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Since membrane type-1 matrix metalloproteinase (MT1-MMP)
plays pivotal roles in tumor progression and metastasis and holds
great promise as an early biomarker for malignant tumors, a
method of evaluating MT1-MMP expression levels would be valu-
able for molecular biological and clinical studies. Although we
have previously developed a **™Tc-labeled anti-MT1-MMP mono-
clonal IgG (®**™Tc-MT1-mAb) as an MT1-MMP imaging probe by
nuclear medical techniques for this purpose, slow pharmacokinet-
ics were a problem due to its large molecular size. Thus, in this
study, our aim was to develop miniaturized antibodies, a single
chain antibody fragment (MT1-scFv) and a dimer of two mole-
cules of scFv (MT1-diabody), as the basic structures of MT1-MMP
imaging probes followed by in vitro and in vivo evaluation with
an ""'In radiolabel. Phage display screening successfully provided
MT1-scFv and MT1-diabody, which had sufficiently high affinity
for MT1-MMP (Kp = 29.8 and 17.1 nM). Both """In labeled minia-
turized antibodies showed higher uptake in MT1-MMP express-
ing HT1080 cells than in non-expressing MCF7 cells. An in vivo
biodistribution study showed rapid pharmacokinetics for both
probes, which exhibited >20-fold higher tumor to blood radioac-
tivity ratios (T/B ratio), an index for in vivo imaging, than %°™Tc-
MT1-mAb 6 h post-administration, and significantly higher tumor
accumulation in HT1080 than MCF7 cells. SPECT images showed
heterogeneous distribution and ex vivo autoradiographic analysis
revealed that the radioactivity distribution profiles in tumors cor-
responded to MT1-MMP-positive areas. These findings suggest
that the newly developed miniaturized antibodies are promising
probes for detection of MT1-MMP in cancer cells. (Cancer Sci
2013; 104: 495-501)

Tumor metastasis is the most frequent cause of death for
cancer patients. In order to metastasize, tumor cells must
acquire the ability to break through the basement membrane
and invade dense networks of interstitial ECM proteins.(l)
Matrix metalloproteinases (MMPs) are a family of enzymes
responsible for degrading the various ECM components. While
most MMPs are secreted as soluble zymogens, members of the
subfamily of membrane-type MMPs (MT-MMPs) anchored to
the cell membrane are suited for pericellular proteolysis.**
MT1-MMP is the major pericellular Protease involved in pro-
cessing triple helical collagen type L) In addition, MT1-MMP
activates MMP zymogens such as proMMP-2 and proMMP-13
that have si%niﬁcant involvement in tumor cell invasion and
metastasis.°® As MTI-MMP has a close relationship with
tumor malignancy and holds great promise as an early biomar-
ker of malignant tumors, "’ in vivo monitoring and/or quanti-
tation of MT1-MMP expression could be valuable tools for
molecular biological and clinical studies.

Recently, in the course of focusing on nuclear medical tech-
niques for noninvasive quantitative evaluation of biological
molecules deep within the body, we developed a *™Tc-labeled

doi: 10.1111/cas.12102
© 2013 Japanese Cancer Association

anti-MT1-MMP monoclonal IgG (**™Tc-MT1-mAb) as a
radiolabeled probe for nuclear medical imaging of MT1-MMP.
Although this probe accumulated in the tumors of rodent mod-
els with a low effective dose,(g) blood clearance was slow and
the tumor to blood (T/B) ratio, an indicator of radiotracer
availability for in vivo imaging, remained low up to 48 h post-
injection due to its high molecular weight (approximately
150 kDa), which led to a high systemic background radioac-
tivity that prevented clear in vivo MTI-MMP imaging.
Improvement of this imaging probe was necessary for further
applications.

