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Abstract
Purpose There is a clinical need for agents that target glioma cells for non-invasive and intraoperative imaging to guide
therapeutic intervention and improve the prognosis of glioma. Matrix metalloproteinase (MMP)-14 is overexpressed in glioma
with negligible expression in normal brain, presenting MMP-14 as an attractive biomarker for imaging glioma. In this study, we
designed a peptide probe containing a near-infrared fluorescence (NIRF) dye/quencher pair, a positron emission tomography
(PET) radionuclide, and a moiety with high affinity to MMP-14. This novel substrate-binding peptide allows dual modality
imaging of glioma only after cleavage by MMP-14 to activate the quenched NIRF signal, enhancing probe specificity and
imaging contrast.
Methods MMP-14 expression and activity in human glioma tissues and cells were measured in vitro by immunofluorescence and
gel zymography. Cleavage of the novel substrate and substrate-binding peptides by glioma cells in vitro and glioma xenograft
tumors in vivo was determined by NIRF imaging. Biodistribution of the radiolabeled MMP-14-binding peptide or substrate-
binding peptide was determined in mice bearing orthotopic patient-derived xenograft (PDX) glioma tumors by PET imaging.
Results Glioma cells with MMP-14 activity showed activation and retention of NIRF signal from the cleaved peptides. Resected
mouse brains with PDX glioma tumors showed tumor-to-background NIRF ratios of 7.6–11.1 at 4 h after i.v. injection of the
peptides. PET/CT images showed localization of activity in orthotopic PDX tumors after i.v. injection of 68Ga-binding peptide or
64Cu-substrate-binding peptide; uptake of the radiolabeled peptides in tumors was significantly reduced (p < 0.05) by blocking
with the non-labeled-binding peptide. PET and NIRF signals correlated linearly in the orthotopic PDX tumors.
Immunohistochemistry showed co-localization of MMP-14 expression and NIRF signal in the resected tumors.
Conclusions The novel MMP-14 substrate-binding peptide enabled PET/NIRF imaging of glioma models in mice, warranting
future image-guided resection studies with the probe in preclinical glioma models.
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Introduction

Malignant glioma is the most common and deadly primary
brain malignancy in adults. The current standard of care, com-
prised of maximal safe surgical resection followed by radio-
chemotherapy, is associated with a median survival of less
than 18 months [1]. Clinical trials are testing novel therapeutic
strategies in attempts to improve the current prognosis of pa-
tients with glioma. Studies have shown that the extent of sur-
gical resection correlates with patient outcomes [2, 3].
Unfortunately, malignant tissues are frequently difficult to dif-
ferentiate from normal brain parenchyma, making complete
surgical resection of all glioma while sparing vital healthy
brain a significant clinical challenge. Developing agents that
specifically target aggressive glioma cells for both non-
invasive and intraoperative imaging is an attractive strategy
to guide effective therapeutic intervention. Glioma is known
for its invasive and diffuse growth pattern, which is indicative
of matrix metalloproteinase (MMP) activity [4–7]. Activated
MMP-14, also called MT1-MMP, is overexpressed in glioma
while it is not expressed at significant levels in normal brain
(cerebral) tissue. MMP-14 expression is known to increase
with the grade of glioma and correlates with poor patient out-
come [8–11]. Preclinical studies have demonstrated that
MMP-14 can be exploited as a biomarker for molecular im-
aging of glioma with various non-invasive or intraoperative
reporting modalities [12–14].

Non-invasive imaging of glioma patients through positron
emission tomography (PET) with radiolabeled amino acid an-
alogs has enabled preoperative planning for biopsy or surgery,
mapping for radiotherapy, and assessing therapeutic response
[15–22]. However, clinical PET suffers from low spatial res-
olution (> 3 mm) and does not permit real-time surgical guid-
ance. Problems with brain shift further hamper co-registration
of PET and anatomical images. While clinical PET comple-
ments the information fromMRI [23], these modalities remain
insufficient to guide real-time surgical resection of occult gli-
oma. The US Food and Drug Administration (FDA) recently
approved 5-aminolevulinic acid (5-ALA), which is converted
into the fluorescent metabolite protoporphyrin IX (PpIX) in
rapidly proliferating tumor cells (e.g., glioma), for
fluorescence-guided surgical resection of glioma. Phase III
trials have shown 5-ALA fluorescence-guided resection in
glioma patients was well tolerated and mediated greater rates
of complete resection compared to MRI alone [24, 25].
Nonetheless, the optical properties of PpIX are not ideal for
in vivo imaging. Significant tissue autofluorescence and pho-
ton attenuation at the wavelengths of excitation (~ 405 nm)
and emission (635 nm) reduce spatial resolution and tumor-to-
background ratios (TBRs) associated with 5-ALA imaging of
glioma [26–28]. Molecular imaging strategies that use near-
infrared fluorescence (NIRF) reporters are attractive for
in vivo imaging and fluorescence-guided resection due to

the minimal tissue autofluorescence and significantly less
photon attenuation in the NIR window (700–900 nm)
[29–31]. Several molecular targeted compounds with NIRF
reporters are currently being evaluated for resecting glioma
in preclinical and clinical studies [14, 29, 30, 32–34].

