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C ontrolled delivery of compounds to
particular cell types is a key process
for both precise diagnostic imaging

and risk-free therapies of diseases (1–3). This
process is known as cell targeting. Most of ex-
isting techniques for the cell targeting are
based on the development of molecules, as
represented by antibodies (4) or peptide li-
gands (5, 6), which bind to characteristic sur-
face markers of disease cells, such as recep-
tor proteins and glycoproteins. However, this
approach does not always give satisfactory
results because the characteristic surface
markers, which are expressed in disease
cells but not in healthy cells, are not always
available. In many cases, no significant differ-
ences in the expression of surface proteins
are found between disease cells and healthy
cells. Therefore, the existing methods based
on only the recognition of the surface markers
have limitations in specific targeting of dis-
ease cells.

Macrophage is an immune cell that plays
a key role in all the phases of atherosclerosis
from its initiation to progression (7). In ath-
erosclerotic lesions, aberrant accumulation
of macrophages, which are differentiated
from circulating blood monocytes, is ob-
served. The macrophages in atherosclerotic
lesions, known as activated macrophages,
express scavenger receptors (SR) responsible
for the clearance of pathogenic lipoproteins,

such as oxidized low-density lipoprotein
(oxLDL), in atherosclerotic lesions (8). How-
ever, macrophages in normal tissues,
namely, resting macrophages, also express
SR (8, 9). There is mounting evidence that, in
addition to the increased expression of cell
surface markers, secretion of proteases is of-
ten promoted when healthy cells become dis-
ease cells, like tumor cells and activated
macrophages (10, 11). In the case of acti-
vated macrophages, the expression and se-
cretion of an activated form of collagen-
degrading enzyme, matrix metallo-
proteinase-9 (MMP-9) (10, 12), is remark-
ably promoted, in addition to the expression
of SR. Activated MMP-9 degrades extracellu-
lar matrix and weakens physical strength of
atherosclerotic lesions (13). The resulting
rupture of atherosclerotic lesions causes the
acute onset of cardiac and brain infarction.
On the other hand, resting macrophages in
normal tissues do not express the activated
form of MMP-9 to a significant extent. In the
present study, we develop a molecular probe
that binds to SR of macrophages only when
the probe is cleaved by MMP-9 secreted from
macrophages. This synergistic activation by
SR and MMP-9 of the uptake of the probe into
cells allowed accurate targeting of activated
macrophages expressing both SR and
MMP-9, without misincorporation into rest-
ing macrophages having only SR.
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ABSTRACT Specific targeting of disease cells
has the potential of far-reaching applications,
such as diagnostic imaging and therapies of dis-
eases. Here we describe a novel method for se-
lective targeting of a type of cells among various
cell types. Activated macrophages are disease
cells related to initiation and progression of ath-
erosclerosis. We developed a molecular probe
of which uptake into cells is synergistically acti-
vated by scavenger receptor class A type I (SR-
AI) and matrix metalloproteinase-9 (MMP-9),
which are the marker receptor and the marker
protease of atherosclerosis, respectively. We
demonstrated that the present targeting probe
is selectively incorporated into activated mac-
rophages expressing both SR-AI and the acti-
vated form of MMP-9 but not into resting mac-
rophages having only SR-AI. The present
approach may provide a powerful tool for cell-
specific imaging and therapies.
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RESULTS
The present probe is a fusion protein con-
sisting of four domains (Figure 1, panel a),
that is, a N-terminal inhibitory domain, fol-
lowed by a cleavable linker for MMP-9, a
receptor-binding domain, and a reporter do-

main in this order. The receptor-binding do-
main is derived from a peptide segment of
apolipoprotein B (ApoB547�735) that binds
to SR. We used a chaperon protein of Es-
cherichia coli for the inhibitory domain that
prevents the interaction between SR and the

receptor-binding domain be-
cause of its steric hindrance. This
inhibitory domain of the present
probe is connected with the
receptor-binding domain through
the cleavable linker peptide that
is effectively digested by MMP-9.
When the linker is cleaved by
MMP-9, the inhibitory domain is
dissociated from the probe. The
receptor-binding domain of the
cleaved probe then binds to SR.
Therefore, only the cells express-
ing both SR and the activated
form of MMP-9, like activated
macrophages, incorporate the
cleaved probe through a SR-
mediated endocytosis. In con-
trast, cells that promote the ex-
pression of either SR or MMP-9 do
not incorporate this probe
(Figure 1, panel b). The reporter
domain of the present probe,
such as green fluorescent protein
and luciferase, allows us to detect
the incorporation of this probe
into the cells with optical readout.