Thus, we planned to develop two miniaturized structural
variants (scFv, diabody) of the anti-MT1-MMP antibody to
improve the kinetics for cancer imaging.'” scFv, single-chain
Fv, is a 30 kDa molecule composed of a variable region of the
light chain (V) and a variable region of the heavy chain (Vy)
joined via a peptide spacer sequence. As a monovalent frag-
ment, scFv was expected to show extremely rapid kinetics due
to its small size. On the other hand, the diabody, a dimer of
scFv, was expected to show high sensitivity as an in vivo
imaging agent'" due to its bivalency. Initially, scFv (MT1-
scFv) and diabody (MT1-diabody) with affinity for MT1-MMP
were identified using phage display technology. Next, '''In-
labeled MT1-scEv (‘''In-MT1-scFv) and MT1-diabody (""n-
MT1-diabody) were prepared and evaluated for MT1-MMP
imaging of cancers.

Materials and Methods

Preparation of MT1-scFv and MT1-diabody. We described the
construction of phage display library in Data S1. The resulting
library was subjected to five rounds of panning. After panning,
ELISA assays were performed to select promising phages.
Promising scFv (MT1-scFv) and diabody (MT1-diabody) were
expressed (detail in Data S1) and purified by HisTALON
Gravity Columns (Takara Bio, Tokyo, Japan), and then ana-
lyzed by 5-20% SDS-PAGE. We also prepared anti-polychlo-
robiphenyl scFv (NC-scFv) as a negative control.

Radiolabeling. MT1-scFv, MTI-diabody, and NC-scFv in
50 mM NaHCO; (pH 8.6) were mixed with 20 times equiva-
lents of p-SCN-Bn-DTPA (10 mg/mL; Macrocyclics, Dallas,
TX, USA) for 1 h at room temperature (rt). Unreacted p-SCN-
Bn-DTPA was removed by size exclusion with an Amicon
Ultra-4 Centrifugal Filter Unit (10k) (Millipore, Billerica, MA,
USA) concomitant with solvent exchange in 0.1 M acetate
buffer (pH 6.0). Next, “'InCli, (37 kBq/pg protein) was added
and incubated for 1 h at rt. '"'In-labelled MT1-scFv, MT1-dia-
body, and NC-scFv ('"'In-MT1-scFv, '''In-MT1-diabody and
"N-NC-scFv) were purified into molecular weight (MW)-
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dependent fractions (250 pL x 60 fractions) by size exclusion
chromatography on Superdex 75 10/300 GL (GE Healthcare,
Tokyo, Japan) eluting with PBS(—) followed by radioactivity
counting with a Nal well-type scintillation counter (1470 WIZ-
ARD; PerkinElmer, Yokohama, Japan).

Immunoreactivity analysis. Surface plasmon resonance was
analyzed with the ProteOn XPR36 system (Bio-rad Laborato-
ries, Tokyo, Japan). MT1-MMP protein (ag6062; Proteintech
Group, Chicago, IL, USA) or hinge region peptide conjugated
with BSA (described in detail in Data S1) was coupled onto a
GLM chip. MT1-scFv, MT1-diabody (unconjugated or DTPA-
conjugated) and NC-scFv solutions, prepared as threefold serial
dilutions (0, 7.7-625 nM), were injected onto the chip. The
resulting sensorgrams were fitted by the simplest 1:1 interac-
tion model using ProteOn analysis software to obtain the cor-
responding association and dissociation rate constants. Other
determinations (antigen-immobilized ELISA, cell ELISA, and
indirect competitive ELISA) are described in Data S1.

Cellular uptake study. HT1080 human fibrosarcoma cells and
MCF7 human breast adenocarcinoma cells, supplied by ATCC,
were cultured in DMEM (Nissui Pharmaceutical, Tokyo,
Japan) with 10% FBS at 37°C in a humidified atmosphere
containing 5% CO,. HT1080 or MCF7 (5 x 10° cells) in
FBS-free-DMEM were added to eppendorf tubes and were
incubated with ''"'In-MT1-scFv, 111In—MTl-diabody or ""In-
NC-scFv. After 1 or 3 h, cells were washed with PBS(—),
lysed with 0.2 M NaOH, and then counted for radioactivity.
Protein quantitation was performed by the BCA protein assay
(Thermo Fisher Scientific, Yokohama, Japan).