The purpose of the present work was to design a novel,
MMP-14-activatable dual PET/NIRF peptide probe for imag-
ing and guiding resection of glioma (Fig. 1). The peptide probe
combined (1) a NIRF reporter and quencher pair separated by a
peptide sequence (MMP-14 “substrate peptide”) that is cleaved
specifically by activated MMP-14 to release the quencher and
allow visualization of the NIRF dye and (2) a chelate for radio-
nuclides attached to a peptide sequence that binds to MMP-14
(MMP-14 “binding peptide”) and enables PET imaging. The
following in vitro and in vivo studies tested the ability of these
MMP-14-targeted imaging probes to detect preclinical models
of human glioma. Glioma cells in vitro and orthotopic xeno-
graft tumors in mice in vivo cleaved the substrate and the
substrate-binding peptides to activate the NIRF signal of the
initially quenched peptide probes, yielding favorable imaging
contrast in tumors relative to the normal brain. In vivo PET/CT
imaging showed notable activity in orthotopic glioma tumors
relative to normal brain after i.v. injection of the radiolabeled-
binding or substrate-binding peptides. PET and NIRF signals
from the substrate-binding peptide correlated linearly in the
orthotopic PDX tumors and co-localized withMMP-14 expres-
sion in the resected tumors. The results from these initial studies
indicate the success of the proposed dual-modality imaging
strategy to detect MMP-14 in glioma models with the first-
generation substrate-binding peptide probe.

Results

Human glioma tumor tissues and cell lines express
varying levels of MMP-14

Immunofluorescence staining of a human glioma tissue mi-
croarray was performed to determine the relative protein ex-
pression of MMP-14 in glioma and normal brain specimens.
Consistent with previous reports [8–11], the immunofluores-
cence results showed significant overexpression of MMP-14
in all grades of glioma relative to normal cerebral tissue (1.6 ±
0.6, 2.2 ± 0.7, 2.5 ± 0.8, 3.0 ± 1.2 glioma/normal brain ratios
for grade 1, grade 2, grade 3, and grade 4, respectively; p <
0.05), with highest expression in grade 4 glioma (Fig. 2A).
Western blot, immunofluorescence, and gel zymography stud-
ies were then performed to characterize the in vitro expression
and activity of MMP-14 and MMP-2 in immortalized human
glioma cell lines. Absolute expression of MMP-14 does not
necessarily correlate to MMP-14 activity, as the latter is regu-
lated partly through tissue inhibitors of metalloproteinases
(TIMPs). For instance, TIMP-2 binds to the catalytic domain
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of MMP-14, thus blocking enzymatic activity. TIMP-2 is also
required in a ternary complex with MMP-14 and proMMP-2
prior to enzymatic cleavage by a second MMP-14 enzyme to
activate MMP-2 [7]. U251 cells in our studies displayed the
highest expression of MMP-14 by immunofluorescence (Fig.
2B) and Western blot analyses (Fig. S1A,B), while U87 cells
displayed the highest level of MMP-14 activity as indirectly
determined through gel zymography analyses of MMP-2 ac-
tivity (Fig. 2C), which is catalyzed by MMP-14 as described
[5, 35]. U87 cells showed the highest MMP-2 expression by
Western blot (Fig. S1C,D). Although TIMP expression was
not determined in our studies, the zymography assay con-
firmed MMP-14 activity in the glioma cells. These results
indicate the cell lines would be suitable in assays that employ
peptide probes as enzymatic substrates for MMP-14.

Description of the novel MMP-14 activatable peptide
probes

We and others have used an MMP-14 substrate peptide se-
quence (RSCitG-HPhe-YLY) to generate peptide probes for

imaging and therapy studies in human xenograft tumors that
over-express MMP-14 [36–38]. For the present studies, this
sequence was used between the NIRF IRDye800 and quench-
er IR QC-1 pair [39, 40] to generate the MMP-14 activatable
NIRF substrate peptide (Supplementary Fig. S2). This strate-
gy allows the initially quenched signal from IRDye800, which
is suitable for NIRF imaging in vivo, to become activated
upon cleavage of the peptide by MMP-14. For the second
peptide component, an MMP-14-binding peptide sequence
(HWKHLHNTKTFL) was selected that has previously been
described with an apparent kd of 47.4 nM for MMP-14 [41].
This binding peptide sequence has been joined to various
reporting moieties and used in a rat orthotopic glioma model
[12] as well as human xenograft tumors that overexpress
MMP-14 [41–43]. For the present studies, a derivative of the
NOTA (1,4,7-triazacyclononane-1,4,7-triacetic acid) chelate
for coordination with 64Cu(II) or 68Ga(III) was attached to
the peptide sequence to generate theMMP-14-binding peptide
(Supplementary Fig. S3) for in vivo PET imaging of MMP-14
expression. The two peptide precursors were synthesized sep-
arately by standard solid phase synthesis, NHS, and

Fig. 1 Diagram showing general scheme for dual-modality PET/NIRF imaging of glioma (GBM) with an MMP-14 activatable peptide

1414 Eur J Nucl Med Mol Imaging (2020) 47:1412–1426



maleimide coupling reactions and then joined via a cycload-
dition reaction between the azide and alkyne moieties present
on the corresponding precursor peptides to generate the com-
bined MMP-14 substrate-binding peptide (Supplementary
Fig. S4). Mass spectroscopic analyses were consistent with
the anticipated peptide structures (Supplementary Figs. S5,
S6, S7).