We first describe the peptide
sequence that specifically binds
to SR expressed in activated mac-
rophages. The oxLDL, which binds
to SR, contains apolipoprotein B
(ApoB) and lipids, including fatty
acid, cholesterol, and triglyceride
(14). When they bind to oxLDL,
the SR recognizes both ApoB and
lipid parts of the oxLDL (15, 16).
We used a core-binding domain
of ApoB to SR (17) for the recep-
tor binding domain of the present
probe. We coupled the core-
binding domain of ApoB

(ApoB547�735) and GFP through a flexible
linker, and named the resulting construct
ApoB-GFP. We constructed a cDNA encod-
ing ApoB-GFP (Figure 1, panel c). ApoB-GFP
was generated in bacteria and purified by af-
finity chromatography. Purified ApoB-GFP
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Figure 1. The present probes for accurate targeting of activated macrophages. a) The principle of the
present targeting probe, which consists of an inhibitory domain (magenta), a cleavable linker for MMP-9
(light blue), a receptor binding domain (ApoB547�735) (yellow), and a reporter domain (green). Once the
present targeting probe encounters activated macrophages that express both SR and MMP-9, the inhibi-
tory domain of the probe is dissociated upon cleavage by MMP-9 and then the ApoB547�735 domain is ex-
posed to bind to SR. After binding to the receptors, the probe is incorporated into the cells expressing both
SR and MMP-9. b) The present targeting probe is incorporated into activated macrophages that express
both SR and MMP-9 (i). Cells expressing either SR (ii) or MMP-9 (iii) and cells expressing neither SR nor
MMP-9 (iv) do not incorporate the present targeting probe. c) Schematic representations of domain struc-
tures of the present probes. Flexible linker sequence, GGSGG.
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was incubated for 3 h with CHO-K1 cells
separately expressing three types of typical
SR, scavenger receptor class A type I (SR-AI),
scavenger receptor class B type I (SR-BI),
and CD36. Green fluorescence was ob-
served within cells expressing SR-AI
(Figure 2, panels a and b). On the other
hand, there was no detectable green fluo-
rescence within cells expressing SR-BI,
CD36, or control vector. The result shows
that ApoB-GFP is specifically recognized by
SR-AI and incorporated into the cells. In con-
trast, DiI-labeled acetylated low-density li-
poprotein (DiI-acLDL), which mimics oxLDL,
was incorporated into both cells expressing
SR-AI or SR-BI as reported (18) (Figure 2,
panels a and c). The expression of CD36 re-
sulted in the incorporation of DiI-acLDL in
the cell to a small but significant extent as
reported (18). Taken together, the core-
binding domain of ApoB (ApoB547�735) is
superior to that of oxLDL or acLDL, having
the full-length of ApoB, in terms of selectiv-
ity to SR-AI.

We examined whether ApoB-GFP is incor-
porated into macrophages, which endoge-
nously express SR, such as SR-AI. We used
RAW cells derived from mouse macro-
phages. When we added ApoB-GFP to
macrophage-like RAW cells, an increase in
the green fluorescence was observed within
the cells in a dose-dependent fashion
(Figure 3, panels a and b). The increase in
the green fluorescence was completely in-
hibited by pretreating the RAW cells with
polyinosinic acid that specifically binds with
SR-AI. The result confirms that ApoB-GFP is
incorporated into macrophages upon bind-
ing with SR-AI.

We show the subcellular distribution of
ApoB-GFP incorporated into RAW cells. We
incubated RAW cells with both ApoB-GFP
and FM 4-64, which stains endosomal mem-
branes. Fluorescence images were acquired
by confocal microscopy (Figure 3, panel c).
The green fluorescence of ApoB-GFP in the
RAW cells colocalized to intracellular endo-
cytotic vesicles stained with FM 4-64. This
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Figure 2. SR-AI-dependent incorporation of ApoB-GFP into cells.
CHO-K1 cells were transfected with SR-AI, SR-BI, CD36, or control vec-
tor and incubated with 900 nM ApoB-GFP and 10 �g mL�1 DiI-acLDL
for 3 h. Fluorescence images of cells were acquired by confocal micros-
copy with a 40� objective (Plan-Neofluar 40�, Carl Zeiss). a) Typical
experiments from three independent measurements. Scale bar repre-
sents 20 �m. Results shown in panels b and c show fluorescence in-
tensities of b) ApoB-GFP or c) DiI-acLDL inside the cells in panel a. Er-
ror bars represent the standard deviation of three independent
experiments.
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result indicates that ApoB-GFP is in fact in-
corporated into RAW cells through an endo-
cytotic pathway after binding with SR-AI.