Preparation of tumor-bearing mice. Female Balb/c nu-nu
mice (5 weeks old; Japan SLC, Hamamatsu, Japan) and female
SCID mice (5 weeks old; CLEA, Tokyo, Japan) were housed
under a 12/12 h light/dark cycle and were given free access
to food and water. Animal experiments were conducted in
accordance with institutional guidelines and were approved by
the Kyoto University Animal Care Committee. HT1080 cells
were suspended in PBS(—) followed by subcutaneous inocula-
tion into the right hind legs of Balb/c and SCID mice
(5 x 10° cells/100 uL) and MCF7 cells (2 x 107 cells/
100 pL) were injected into the left hind legs.

In vivo study. Animals were divided into groups (n = 3-4)
for time points with approximately equal distribution of tumor
sizes on the day before the study. Animals were fasted for 6 h
before administration of the radiopharmaceutical. At time
points 15 min, 1, 3, 6, and 24 h after intravenous administra-
tion of '"'In-MTI-scFv or '''In-MTI-diabody (18.5 kBq
/100 pL saline), mice were killed. The blood, heart, lung,
liver, kidney, stomach, intestine, spleen, pancreas, muscle, and
tumor tissues were excised, weighed, and counted for radioac-
tivity. HT1080 and MCF7 cells co-implantation model SCID
mice were killed at 1 or 24 h for "''In-MTl-scFv and 3 or
24 h for ""'In-MTI-diabody (18.5 kBq/100 pL saline), and
tumor tissues were excised.

Ex vivo autoradiography and immunohistochemistry. Tumor-
bearing mice were killed 3 h after intravenous administration
of ""In-MT1-scFv or '""In-NC-scFv and 24 h of the '''In-
MTI1-diabody (740 kBg/mouse). The tumors were removed
and immediately frozen. After freezing, 10-um thick sections
of the tumor were prepared with a cryomicrotome (CM1900;
Leica Microsystems, Tokyo, Japan) and exposed to imaging
plates (BAS-SR; Fuji Photo Film, Tokyo, Japan) for 10 days.
Autoradiograms of these sections were obtained with a
BASS5000 scanner (Fuji Photo Film). Adjacent sections of the
autoradiographic study were subjected to immunostaining
against MT1-MMP (described in details in Data S1).

SPECT/CT imaging study. "Mn-MT1-scFv and '''In-MT1-dia-
body (13.0 MBq) were injected into HT1080 tumor-bearing
mice. The mice were anesthetized by isoflurane and SPECT
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and CT images were obtained using the U-SPECT-II system
(MILabs, Utrecht, the Netherlands) with 1.0-mm pinhole colli-
mators (SPECT conditions; 30 min x 1 frame, CT conditions;
accurate full angle mode in 65 kV/615 pA) 3 h after injection
of the '"'In-MT1-scFv or '''In-MTI-diabody. SPECT images
were reconstructed by the OSEM method (one subset, 40 itera-
tions) with a 1.6-mm Gaussian filter with "n-MT1-scFv and
a 0.9 mm filter for '''In-MT]1-diabody.

Statistics. Data are presented as means + SD. The Mann—
Whitney U-test was used to evaluate the significance of differ-
ences in the cellular uptake and in vivo studies. Differences at
the 95% confidence level (P < 0.05) were considered signifi-
cant.

Results

In vitro characterization. Sodium dodecyl sulfate-PAGE anal-
ysis showed the MT1-scFv and MT1-diabody as single bands
(Fig. 1a). Enzyme linked immunosorbent assay revealed that
both modified antibodies (MT1-scFv and MT1-diabody) had
affinity and specificity for the antigen (MT1-MMP hinge
region) peptide as well as affinity for MT1-MMP expressing
cancer cells (Table S1). ProteOn revealed Kp dissociation con-
stants for MT1-scFv and MTI1-diabody of 29.8 + 4.1 and
17.1 £ 4.0 nM, respectively, against immobilized MT1-MMP
protein. MT1-scFv and MT1-diabody also showed high affinity for
the hinge region peptide of MT1-MMP (TKMPPQPRTTSRPS
VPDKPKN) (Kp = 51.1 £ 30.3, 0.27 £ 0.21 nM, respectively),
but did not bind to a scrambled peptide (RKPRQPTSPTKPM
VSNPTPDK). After conjugation with the bifunctional chelating
agent (p-SCN-Bn-DTPA), the Kp of MT1-scFv and MT1-diabody
were determined to be 385 + 1.3 and 26.5 £+ 2.9 nM,
respectively. NC-scFv did not show affinity for MT1-MMP.