MMP-14 and human glioma cells activate the NIRF
signals of the MMP-14 peptide probes in vitro

With the novel MMP-14-targeted peptides in hand, in vitro
NIRF activation studies with the catalytic domain of MMP-14
were performed. Previous studies have shown that appending

fluorescence dyes or other moieties to the N- and C-termini of
the core substrate peptide sequence does not abrogate cleav-
age of the peptide by MMP-14 [37, 44]. However, studies to
date have not determined if incorporation of an MMP-14-
binding ligand into the same scaffold as anMMP-14 substrate
sequence affects cleavage of the substrate peptide by the
enzyme.

As presented in Fig. 3A, both the substrate and the
substrate-binding peptides showed NIRF activation over time
relative to the quenched starting moieties during incubation
with MMP-14. The relative NIRF activation of the substrate
peptide appeared to stabilize within the first 10 min, while
NIRF activation of the substrate-binding peptide continued
to increase beyond 1 h. The fold of increase in the

Fig. 2 Human glioma patient
specimens and cell lines grown
in vitro express different levels of
MMP-14. A MMP-14 immuno-
fluorescence (left) and quantifica-
tion of fluorescence signal (right)
in a human tissue microarray
(mean ± SD, n = 10–24 tissue
sections/group); B MMP-14 im-
munofluorescence of adherent
GBM cells grown in vitro and
quantification of fluorescence
signal (bottom right; mean ± SD,
n = 25–30/group); C MMP-2 gel
zymography (left) and quantifica-
tion of relative active/latent
MMP-2 band intensity (right)
from supernatants of adherent
GBM cells grown in vitro (mean
± SD, n = 3/group); scale bar in B,
20 μm; *p < 0.05; ***p < 0.001
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fluorescence with the substrate-binding peptide was much
higher than that with the substrate peptide. Based on these
initial results, it is possible that the binding sequence may
influence the kinetics of the substrate-binding peptide cleav-
age reaction by MMP-14.

NIRF signal activation of the substrate and substrate-
binding peptides was apparent in supernatant solutions (Fig.
3B) and associated with the cells (Fig. 3C) during in vitro
incubation with the glioma cell lines. Similar increases in

NIRF intensities released into the supernatant were observed
during incubation of the peptides with all three glioma cell
lines (Fig. 3B) regardless of their relative expression of active
MMP-14 (Fig. 2C). NIRF microscopy showed that U87 and
U251 cells had significantly higher cell-associated mean
NIRF signal at both 1 and 4 h after incubation with the
substrate-binding peptide relative to the substrate peptide (p
< 0.001) at the respective time points (Fig. 3D). In D54 cells,
which had lower MMP-14 expression and activity relative to

Fig. 3 Human MMP-14 enzyme
and glioma cells activate the
NIRF signals of the MMP-14
peptides in vitro. A, relative in-
crease in NIRF activation at vari-
ous time points (0–1 h) after in-
cubating the substrate-binding
peptide or the substrate peptide
(0.5 μM) with the recombinant
catalytic domain of MMP-14 at
37 °C. B, relative increase in
NIRF activation released into the
supernatant after incubating the
substrate-binding peptide or the
substrate peptide (0.5 μM) with
human glioma cell lines (D54,
U87, U251) at 37 °C for 2 h
(mean ± SD, n = 2–4/group). C,
NIRF microscopy showing the
cell-associated NIRF signal (red)
in glioma cells (D54, U87, U251)
1 h after incubation with the
substrate-binding peptide (top),
substrate peptide (middle), or
buffer control without peptide
(bottom); cell nuclei were
counter-stained with DAPI (blue);
scale bar: 50 μm. D, quantifica-
tion of cell-associated NIRF sig-
nal at 1 or 4 h after incubating
glioma cells in vitro with the
substrate or substrate-binding
peptide (mean ± SD, n = 30/
group). ***p < 0.001; NS, not
significant
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the other cells (Fig. 2B,C), the cell-associated NIRF signal
was significantly higher for the substrate-binding peptide
compared to the substrate peptide at 4 h (p < 0.001) but not
at 1 h (p > 0.05; Fig. 3D). These results are consistent with the
anticipated mechanism of the substrate-binding peptide,
where theMMP-14 bindingmoietymediates cellular retention
of the residual fluorophore-containing product following
cleavage of the substrate sequence byMMP-14. The observed
NIRF signal associated with cells incubated with the substrate
peptide, which lacks the MMP-14-binding component, likely
indicates nonspecific cell uptake of the substrate peptide or the
fluorophore-containing product following cleavage by MMP-
14. Collectively, these results indicate that glioma cells, in-
cluding those with relatively low MMP-14 activity, are capa-
ble of cleaving the novel peptide substrates in vitro.