We next describe the inhibitory domain
of the present probe. Trigger factor (TF) is a
chaperon protein (19) derived from Esch-
erichia coli with a molecular weight 2-fold
larger than that of ApoB547�735 (TF, 48 kDa;
ApoB547�735, 21 kDa). We expected that TF
would block the interaction be-tween
ApoB547�735 and SR-AI by steric hindrance
when ApoB547�735 is fused with TF. The fu-
sion of TF with the N-terminus of the
ApoB547�735 domain (termed TF-ApoB-GFP,
Figure 1, panel c) resulted in a complete loss
of the green fluorescence within RAW cells,
as expected (Figure 4, panels a and b). This
result indicates that the TF domain of TF-
ApoB-GFP inhibits the interaction between
the ApoB547�735 domain and SR-AI. We
thus constructed the present targeting-
probe, TF-M-ApoB-GFP, using TF and

ApoB547�735. We inserted the MMP-9 cleav-
able linker sequence, Val-Pro-Leu-Ser-Leu-
Tyr-Ser-Gly (20), between the TF domain and
the ApoB547�735 domain so that the
ApoB547�735 domain is exposed when the
cleavable linker is digested by MMP-9.

We examined whether MMP-9 digests
the cleavable linker inserted between the
TF domain and the ApoB547�735 domain.
We mixed TF-M-ApoB-GFP with various con-
centrations of the activated form of MMP-9
in a cell-free system, and allowed the mix-
ture to incubate for 2 h at 37 °C. The
samples were examined by immunoblot
analysis with anti-GFP antibody (Figure 4,
panel c). Upon treatment of TF-M-ApoB-GFP
with the activated form of MMP-9, two
bands appeared corresponding to intact TF-
M-ApoB-GFP and a cleaved product of TF-M-
ApoB-GFP. TF-M-ApoB-GFP was cleaved in
an MMP-9-dependent fashion (Figure 4,
panel d). The result shows that the TF do-

main of TF-M-ApoB-GFP is actually remov-
able upon its cleavage by the activated form
of MMP-9.

We added TF-M-ApoB-GFP treated or un-
treated with the activated form of MMP-9 to
RAW cells (Figure 4, panels e and f). TF-M-
ApoB-GFP precleaved with MMP-9 was in-
corporated into RAW cells, whereas un-
cleaved TF-M-ApoB-GFP was not
incorporated into RAW cells. This shows
that the present fluorescent targeting probe,
TF-M-ApoB-GFP, is incorporated into mac-
rophages only when the TF domain is
cleaved by MMP-9.

We next examined whether TF-M-ApoB-
GFP targets macrophages expressing both
SR-AI and the activated form of MMP-9. We
expressed an autoactivating form of MMP-9
(MMP-9-G100L) in RAW cells. This is be-
cause RAW cells express SR-AI but do not
express the activated form of MMP-9 to a
large extent. When we added TF-M-ApoB-
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Figure 3. Macrophages incorporate ApoB-GFP. a, b) RAW cells incubated with indicated concentrations of ApoB-GFP for 3 h in the
presence or absence of 1 mg mL–1 of polyinosinic acid. Fluorescence images of cells were acquired by confocal microscopy with
a 40� objective. Panel a represents typical experiments from three independent measurements. Scale bar represents 20 �m.
Panel b shows green fluorescence intensities inside the cells in panel a. Error bars represent standard deviation (n � 3). c) Sub-
cellular distribution of ApoB-GFP in a RAW cell. RAW cells were incubated with both 5 �M ApoB-GFP and 5 �g mL–1 FM 4-64 for
3 h. Fluorescence images of cells were acquired by confocal microscopy with a 100� oil immersion objective (Plan-Neofluar
100�, Carl Zeiss). The fluorescence images shows colocalization of ApoB-GFP and endosomal vesicles stained with FM 4-64.
Scale bar represents 10 �m.
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GFP to the cells, an apparent increase in
the green fluorescence was observed within
the cells (Figure 5, panels a and b). While
we added TF-M-ApoB-GFP to RAW cells ex-
pressing control vector, no significant green
fluorescence was detected within the cells.
The result demonstrates that the incorpora-
tion of the probe into macrophage-like RAW
cells is synergistically activated by SR-AI and
MMP-9.