Radiolabeling. The MT1-scFv, MT1-diabody and NC-scFv
were efficiently labeled with '''In in radiochemical yields and
radiochemical purities evaluated as >95%. From size-exclusion
chromatography analysis using a Superdex 75 10/300 GL,
retention volumes (mL) of the major peaks of '''In-MT1-scFv
and "'In-NC-scFv (11.0 mL) were almost exactly corre-
sponded to 32 kDa myokinase (10.98 mL) (Fig. 1b,c.e). '''In-
MT1-diabody (9.25 mL) almost exactly corresponded to
67 kDa enolase (9.15 mL) (Fig. 1b,d).

Cellular uptake study. MTI-MMP expressing HT1080 and
MT1-MMP non-ex]pressing MCF7 cells were incubated with
"UHp MT1-scFv, ! 1In—MTl—diabody and '""In-NC-scFv fol-
lowed by radioactivity measurement of the cells (Fig. 2). Ra-
dioactivities of HT1080 cells treated with '''In-MT1-scFv and
lllIn-MTl—diabody were significantly higher than those of
MCF7 cells. HT1080 cells treated with '''In-NC-scFv showed
lower radioactivity, not significantly different from MCF7
cells.

In vivo study. Biodistributions of ''"'In-MT1-scFv and '''In-
MT1-diabody in tumor-bearing mice are shown in Tables 1
and 2, respectively. Both probes showed rapid blood clearance
with 0.75 £ 0.14 and 0.10 £ 0.01%ID/g at 1 and 24 h
after injection of "n-MT1-scFv, and 3.26 &+ 0.37 and
0.09 + 0.03%ID/g at 1 and 24 h after injection of '''In-MT1-
diabody. Radioactivities for T/B ratios of '''In-MT1-scFv and
"In-MT1-diabody are shown in Figure 3. The T/B ratio 1 h
post-administration of '''In-MT1-scFv was 2.23 4 0.38, which
was greater than fivefold higher than '''In-MTI-diabody. The
T/B ratio of the '''In-MT1-diabody increased up to 6 h post-
administration before reaching a plateau (6.15 £ 1.92 at 6 h,
5.86 £ 3.88 at 24 h). Tumor accumulation of both probes with
HT1080 and MCF7 tumor cells in co-implantation model
SCID mice are shown in Figure 4. '''In-MT1-scFv gave a sig-
nificantly higher accumulation with HT1080 (2.60 %+ 0.19 at
1 h, 2.78 £ 0.24 at 24 h) than MCF7 cells (2.20 &+ 0.15 at
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Fig. 1. (a) Sodium dodecyl sulfate-polyacrylamide
gel electrophoresis (SDS-PAGE) of MT1-scFv (1) and
MT1-diabody (2). (b) Chromatograms of MW-
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Fig. 2. The radioactivity of HT1080 cells and MCF-7 cells after incuba-

tion for 1 and 3 h with """In-MT1-scFv (scFv), '"'In-MT1-diabody (dia-
body) and "MIn-NC-scFv (NC). Data are expressed as radioactivity per
cell protein (mg) (mean + standard deviation [SD]). Comparison
between HT1080 and MCF-7 cell groups was performed with the
Mann-Whitney U-test (*P < 0.005, **P < 0.0001 versus MCF-7).
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1h, 2.19 & 0.43 at 24 h). The '""In-MTI-diabody had also
significantly higher accumulation with HT1080 (2.25 + 0.39
at 3 h, 2.06 + 0.12 at 24 h) than MCF7 cells (1.80 4 0.12 at
3 h, 1.79 £ 0.15 at 24 h).