NIRF signals of the MMP-14 activatable peptide
probes localize in human glioma xenografts in nude
mice in vivo

Having confirmed that glioma cells activate the NIRF signal
of the peptides in vitro, NIRF imaging studies were performed
to determine if the peptide probes showed uptake in glioma
xenograft tumors in vivo. At 24 h after i.v. injection of the
substrate-binding peptide, in vivo NIRF imaging showed a
low TBR (1.3 ± 0.2 relative to muscle) in subcutaneous

(s.c.) D54 tumors and significantly higher TBR in s.c. U87
tumors (2.2 ± 0.4; p < 0.001) (Fig. 4A, B). Low NIRF signal
was observed in all normal tissues except the kidneys (Fig.
4A), indicating predominantly renal clearance of the peptide.
S.c. U87 tumors from groups of mice injected i.v. with either
the substrate peptide or the substrate-binding peptide showed
no significant difference in TBR ormeanNIRF intensity at the
24 h time point (Supplementary Fig. S8). These initial studies
demonstrated that glioma tumors show uptake of NIRF signal
after administering the quenched peptide substrates. The mod-
erate NIRF TBRs observed for the flank tumors could be due
to endogenous expression ofMMP-14 in the tissues surround-
ing the tumors (e.g., muscle, skin) [45].

NIRF imaging studies with the substrate or substrate-
binding peptides were subsequently performed in mice
bearing orthotopic patient-derived xenograft (PDX) glioma
tumors. Relative to flank xenografts of immortalized cell
lines, these orthotopic PDX tumors more accurately retain
characteristics of clinical glioma [46, 47]. Furthermore,
orthotopic tumors were anticipated to better demonstrate
the signal contrast from the peptide probes in glioma tu-
mors relative to the endogenous surrounding tissue (e.g.,
normal brain). The low expression of MMP-14 in normal
brain was anticipated to result in a low background NIRF
signal, resulting in a higher and more appropriate TBR in
the orthotopic glioma tumor model than was observed in

Fig. 4 NIRF signals from the MMP-14 peptide probes localize in human
glioma xenograft tumors in mice in vivo. A, in vivo NIRF images of live
mice bearing flank D54 or U87 glioma tumors at 24 h after i.v. injection of
the substrate-binding peptide. B, mean in vivo tumor/muscle NIRF ratios
at various time points (0.25–24 h) after injection of the substrate-binding
peptide in mice bearing flank D54 or U87 glioma tumors (mean ± SD, n =
5 mice/group). C,D, mice bearing orthotopic PDX JX12 glioma tumors
were injected i.v. either with the substrate peptide (C) or with the
substrate-binding peptide (D). Mice were euthanized 1 h later, when the

brains were resected, fixed in formalin overnight and serially sectioned (2
mm). Gross tissue NIRF imaging (Pearl system) showed localization of
NIRF signals in the serial tumor-bearing sections (2 mm sections, top
panels), as confirmed by higher resolution NIRF imaging (Odyssey sys-
tem) of 5μm tissue sections andH + E stained 5μm tissue sections. NIRF
microscopy of DAPI-stained tissue sections (5 μm, right panels, 630×
magnification) showedNIRF signal accumulation (yellow channel) in the
leading tumor edge but not adjacent normal brain (blue channel, DAPI).
*p < 0.05
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the flank tumor studies. High contrast of the NIRF signal in
PDX JX12 tumors relative to adjacent normal brain was
apparent in gross slices of resected brains at 1, 4, and 24 h
after i.v. injection of either the substrate peptide (Fig. 4C)
or the substrate-binding peptide (Fig. 4D). NIRF analyses
of gross brain slices from the 4 and 24 h time points
(Table 1) showed significantly higher (p < 0.001) mean
NIRF signal in the tumor relative to adjacent normal brain
from mice given the substrate-binding peptide. This result
is consistent with retention of the cleaved peptide moiety
containing the fluorophore within the tumor and low accu-
mulation of the cleaved peptide in normal brain, which has
negligible expression of MMP-14. The NIRF signal in the
tumor was significantly higher than in normal brain of
mice at 4 h (p < 0.001), but not at 24 h (p = 0.074), after
injection of the substrate peptide. The group of mice ana-
lyzed at 24 h after injecting the substrate peptide had fewer
evaluable tumors compared to the other groups, which
could have impacted the statistical outcome of the NIRF
signal comparison in these mice. While the NIRF mean
tumor signals and TBRs were higher in mice given the
substrate-binding peptide relative to the substrate peptide
(Table 1), the TBRs were not significantly different at the
time points examined (p > 0.05, ANOVA). NIRF micros-
copy showed dispersion of the activated NIRF signal from
the peptides throughout the tumors, including near the
leading edge of tumor progression (Figs. 4C, D). Both
peptides also yielded positive NIRF signals in regions of
diffuse glioma cell growth beyond the bulk tumor (data not
shown). Comparing histological tissue sections with con-
firmed glioma growth by H + E to NIRF signals measured
in tissue sections yielded sensitivities above 83% for the
substrate peptide and above 85% for the substrate-binding
peptide (Supplementary Table S1) at the 4 h and 24 h time
points. These results confirmed that the novel MMP-14
peptides could be used for NIRF imaging of orthotopic
models of human glioma. These findings support future
studies that utilize the peptides for intraoperative resection
of preclinical glioma tumors in vivo.