To show selective targeting of activated
macrophages by TF-M-ApoB-GFP, we cocul-
tured the RAW cells expressing MMP-9-

G100L with vascular endothelial cells. Prior
to the coculture, we stained the vascular en-
dothelial cells with PKH26, a cell mem-
brane labeling agent, to distinguish the
RAW cells from the endothelial cells. We
then added TF-M-ApoB-GFP to the cocul-
tured RAW cells expressing MMP-9-G100L
and the endothelial cells. The green fluores-
cence of the present targeting probe was ob-
served only in the RAW cells but not in the
endothelial cells that express neither SR-AI
nor MMP-9 (Figure 5, panel c). This result
shows that TF-M-ApoB-GFP allows selective

targeting of macrophage-like RAW cells hav-
ing both SR-AI and MMP-9, without its wrong
incorporation into neighboring cells ex-
pressing neither SR-AI nor MMP-9, such as
vascular endothelial cells.

We further examined the uptake of the
present probe by authentic human cells,
such as monocytes, resting macrophages,
and activated macrophages (Figure 6). Hu-
man peripheral blood monocytes, which do
not express both SR-AI and MMP-9, exhib-
ited no detectable incorporation of the
present fluorescent targeting probe. Also,
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Figure 4. The present fluorescent targeting probe is incorporated into macrophages upon cleavage by MMP-9. a, b) RAW cells incubated with 1 �M
ApoB-GFP or with 1 �M TF-ApoB-GFP for 3 h and then observed by confocal microscopy with a 40� objective. a) Typical experiments from three
independent measurements. Scale bar represents 20 �m. b) Green fluorescence intensities inside the cells in panel a. Error bars represent stan-
dard deviation (n � 3). c, d) MMP-9-dependent cleavage of the present targeting probe. TF-M-ApoB-GFP (1 �M) was incubated with various concen-
trations of the activated form of MMP-9 for 2 h at 37 °C and subjected to imunnoblotting analysis with anti-GFP antibody (panel c). ApoB-GFP was
also subjected to imunnoblotting analysis as a control (panel c). The blot shown in panel c is representative of three separate experiments. Per-
centage cleavage was calculated from two band densities in panel c, that is, the upper band (97 kDa) corresponding to intact TF-M-ApoB-GFP and
the lower band (49 kDa) corresponding to a cleaved product of TF-M-ApoB-GFP. Panel d shows the average of three independent trials. Error bars
indicate standard deviation. e, f) TF-M-ApoB-GFP (1 �M) incubated with 10 �g mL�1 MMP-9 for 2 h at 37 °C and then added to RAW cells. After a
3 h incubation, fluorescence images were acquired by confocal microscopy with a 40� objective. e) Typical experiments from three independent
measurements. Scale bar represents 20 �m. f) Green fluorescence intensities inside the cells in panel e. Error bars represent standard deviation of
three independent experiments.
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human resting macrophages, which ex-
press only SR-AI but not the activated form
of MMP-9, did not incorporate the probe. To
obtain activated macrophages, we stimu-
lated resting macrophages with lipopolysac-
charide (LPS) for 24 h. When we added TF-
M-ApoB-GFP to the activated macrophages,
the significant increase in the green fluores-
cence was observed within the cells. The re-

sult shows that TF-M-ApoB-GFP provides a
powerful tool for selective targeting of hu-
man activated macrophages.

