Bioluminescence
imaging acquired immediately after the PET scans. Note that the imaging position of the
mouse is different from the PET images in (a) for better tumor visualization; tumors are
marked by a red circle. (c) Quantification of the MMP-2 activity in different regions. The
bioluminescence signal before (0 h) and after (24 h) activation of the reporters was
normalized to the reporter concentration (as determined by PET) in the selected regions. The
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normalized bioluminescence was calculated by dividing the average radiance obtained from
bioluminescence imaging by the average probe concentration obtained from PET imaging at
each site. The fold-activation at 24 h is: 5.5+0.2 (n=3, P<0.02) at the tumor site, 2.2+1.1
(n=3, P<0.05) at the liver, 1.0+0.3 (no activation) at the normal tissue near the tumor.
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Imaging the MMP-9 activity in the inflammation site of a living mouse. (a) To induce
inflammation, phorbol 12-myristate 13-acetate (PMA) (10 pg in acetone) was topically
applied on the low left flank of the mice for three times in a week. The same volume acetone
was applied on the shoulder as the control. gCB-Luc (10 pmol) was i.v. injected, and
coelenterazine (10 pg) was i.v. injected before imaging (exposure time: 20s). (b) MMP
activity imaging after an i.p. injection of 500 pg of inhibitor SB-3CT 2 h before the injection
of the MMP reporter. (c) Plot of the ratio of activated bioluminescence at the inflammation
sites over the control sites without (red curve) and with (black curve) the i.p. injection of
SB-3CT. The skin samples were collected for H & E staining after imaging: (d) the cross-
section of the normal skin, and (e) the skin of the inflammation site with extensive
infiltration of neutrophils (indicated by a red arrow) and the destruction of the tissue. (f)
Gelatin zymography analysis of the homogenized skin samples shows elevated MMP-9
activity in the inflamed skin. Lane 1, PMA-treated skin sample; Lane 2, vehicle-treated skin
sample; Lane 3, active MMP-2 standard; Lane 4, pro-MMP-9 standard; Lane 5, activated
MMP-9 by incubation of pro-MMP-9 with 1 mM of 4-aminophenylmercuric acetate at 37°C
for 30 min.
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