PET signals of the radiolabeled MMP-14 peptide
probes localize in human glioma orthotopic
xenografts in nude mice in vivo

The second goal of this work was to determine if the peptides
could be used for in vivo PET imaging of orthotopicmodels of
human glioma tumors in mice. A preliminary study was per-
formed using the binding peptide labeled with 68Ga (68Ga-
binding peptide) in mice with orthotopic PDX JX12 tumors.
The radiolabeled peptide was obtained in 87–91% radiochem-
ical conversion after heating with 68Ga at 90 °C for 20 min;
further heating did not improve the yield of the product 68Ga-
binding peptide (Supplementary Fig. S9). Tumor-bearing
mice were dosed i.v. with 0.4–0.8 nmol 68Ga-binding peptide
from the diluted reaction solution (molar activity approxi-
mately 6.1 GBq/μmol at time of dosing). At 2 h after dosing,
the tumors were visible during PET/CT imaging, while nor-
mal brain showed low uptake of activity (Fig. 5A). Ex vivo
biodistribution analyses indicated significantly more uptake of
radioactivity in brains of mice injected with 68Ga-binding pep-
tide (0.16 ± 0.02 %ID/g) compared to brains of mice injected
with 68Ga-binding peptide and 60-fold excess non-labeled-
binding peptide as a blocking agent (0.07 ± 0.02 %ID/g, p <
0.01) (Fig. 5B), thus supporting the specific retention of the
radiolabeled peptide in the PDX tumors. The amount of 68Ga
in resected brains correlated with qualitative tumor burden
determined by H + E tissue analyses (Supplementary Fig.
S10). PET images and ex vivo biodistribution analyses
showed high accumulation of activity in the liver, spleen,
and kidneys (Supplementary Figs. S11, S12), which was like-
ly due to the relative hydrophobicity of the peptide at physio-
logical pH.

A separate cohort of mice bearing orthotopic PDX JX12
tumors were used for PET imaging and biodistribution analy-
ses with 64Cu-labeled substrate-binding peptide (64Cu-sub-
strate-binding peptide). 64Cu (12.7 h half-life) was used as
the radionuclide with the substrate-binding peptide to allow
PET imaging analyses at later time points (e.g., 4 h) that were
used in the NIRF imaging studies. The relatively short half-

Table 1 Ex vivo NIRF signal intensities and TBRs from the substrate peptide or the substrate-binding peptide measured in 2 mm gross brain slices
from mice bearing orthotopic PDX glioma tumors

Mean NIRF signal
in tumor

Mean NIRF signal in
normal brain

p value (tumor vs. normal
brain NIRF signal)

Mean ± SD TBR
(range)

Substrate peptide, 4 h 0.012 ± 0.007 0.002 ± 0.001 < 0.001 7.6 ± 2.9
(2.7–10.9)

Substrate peptide, 24 h 0.011 ± 0.010 0.001 ± 0.00 0.074 8.7 ± 6.3
(2.9–17.1)

Substrate-binding peptide, 4 h 0.024 ± 0.011 0.002 ± 0.001 < 0.001 11.1 ± 4.5
(7.8–18.9)

Substrate-binding peptide, 24 h 0.021 ± 0.010 0.002 ± 0.001 < 0.001 13.3 ± 3.7
(6.0–17.6)
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life of 68Ga (67.7 min) precludes PET imaging analyses be-
yond 3 h. The 64Cu-substrate-binding peptide was generated
quantitatively after labeling with 64Cu at room temperature for
20 min (Supplementary Fig. S13). Tumor-bearing mice were
dosed i.v.with 0.13 nmol 64Cu-substrate-binding peptide from
the diluted reaction solution (molar activity approximately
46.6 GBq/μmol at time of dosing). At 4 h after dosing, PET/
CT imaging showed significant contrast in the tumor relative
to normal brain (Fig. 5C), yielding a standardized uptake val-
ue ratio (SUVR: ratio of tumor SUVmean to normal brain
SUVmean) of 3.9 ± 0.5. The SUVR was lower in a group of
tumor-bearing mice (2.5 ± 1.3) that had been co-injected with
80-fold excess of the non-labeled binding peptide as a
blocking agent, although the difference between the two
groups of mice was not significant (p = 0.056). The activity
present in whole resected brains from mice in the 64Cu-sub-
strate-binding peptide group (0.43 ± 0.13 %ID/g) was signif-
icantly higher than that in the blocked group (0.23 ± 0.07
%ID/g; p < 0.05) (Fig. 5D). This result suggests that the bind-
ing peptide is able to partially block binding of the substrate-
binding pept ide to PDX glioma tumors in vivo.
Biodistribution analyses of resected tissues were consistent

with the PET images, indicating predominantly hepatobiliary
accumulation of activity (Supplementary Figs. S14, S15).