SPECT/CT imaging study. SPECT images obtained 3 h after
administration of the ''"'In-MTI-scFv and '''In-MTI-diabody
showed heterogeneous distribution of radioactivity. Transverse,
sagittal and coronal images are shown in Figure 5.

Ex vivo autoradiography and immunohistochemistry. Autora-
diograms showed that the distributions of lllIn-MTl—scFv,
""In-MT1I-diabody and '''In-NC-scFv in tumors were hetero-
geneous (Fig. 6b,d,f). Immunohistochemistry indicated the
presence of MTI1-MMP areas in tumors (Fig. 6a,c,e). The
accumulation profiles of ''"In-MTl-scFv and '''In-MTI-
diabody tended to correspond to MT1-MMP positive areas, but
""n-NC-scFv didn’t.

Discussion

The results of affinity analysis indicated that both probes had
sufficiently high affinity for MT1-MMP imaging and that both

Table 1. Biodistribution of radioactivity after injection of '"'In-MT1-scFv in tumor-bearing micet

Time after injection (h)

0.25 1 3 6 24
Blood 3.36 = 0.53 0.75 = 0.14 0.38 = 0.07 0.26 + 0.03 0.10 £+ 0.01
Heart 0.82 + 0.36 1.33 £ 0.27 0.71 £ 0.19 0.70 + 0.07 0.49 + 0.08
Lung 6.36 = 1.58 1.72 £ 0.32 0.80 + 0.26 0.62 + 0.26 0.41 £ 0.17
Liver 25.87 + 3.03 23.41 + 2.38 21.24 +7.83 23.29 + 0.91 14.80 + 1.38
Kidney 249.93 + 15.08 237.53 + 23.96 220.34 + 48.95 225.90 + 8.71 182.00 £ 8.53
Stomach# 0.34 + 0.07 0.20 + 0.03 0.14 + 0.02 0.19 + 0.00 0.14 + 0.04
Intestine 1.51 £ 0.1 0.85 + 0.26 1.59 + 0.62 1.48 + 0.22 0.73 £ 0.11
Pancreas 1.66 + 0.45 1.19 £ 0.22 0.85 + 0.19 0.90 + 0.03 0.64 + 0.17
Spleen 16.90 + 2.66 7.87 £ 1.71 6.00 + 2.76 6.14 £ 1.16 5.77 + 0.37
Muscle 0.96 + 0.59 0.71 £ 0.04 0.65 + 0.12 0.58 + 0.19 0.45 + 0.08
Tumor 0.71 £ 0.50 1.68 £+ 0.51 1.35 £ 0.20 1.14 £ 0.22 0.64 + 0.17

tTissue radioactivity is expressed as % injected dose per gram. Expressed as % injected dose.
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Table 2. Biodistribution of radioactivity after injection of '"'In-MT1-diabody in tumor bearing micet
Time after injection (h)
0.25 1 3 6 24

Blood 7.30 + 1.18 3.26 + 0.37 1.64 £ 0.12 0.21 + 0.04 0.09 + 0.03
Heart 1.78 + 0.42 1.80 + 0.32 1.34 + 0.15 0.82 + 0.06 0.59 + 0.13
Lung 4.34 + 0.55 2.04 + 0.34 1.51 £0.24 0.40 + 0.2 0.61 + 0.10
Liver 47.00 + 4.61 39.68 + 3.56 40.63 + 3.13 26.75 + 1.64 15.96 + 3.03
Kidney 65.98 + 11.65 108.2 + 15.05 131.98 + 8.44 97.98 + 10.66 241.74 + 28.36
Stomach+ 0.71 £+ 0.06 1.27 £ 0.32 0.98 + 0.33 1.29 + 1.03 0.49 + 0.22
Intestine 0.56 + 0.12 1.14 £ 0.17 2.21 + 0.13 2.14 + 0.91 0.85 + 0.17
Pancreas 0.52 + 0.08 0.47 + 0.07 0.56 + 0.12 0.57 + 0.07 0.83 + 0.06
Spleen 13.03 + 2.43 8.77 + 1.47 8.34 + 0.65 6.31 + 0.36 6.50 + 1.33
Muscle 0.29 + 0.12 0.35 + 0.08 0.29 + 0.09 0.47 + 0.53 0.94 + 0.58
Tumor 1.14 £ 0.18 1.35 +£0.33 1.52 £ 0.13 1.37 £ 0.73 0.47 +£0.24