TF-M-ApoB-GFP having GFP for the re-
porter domain allowed the detection of single
macrophages with fluorescence readout as
shown above. We next show that the reporter
domain of the present probe can be custom-
ized. Bioluminescent proteins, luciferases, al-

low autofluorescence-free and highly sensi-
tive bioanalysis (21, 22). We replaced the GFP
domain of ApoB-GFP with luciferase derived
from Renilla reniformis (rLuc), and named the
resulting construct ApoB-rLuc (Figure 1,
panel c). We incubated ApoB-rLuc with
RAW cells in the absence or presence of
polyinosinic acid that inhibits the SR-AI-
mediated endocytotic pathway. We found
that the bioluminescence intensity of ApoB-
rLuc from the cells increases in a dose-
dependent fashion in the absence of poly-
inosinic acid but not in the presence of
polyinosinic acid (Figure 7, panel a). The
net bioluminescence of ApoB-rLuc incorpo-
rated into the RAW cells exhibited a propor-
tional increase to the concentration of ApoB-
rLuc (Figure 7, panel b). The result shows
that ApoB-rLuc is incorporated into mac-
rophages through the SR-AI-mediated endo-
cytotic pathway, as well as ApoB-GFP.

We next generated TF-M-ApoB-rLuc by re-
placing the GFP domain of TF-M-ApoB-GFP
with rLuc (Figure 1, panel c). We examined
whether TF-M-ApoB-rLuc targets macro-
phages expressing both SR-AI and the acti-
vated form of MMP-9. When we added TF-M-
ApoB-rLuc to RAW cells expressing MMP-9-
G100L, bioluminescence signals were
observed from the cells in a dose-

dependent fashion
(Figure 7, panel c). On
the other hand, RAW
cells expressing control
vectors exhibited no
significant biolumines-
cence signals. The re-
sult demonstrates that,
in addition to TF-M-
ApoB-GFP, TF-M-ApoB-
rLuc targets the cells
having SR-AI and the
activated form of
MMP-9. This shows
that the reporter do-
main of the present
probe is in fact flexibly
customizable.
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Finally, we examined whether the present
targeting probes, including TF-M-ApoB-GFP
and TF-M-ApoB-rLuc, exerts toxic effects on

macrophages. As shown
in Figure 8, the present
targeting probes do not
affect the viability of
macrophages, regard-
less whether or not the
expression of the acti-
vated form of MMP-9 is
enhanced. This shows
that the incorporation of
the present probes has
no toxic effects on
macrophages.

DISCUSSION
In the present study, we
have developed a
method for the selective
targeting of activated
macrophages. We have
shown that the core-
binding domain of ApoB
(ApoB547�735) binds to
SR-AI but not to other SR
isoforms, SR-BI and
CD36, whereas oxLDL
that contains the full
length of ApoB binds to
SR-AI, SR-BI, and CD36.
We used the SR-AI-
selective ApoB547�735,
but not the full-length of
ApoB, for the receptor-
binding domain of the
present targeting
probes. This is advanta-
geous for targeting mac-
rophages because SR-AI
is predominantly ex-
pressed in macro-
phages (18). In contrast,
SR-BI is highly expressed
in the liver, as well as
steroidogenic tissues
such as the adrenal

glands, ovaries, and testes (8). Also, CD36
has a wide tissue distribution, including
monocytes, adipocytes, microvascular en-

dothelium, platelets, and erythroid precur-
sors (8). However, the SR-AI-selective bind-
ing of ApoB547�735 is still not sufficient to
selectively target activated macrophages
because SR-AI is expressed not only in acti-
vated macrophages but also in resting mac-
rophages in normal tissues, such as liver,
kidney, and lung (8, 9). We then took no-
tice of the fact that activated macrophages
coexpress SR-AI and the activated form of
MMP-9 (10, 12, 13), different from resting
macrophages in normal tissues. We have
thus designed the present targeting probes,
TF-M-ApoB-GFP and TF-M-ApoB-rLuc, to be
uncaged by MMP-9 and then to bind to
SR-AI. We demonstrated that the present
targeting probes are incorporated into macro-
phages having SR-AI and the activated form
of MMP-9, which are the marker receptor
and protease of atherosclerotic lesions,
respectively.

We further demonstrated that the present
targeting probes are exclusively incorpo-
rated into macrophages having both SR-AI
and the activated form of MMP-9, without
wrong incorporation into neighboring endo-
thelial cells that do not have SR-AI. Tsien’s
group previously developed polyarginine-
based imaging probes, which are incorpo-
rated into cells after their cleavage by MMPs
(23). However, once the polyarginine-based
imaging probes are cleaved by MMPs, the
cleaved probes are nonspecifically incorpo-
rated into any cell types, including disease
cells and healthy cells (24). Our results
show that the present probe, of which up-
take is synergistically activated by the
marker receptor SR-AI and the marker pro-
tease MMP-9, is superior to the previous
MMP-cleavable probes in terms of the selec-
tivity to particular cell types, including acti-
vated macrophages.