NIRF signals from the 64Cu-substrate-binding peptide
correlate with PET signals and co-localize
with MMP-14 expression in human glioma orthotopic
xenografts

The resected brains from mice injected with the 64Cu-sub-
strate-binding peptide in the above studies were sectioned
and used for NIRF analyses. Gross imaging showed high con-
trast between the NIRF signal in PDX tumor regions com-
pared to contralateral normal brain, yielding a TBR of 7.2 ±
1.3 (p < 0.001). The summed NIRF signal from tumor regions
in these tissue sections correlated linearly (R2 = 0.84, p <
0.0001) with the in vivo PET %ID/cm3 signal present in the
tumor-bearing brain regions (Fig. 6A). Microscopic imaging
of hematoxylin and eosin (H + E) stained tissue sections con-
firmed that the NIRF signal co-localized in the PDX glioma
tumors, which showed high expression ofMMP-14 relative to
normal brain (Fig. 6B-G). These results support the hypothe-
sis that the NIRF signal from the cleavable peptide was

Fig. 5 PET imaging and biodistribution show specific localization of
radiolabeled peptide probes in orthotopic PDX glioma tumors in vivo.
A, representative transverse PET/CT image at 2 h after i.v. injection of
68Ga-binding peptide in athymic nude mice bearing orthotopic PDX
JX12 glioma tumors, showing localization of activity in the tumor. B,
ex vivo biodistribution showing whole-brain activity at 3.5 h after i.v.
injection of 68Ga-binding peptide or of 68Ga-binding peptide + block
(non-labeled-binding peptide) in athymic nude mice bearing orthotopic
PDX JX12 glioma tumors. Full biodistribution analyses are available in
the Supplementary Data. C, representative transverse PET/CT image at

4 h after i.v. injection of 64Cu-substrate-binding peptide in athymic nude
mice bearing orthotopic PDX JX12 glioma tumors, showing localization
of activity in the tumor. Activity in soft tissues of the neck (e.g., blood
vessels, muscle, lymph nodes) was apparent at the scaling intensity
shown in the PET image. D, ex vivo biodistribution showing whole-
brain activity at 5.5 h after i.v. injection of 64Cu-substrate-binding peptide
or 64Cu-substrate-binding peptide + block (non-labeled-binding peptide)
in athymic nude mice bearing orthotopic PDX JX12 glioma tumors. Full
biodistribution analyses are available in the Supplementary Data. *p <
0.05; **p < 0.01; SUV, standardized uptake value

Eur J Nucl Med Mol Imaging (2020) 47:1412–1426 1419



specifically retained in the PDX glioma tumors due to the
expression of MMP-14 in the tumors. The absolute NIRF
signal from brains of mice injected with the 64Cu-substrate-
binding peptide was lower than that from mice in the study
with the non-labeled substrate-binding peptide. This result
was anticipated due to the different mass dose of the peptides
used for the two studies. These studies support the feasibility
of dual-modality PET and NIRF imaging with the
radiolabeled peptide probe in a PDX glioma model. A goal
of future work will be to determine the effect of the labeled
and non-labeled peptide doses on the TBR for the PET and
NIRF signals separately.

Discussion

The membrane-bound collagenase MMP-14 is a key enzyme
in initiating and propagating the invasive phenotype associat-
ed with malignant glioma progression. MMP-14 processes
otherMMPs (e.g., proMMP-2) to their active state and cleaves
adhesion proteins (e.g., CD44, integrins, etc.) in addition to
extracellular collagen [5, 35, 48–50]. MMP-14 is also
expressed on tumor-associated glial cells and macrophages,

which can comprise up to 30% of the tumor bulk and have
been implicated in promoting glioma cell invasion, expansion,
and pathogenesis [51–53]. These combined factors formed the
rationale for exploiting MMP-14 as a biomarker for imaging
glioma. The peptide probes developed here may also be rele-
vant for imaging other malignancies (e.g., breast cancer, mel-
anoma) that overexpress MMP-14 [54–57].

Our imaging approach is unique in that the substrate-
binding peptide probe exploits MMP-14 for both enzymatic
NIRF signal activation and specific localization of the PET
and activated NIRF signals.Most existing PETand activatable
fluorescence dual-imaging probes utilize different molecular
targets for fluorescence signal activation and binding to the
tumor cells. The proposed approach exploits enzymatic am-
plification of the NIRF signal to enable high-contrast intraop-
erative imaging of tumors that express activated MMP-14.
Exploiting a single biological target for both PET and NIRF
reporters can potentially enable straightforward co-
registration of the imaging signals for intraoperative fluores-
cence imaging with high spatial resolution [58–62], which is
otherwise challenging when employing separate probes that
have differing pharmacokinetic and localization patterns [63].
It remains to be determined if the substrate-binding peptide