tTissue radioactivity is expressed as % injected dose per gram. tExpressed as % injected dose.
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""In-MT1-diabody. Comparisons between '''In-MT1-scFv and '"In-
MT1-diabody were performed with the Mann-Whitney U-test
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Fig. 4. Tumor accumulations of ''In-MT1-scFv (1, 24 h) and ""In-
MT1-diabody (3, 24 h) in HT1080 and MCF7 tumors. Comparisons of
accumulations between HT1080 and MCF7 were performed with the
Mann-Whitney U-test (*P < 0.05 versus MCF7).

were successfully radiolabeled with '''In. Biodistribution stud-
ies in tumor-bearing mice demonstrated that "Mn-MT1-scFv
and '"'In-MT1-diabody had rapid blood clearance. The T/B
ratio, an important index for in vivo imaging, of the '''In-
MT1-scFv and '''In-MTI-diabody was about 20-fold higher
than the previously reported whole body antibody probe
(**™Tc-MT1-mAb®) 6 h post-administration, suggesting that
the newly developed '''In labeled miniaturized antibodies have
potential for clinical evaluation. In addition, the rapid pharma-
cokinetics of these agents may allow adoption of *™Tc, the
most useful generator-produced radioisotog)e with a short (6 h)
half-life, as the signal moiety instead of '"'In.

MTI1-MMP comprises several domains that include propep-
tide, catalytic, hinge region, hemopexin, and transmembrane
domains and a cytoplasmic tail."? Recently, several research
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groups have revealed non-proteolytic roles for MT1-MMP in
tumor malignancy."*'* Therefore, in this study, we proposed
to evaluate not proteolytic activity, but the expression level of
MT1-MMP, in which case the extracellular domains of MT1-
MMP could be targeted. However, the propeptide and the cata-
lytic domain are eliminated from the cell membrane by
an autocatalytic processing.'>'® The hemopexin domain is
involved in various interactions.!”'® Therefore, other proteins
may interfere with binding to the hemopexin domain. Thus,
we decided to target the hinge region of MT1-MMP. Promis-
ing clones (including MT1-scFv and MT1-diabody) were first
obtained using phage-display technology. Next, expressed and
purified clones were evaluated for their affinity to immobilized
antigen by ELISA. Enzyme linked immunosorbent assay
revealed the MT1-scFv and MT1-diabody had higher affinity
for MTI-MMP hinge region than other clones. ProteOn
analysis revealed the MTI1-diabody had better affinity than
MT1-scFv, which may result from its bivalency. Furthermore,
ProteOn revealed both probes specifically recognized the hinge
region sequence, which does not share homology with other
MMPs. Thus, MT1-scFv and MT1-diabody are believed to be
free from cross-reactivity with other MMPs. Radiolabeling
with '"'In was successfully performed with high radiochemical
yield and radiochemical purity (>95%), which meant the con-
jugates could be used for in vitro and in vivo experiments
without additional purification. Furthermore, ProteOn revealed
the affinity of both probes for MT1-MMP was not affected by
conjugation with p-SCN-Bn-DTPA.