We also demonstrated that the reporter
domain of the present probe can be custom-
ized. Red fluorescent proteins (25) have re-
cently been developed and used for in vivo
imaging because their near-infrared fluores-
cence is highly tissue-transparent. The red
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customized. a) RAW cells were incubated with indicated concen-
trations of ApoB-rLuc in the presence or absence of 1 mg mL�1 of
polyinosinic acid. The bioluminescence intensities were normalized
by protein concentrations of each well (mean � standard error of
the mean, n > 3). b) Net bioluminescence from ApoB-rLuc incorpo-
rated into RAW cells. c) TF-M-ApoB-rLuc selectively targets macro-
phages that express the activated form of MMP-9, MMP-9-G100L.
RAW cells were transfected with MMP-9-G100L or control vector for
24 h and incubated with indicated concentrations of TF-M-ApoB-
rLuc for 3 h. Net bioluminescence intensities were shown
(mean � standard error of the mean, n > 3).
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fluorescent proteins may be ideal for the re-
porter domain of the present probe for imag-
ing of disease cells in deep tissues in living
animals. Luciferases, such as rLuc and red-
shifted rLuc variants (26), may also be use-
ful reporters to detect disease cells in living
animals because these reporters allow
autofluorescence-free and highly sensitive
imaging in vivo. In addition to imaging of
disease cells, therapeutic applications may
be possible by replacing the reporter do-
main of the present probe with biologically
active proteins, which suppress aberrant
cellular signaling of disease cells (27) or in-
duce cell death (28).

METHODS
Materials. Polyinosinic acid, LPS, and PKH26

were purchased from Sigma Chemical Co. (St.
Louis, MO). DiI-acLDL and CTB-Alexa 647 were ob-
tained from Molecular Probes Inc. (Eugene, OR).
Human recombinant active MMP-9 was purchased
from Novagen (Madison, WI). Other chemicals
were purchased from Wako Pure Chemical Indus-
tries (Osaka, Japan). Human peripheral blood
CD14� monocytes were obtained from Lonza
Group Ltd. (Basel, Switzerland). Expression vec-
tors encoding SR-AI, SR-BI, and CD36 were kindly
gifted by Dr. Hiroyuki Arai (the University of Tokyo).
A cDNA encoding MMP-9 was kindly gifted by Dr.
Hiroshi Sato (Kanazawa University).

Plasmid Construction. To construct expression
plasmids encoding the present probes, fragment
cDNAs encoding a peptide segment of apolipopro-
tein B (ApoB547�735), ApoB547�735 with MMP-9
cleavable linker, green fluorescent protein (GFP)

with a flexible linker, and Renilla reniformis lucif-
erase (rLuc) with the flexible linker were generated
by PCR. The cDNA encoding ApoB-GFP, ApoB-rLuc,
TF-M-ApoB-GFP, and TF-M-ApoB-rLuc were gener-
ated by fusing the fragment cDNA of ApoB547�735

or ApoB547�735 with MMP-9 cleavable linker to the
fragment cDNA of GFP or rLuc in pCold TF DNA vec-
tor (Takara Bio Inc., Shiga, Japan). All cloning en-
zymes were from Takara Bio Inc. (Shiga, Japan) and
were used according to the manufacturer’s instruc-
tions. All PCR fragments were sequenced with an
ABI310 genetic analyzer.

Protein Expression and Purification. Expression
plasmids encoding ApoB-GFP, ApoB-rLuc, TF-M-
ApoB-GFP, and TF-M-ApoB-rLuc were transformed
into BL21 (DE3) pLysS (Novagen, Madison, WI)
competent cells. Expression of the probes was
induced with 0.5 mM of isopropyl �-D-1-
thiogalactopyranoside for 20 h at 15 °C. Each
probe having a His-tag was purified with a TALON
CellThru resin (Clontech, Mountain View, CA). The
purified probes were dialyzed against a buffer con-
taining 25 mM of HEPES (pH 7.5) overnight at
4 °C. ApoB-GFP and ApoB-rLuc were further treated
with HRV 3C protease (Novagen, Madison, WI)
and again purified with the TALON CellThru resin.
Protein concentration was determined using a Bio-
Rad Protein Assay (Bio-Rad Laboratories, Her-
cules, CA) based on the method of Bradford. We
kept all of the purified proteins at �80 °C until
use.