Fig. 6 NIRF signals from the
radiolabeled substrate-binding
peptide show high concordance
with PET signal, orthotopic PDX
glioma localization, and MMP-14
expression. A, linear correlation
between in vivo PET (%ID/cm3)
and ex vivo NIRF signals from
brains from mice bearing
orthotopic PDX JX12 glioma tu-
mors after i.v. injection of the
64Cu-substrate-binding peptide
(0.13 nmol); dotted lines show the
95% confidence interval of the
correlation. Co-localization of H
+ E stained tumor (B, C),
IRDye800 fluorescence on
Odyssey scanner (E, F), and
MMP-14 expression (D, G) in
brain sections from mice bearing
orthotopic PDX JX12 glioma tu-
mors after i.v. injection of the
64Cu-substrate-binding peptide.
Separate sections were probed
using an anti-MMP-14 antibody
conjugated to either dye Alexa
Fluor 488 for microscopy (D) or
dye Cy5 for Odyssey scanner (G,
21 μm resolution). Microscopic
images (C,D) are 100x. T, tumor;
N, normal brain
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first binds to MMP-14, thus preventing the substrate from
being activated by the same MMP-14. Mechanistic studies
to determine factors affecting peptide cleavage were beyond
the scope of our proof-of-concept experiments discussed
above. Future experiments will more fully characterize pep-
tide cleavage kinetics and potential mechanisms of inhibition
caused by the peptides on MMP-14 enzymatic activity. Since
MMP-14 is located on the cell surface, the kinetics in vivo
may not be the same as that determined in solution. As endog-
enous substrates of MMP-14 are large tertiary protein com-
plexes (e.g., proMMP-2, TIMP-2, MMP-14), it is likely a
second MMP-14 on the cell surface could process the sub-
strate sequence in the peptide-MMP-14 complex to produce
fluorescence activation. Other MMP-14 activatable fluores-
cence imaging probes do not include a targeted binding moi-
ety, resulting in diffusion of the activated probe away from the
target cells [64, 65]. Incorporating the binding peptide into the
substrate-binding probe in our studies was anticipated to cause
specific retention of the PET and activated NIRF signals on
glioma cells, which would enhance signal contrast of the tu-
mor cells relative to adjacent healthy brain. Glioma cell lines
showed up to 2.8-fold higher cell-associated NIRF signal at
4 h after in vitro incubation with the substrate-binding peptide
relative to the substrate peptide (Fig. 3D; p < 0.001), thus
supporting the hypothesis that the binding peptide component
enhances cell retention of the activated NIRF signal. In addi-
tion to ligand-protein interactions that result in signal retention
on target cells, factors such as probe extravasation and clear-
ance from tumors also influence TBRs in vivo. The above
NIRF imaging results of PDX glioma tumors in resected brain
tissues showed comparable TBRs for the substrate-binding
peptide and substrate peptide at 4 and 24 h p.i. (Table 1). At
the 24 h time point, however, the substrate peptide resulted in
the lowest NIRF signal among the groups examined, which is
consistent with lower specific retention of the cleaved sub-
strate peptide due to its lack of a binding component.

The results from this work are in agreement with prior
studies that have targetedMMP-14 as a biomarker for imaging
glioma in preclinical animal models. Favorable PET SUVR
(3.9) and NIRF TBR (13.3) signals from the substrate-binding
peptide probe were observed in the present studies with an
orthotopic PDX glioma model. Previous studies in glioma
models or in humans with glioma have used dual-modality
imaging probes targeted to other proteins that are
overexpressed in glioma relative to normal brain tissue. For
instance, preclinical studies using a dual PET/NIRF peptide
that binds to EphB4 (Cy5.5-TNYL-RAWK-64Cu-DOTA) in
rodents with orthotopic human glioma xenografts indicated
TBRs of 9 for PET imaging and 6–7 for fluorescence imaging
[58]. A clinical trial using a dual PET/NIRF probe that targets
the gastrin releasing peptide receptor (68Ga-BBN-IRDye800)
in glioma patients showed a PET SUVR of 13.4 and a NIRF
TBR of 4.9 [66].

A primary goal of future studies is to assess if the
activatable NIRF probes are suitable for optical-guided resec-
tion of glioma models in vivo. The TBRs and specific local-
ization of the NIRF signals in the resected PDX glioma tumors
from the present studies suggest the probes would be worth-
while candidates for NIRF-guided resection of glioma.
Several preclinical studies in rodents with orthotopic brain
tumors have shown TBRs ranging from 3 to 16 for various
established (e.g., 5-ALA) or experimental fluorescence imag-
ing agents [14, 32, 33, 63, 67]. Clinical therapy trials in pa-
tients with glioma are in progress to evaluate fluorescence-
guided resection using imaging agents that include 5-ALA
(NCT02119338, NCT01502280, NCT02632370,
NCT00752323 , NCT02191488 , NCT01811121 ,
NCT02379572), ABY-029 (NCT02901925), BLZ-100 (re-
cently completed NCT02234297), panitumumab-IRDye800
(NCT03510208), 68Ga-BBN-IRDye800 (NCT03407781),
and fluorescein (NCT03291977, NCT02691923, [68]).
These studies highlight the continued thrust to incorporate
fluorescence-guided resection to improve outcomes for pa-
tients with glioma. Conceptually, it would be ideal to perform
fluorescence-guided resection using an imaging probe with
minimal photon attenuation in human tissue. While the spec-
tral properties of NIRF fluorophores result in less photon at-
tenuation relative to that of fluorescein or 5-ALAwhen imag-
ing in human tissues, safe resection is the most critical factor
during intraoperative brain tumor surgery. Maintaining the
patient’s quality of life governs the extent of surgical resection
in critical brain tissues, even if those regions contain detect-
able tumor infiltration, regardless of the sensitivity or speci-
ficity of the imaging probe employed during fluorescence-
guided resection.