To evaluate immunoreactivity for MT1-MMP on cancer
cells, a cellular uptake study was performed using HT1080 as
MT1-MMP positive cells and MCF7 cells as MT1-MMP nega-
tive cells in a Western blot analysis."'” We used '''In-MT1-
scFv and mln—MTl—diabody, in addition, Mn-NC-scFv was
used to evaluate nonspecific uptake into tumor cells. Although
""-NC-scFv showed low accumulation in both HT1080 and
MCEF7 cells, the '"'In-MT1-scFv and '"'In-MT]I-diabody showed
significantly high accumulation in HT1080 indicating both had
affinity for MT1-MMP in cells and retained their immunoreactivity
for MT1-MMP after conjugation with p-SCN-Bn-DTPA and
radiolabeling with '''In.

Biodistribution studies of '''In-MT1-scFv and ''"'In-MT1I-
diabody in tumor-bearing mice indicated their rapid blood
clearance, especially in the 1-3 h period after injection, with
faster blood clearance of '''In-MTI-scFv than the '''In-dia-
body because of its smaller size. High radioactivity in the
kidneys indicated renal excretion of the probes. The T/B ratio
1 h after injection of '''In-MTI-scFv was more than 5- and
30-fold hi&her than the '''In-MTI-diabody and our previously
reported * ™Tc-MTI1-mAb, respectively, indicating that the
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Fig. 5. Transverse, sagittal and coronal images of tumor-bearing
mice 3 h after administration with '"'In-MT1-scFv (a—c) and '"'In-MT1-
diabody (d-f). Yellow arrows indicate tumors.

scFv format would be useful for imaging cancers shortly after
being injected. The T/B ratios of ''"In-MT1-scFv and '''In-
MT1-diabody after 6 h were similar; however, tumor accumu-
lation of '''In-MTI-diabody was higher than '''In-MT1-scFv
and had lower accumulation in the kidneys, suggesting '''In-
MTI1-diabody would be more suitable for high sensitivity
cancer imaging and/or a lower injection dose than '''In-MT1-
scFv. Thus, both agents could shorten the time for cancer
imaging compared to the previous mAb imaging agent.

The SPECT/CT imaging study indicated both probes showed
heterogeneous distribution in tumors. We found that the '''In-
MT1-diabody gave clearer tumor imaging than the '''In-MT1-
scFv due to higher accumulation in tumors. In the coronal
image of '""In-MT1-scFv, we found relatively high radioactiv-
ity, which was not derived from tissues around the tumor. We
believe this radioactivity was caused by excreted urine.

Furthermore, we confirmed probe accumulation into HT1080
and MCF7 tumor cells in co-implantation model SCID mice.
Both ""'In-MT1-scFv and '"'In-MT1-diabody showed signifi-
cantly higher accumulation into HT1080 cells. Finally, ex vivo
autoradiography and immunohistochemistry were examined to
confirm the accumulation of '''In-MTI-scFv and '''In-MT1-
diabody in HT1080 tumors according to MT1-MMP expres-
sion. Consequently, these radioactivity distribution profiles
corresponded to MT1-MMP-positive areas. These data indicate
both probes maintained an affinity for MT1-MMP in vivo, and
the accumulation in tumors did reflect MT1-MMP expression.
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(i) b ' - 0

@ »

low high low high
[ | [

ik

Many research groups have been developing in vivo imaging
probes for MT1-MMP. In fact, some fluorogenic probes acti-
vated b?f or binding with MT1-MMP have successfully imaged
tumors.?*2? However, these probes were insufficient for
quantitative analysis of MTI-MMP in vivo. In this regard,
radiolabeled probes were expected to achieve more accurate
quantitation; therefore, several radiolabeled probes for MT1-
MMP have been developed including the **™Tc-MT1-mAb®’
and '*’I-labelled TIMP-2.?® However, ™ Tc-MT1-mAb dis-
played a relatively low T/B ratio because of the large molecu-
lar size of the mAb, and tumor accumulation of ' 3T-labelled
TIMP-2 was inhibited by endogenous TIMP-2. Furthermore,
TIMP-2 also had affinity for MMP-2. This broad-spectrum
among MMPs is problematic in terms of MT1-MMP quantita-
tion. To improve the T/B ratio, we previously reported using a
pre-targeting method.®” While this modification improved the
T/B ratio, the method required multiple administrations, which
would be undesirable for clinical use. In this study, the newly
developed '''In-MT1-scFv and '''In-MTIl-diabody showed
specific affinity for MT1-MMP hinge region and gave high
T/B ratios. The specificity of these agents for MT1-MMP and
their good contrast would improve quantitation of MT1-MMP
expression levels and could contribute to molecular biological
and clinical studies. MT1-MMP is thought to be a promisin§
predictor for recurrence risk in early stage breast cancer.?
Although accumulation of '"In-MTl-scFv and ''In-MT1-
diabody in abdominal tissues like kidney, liver, spleen and
intestine for excretion would hamper imaging tumors, we
expect both probes to be used for breast cancer imaging, which
is less affected by the background radioactivity of surrounding
tissues because breast cancers are typically located from these
other tissues.