Cell Culture. Chinese hamster ovary (CHO-K1)
cells were cultured in Ham’s F-12 medium supple-
mented with 10% fetal calf serum (FCS) at 37 °C
in 5% CO2. RAW 264.7 mouse macrophages were
cultured in Dulbecco’s modified Eagle’s medium
(Gibco, Grand Island, NY) supplemented with 10%
FCS and 4 mM L-glutamine at 37 °C in 5% CO2.
Vascular endothelial cells derived from bovine pul-
monary artery (CPAE cells) were cultured in Ea-
gle’s minimum essential medium supplemented
with 20% FCS, 1% penicillin/streptomycin, 1 mM
sodium pyruvate, and 0.1 mM nonessential amino

acids at 37 °C in
5% CO2. Human
peripheral blood
CD14� mono-
cytes were cul-
tured in hemato-
poietic progenitor
growth medium
(HPGM, Lonza
Group Ltd.)
supplemented
with 10% FCS. To
differentiate to
macrophages,
the monocytes
were cultured in
HPGM in the ab-
sence of FCS for
7 days.

Microscopy.
CHO-K1 cells or
RAW cells were
incubated with
ApoB-GFP for 3 h

at 37 °C in 5% CO2. The present probes were pre-
pared with phenol red-free DMEM (Gibco, Grand Is-
land, NY) containing 10% FCS to avoid the autoflu-
orescence from phenol red in our experimental
tests. The cells were washed and immersed in
Hanks’ balanced salt solution. Fluorescence im-
ages were acquired using a confocal laser scan-
ning microscope (LSM 510, Carl Zeiss) at RT.

Immunoblotting Analysis. The sample was sepa-
rated by SDS-PAGE and electrophoretically trans-
ferred onto a nitrocellulose membrane. The mem-
brane was detected with anti-GFP antibody (Living
Colors A.v. Peptide Antibody, Clontech, Mountain
View, CA) and then with peroxidase-labeled ECL
antirabbit IgG antibody (Amersham Biosciences,
Piscataway, NJ). The secondary antibody was visu-
alized with ECL Western Blotting Detection Re-
agents (Amersham Biosciences, Piscataway, NJ)
by using a LAS-1000 plus image analyzer (Fuji Film
Co., Tokyo, Japan). Band densities were mea-
sured by using an image analysis software Multi
Gauge Ver.3.X (Fuji Film Co.). The percentage of
MMP-9-dependent cleavage of the present target-
ing probe was calculated as the following formula;
cleavage (%) � 49 kDa band density/(97 kDa
band density � 49 kDa band density) � 100.

Bioluminescence Assay. RAW cells were plated
onto 24-well microplates and incubated with vari-
ous concentrations of ApoB-rLuc or TF-M-ApoB-
rLuc for 3 h at 37 °C in 5% CO2. To remove nonspe-
cific binding of the present probes to cell surface
and microplate, we trypsinized the RAW cells and
collected the cells by centrifugation at 1800g for 3
min. Cell pellet was resuspended with 20 �L of
PBS. We then added 80 �L of cell lysis buffer to
the sample. The mixture was incubated for 15 min
at RT, and 20 �L of the mixture was assayed with
100 �L of Renilla Luciferase Assay Reagent (Pro-
mega Co., Madison, WI) containing coelenterazine
(Promega Co.) as a substrate. The biolumines-
cence of the incorporated probes was measured
for first 10 s with a Minilumat LB9506 luminome-
ter (Berthold GmbH & Co. KG, Wildbad, Germany).
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Figure 8. Cell viability. a, b) RAW cells transfected with MMP-9-G100L or control vectors were incubated with indicated concen-
trations of TF-M-ApoB-GFP (panel a) or TF-M-ApoB-rLuc (panel b) for 3 h and then measured the cell viability by tripan blue
exclusion assay. Error bars represent standard deviation (n � 3).
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The bioluminescence intensity was normalized
against the protein concentration of each well.

Cell Viability. Cells were collected by trypsiniza-
tion and resuspended in 90 �L of PBS. Ten micro-
liters of 0.4% trypan blue solution was then added
to the resuspended cells. The numbers of live
cells that were not stained with trypan blue were
counted in a hemocytometer.
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