For further applications involving imaging of other cancers,
non-specific accumulation in other tissues should be decreased.
For instance, imaging for pancreatic cancers would be ham-
pered by non-specific accumulation in the liver. One of the
possible reasons for non-specific accumulation may be the
cationic character of both probes (pI of MT1-scFv: 9.54, MT1-
diabody: 9.40). Because cationic probes typically have
increased tissue retention, non-specific accumulation may be
reduced by anionization, such as converting positively charged
groups into negatively charged éroups, while maintaining the
immunoreactivity of the probes.”® High accumulation in the
kidneys could be overcome by radiolabeling with a renal
enzyme-cleavable linkage.*”

Increasing the accumulation in tumors is a straightforward
strategy for clearly imaging cancers. To increase the accumula-
tion of the probes in tumors, we believe affinity for MT1-
MMP is an important factor. Since the diabody can bind to

(iii)

low high
LS|

Representative images of MT1-MMP immunostainings and autoradiograms of '"'In-MT1-scFv (a,b), '"'In-MT1-diabody (c,d), and

n-NC-scFv (e,f). Black arrowheads indicate areas of MT1-MMP expression.
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antigen in a bivalent manner, we expected the MT1-diabody to
have a higher affinity for MT1-MMP than MT1-scFv. Conse-
quently, the MT1-diabody showed an extremely high affinity
against the hinge region peptide (Kp = 0.27 nM), but it
showed mediocre affinity for MT1-MMP protein. We postu-
lated that the recognition site of MTI-diabody might be
blocked to some degree by the secondary structure of MT1-
MMP. We believe converting MT1-scFv into the diabody form
by shortening the linker would be an effective alternative
method. The converted MT 1-scFv could acquire higher affinity
through bivalent binding.®® We consider higher specific radio-
activity could also be effective. In this study, we administered
""[n-MT1-scFv and '''In-MT1-diabody (18.5 kBq/0.5 ug pro-
tein) to mice. Although these conditions were similar to previ-
ously reported conditions from other researchers,***® about
1000-fold unlabeled MT1-scFv and MT1-diabody used as pre-
cursors were also administered with '''In-MT1-scFv and '"'In-
MT1-diabody and might block binding sites on MT1-MMP to
some extent. Therefore, decreasing the amount of unlabeled
precursor, which could be achieved by refining the reaction
conditions, may lead to increased specific accumulation in
tumors. These attempts would lead to increased specific accu-
mulation and allow a more precise evaluation of MT1-MMP
expression in tumors.

As this research constitutes a preliminary study of miniatur-
ized antibodies for imaging MT1-MMP, there are a number of
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further modifications that could improve the characteristics of
these imaging agents.

In conclusion, we have developed novel "y Jabeled MT1-
MMP imaging probes based on scFv and diabody (MT1-scFv
and MT1-diabody) for sensitive cancer imaging within a short
time after administration. Compared with the previously devel-
oped whole antibody probe, faster blood clearance and suffi-
ciently higher T/B ratios during the early period after
administration with the new agents were achieved. This study
shows the strategy of using antibody fragments is effective for
improving the kinetics of imaging MT1-MMP in cancer cells,
and both novel probes have the potential for further applica-
tions.
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