In our pilot studies above, we observed relatively low PET
signal in the orthotopic glioma tumors. This result may be due
to moderate expression of MMP-14 relative to alternative bio-
markers, restricted extravasation of the peptide into tumor pa-
renchyma, moderate molar activity of the radiolabeled probes,
sub-optimal mass doses of the probes, or other pharmacokinet-
ic factors. Many small molecule PET probes show moderate
accumulation and contrast (TBR 2-5 [69–73]) in glioma, partly
due to rapid blood clearance kinetics and short PET radionu-
clide half-life, while macromolecule-based PET probes often
show high accumulation due to significantly longer circulation
times that allow the tracer to access tumors through disrupted
blood-brain barrier (BBB) regions [13, 74]. The results from
the in vivo blocking experiment support the conclusion that the
radiolabeled peptide probes showed specific binding in the
tumor. It was beyond the scope of these proof-of-concept stud-
ies to quantify nonspecific pooling of the probes in glioma
tumors due to a disrupted BBB. In human patients, glioma
often contains significant portions of tumor cell infiltration in
non-contrast-enhancing regions of the brain. Therefore, it
would be worthwhile in future experiments to investigate the
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accumulation of the novel probes in spontaneous glioma
models with tumor invasion in intact BBB regions. The PET
studies presented here did not contain an additional method to
confirm the size or location of the orthotopic PDX glioma
tumors in vivo, although the observed probe uptake in brains
during PET imaging was consistent with the histologically
confirmed tumor regions identified by H + E and MMP-14
staining of resected brain tissue sections. Due to this limita-
tion, it is possible that the tissue regions selected for in vivo
PET measurements could have over- or underestimated the
tumor volume and impacted the corresponding SUV results.
Having an independent modality, such as MRI, to assess the
in vivo tumor volume would increase the rigor of the PET
analyses in the orthotopic xenografts. While MMP-14 is
expressed in systemic tissues, the presence of tissue inhibitor
of MMP-14 (TIMPs) may help minimize its activity in the
circulation. Future studies to determine the specificity of
glioma-mediated NIRF activation would benefit from compar-
ing NIRF imaging with the probes above to control peptides
that either lack the quencher molecule or that have a non-
cleavable sequence separating the dye and quencher pair. It
would also be useful to determine if different tumor infiltrating
cells (e.g., tumor associated glial cells, macrophages) besides
glioma cells contribute to the NIRF signal localization from
the MMP-14 peptides within the tumor microenvironment
[49, 51, 53].

Conclusion

The novel MMP-14 targeted and activatable peptide probes
enabled dual PET and NIRF imaging of glioma in preclinical
studies. HighNIRF signal TBRswere observed in the resected
brain sections of mice bearing PDX glioma tumors.
Correlations between in vivo PET and ex vivo NIRF signals
support the concept for dual-modality imaging of glioma with
a single, MMP-14-targeted probe scaffold. The co-
localization of NIRF signals and MMP-14 expression in the
tumors observed by tissue staining confirmed the specific lo-
calization of the peptide probes. These results support future
preclinical studies designed to test the efficacy of surgical
resection of glioma with the MMP-14-targeted probes.

Materials and methods

General reagents

All general reagents were from commercial suppliers (Thermo
Fisher, Waltham, MA, USA; Sigma, St. Louis, MO, USA)
unless specified otherwise. Primary antibodies for MMP-14
(rabbit anti-MMP-14 monoclonal antibody (mAb), clone
EP1264Y), MMP-2 (rabbit anti-MMP-2 polyclonal,

ab37150), or isotype control (rabbit mAb, clone EPR25A) were
from Abcam (Cambridge, MA). Fluorophore-conjugated goat
anti-rabbit polyclonal secondary antibodies were from
Invitrogen (Thermo Fisher). HRP-conjugated secondary anti-
bodies were from Santa Cruz Biotechnology, Inc. (Dallas, TX).
The recombinant catalytic enzyme domain of MMP-14 was
from Invitrogen. 64Cu was obtained in 0.1 M HCl from the
Mallinckrodt Institute of Radiology PET Nuclear Pharmacy
and Cyclotron Facility of the Washington University Medical
Center or from the University of Alabama at Birmingham
(UAB) Cyclotron Facility. 68Ga, eluted in 0.1 M HCl from a
68Ge/68Ga generator, was obtained from the UAB Cyclotron
Facility.

Gel zymography

Gel zymography was performed as previously described [75].
Briefly, adherent monolayers of glioma cells were rinsed with
PBS and incubated in serum-free medium for 24 h.
Supernatants were collected, analyzed for protein content,
and loaded on zymogram gels (10% gelatin, Novex®
Zymogram Gels, Thermo Fisher) according to the manufac-
turer’s recommendations. Relative band intensities were quan-
tified by ImageJ.

Immunofluorescence

Immunocytochemistry: Glioma cells were seeded at 100,000
cells/well in a 12-well plate and allowed to attach overnight.
Adherent cells were rinsed in PBS, blocked with 1% BSA in
PBS at room temperature for 45 min, incubated with the anti-
MMP-14 mAb (Abcam ab51074) or isotype control mAb
(Abcam ab172730) at 1 μg/mL in 0.1% BSA in PBS at room
temperature for 30 min, rinsed 4 times with 0.1% BSA in
PBS, incubated with Ready Probes Alexa Fluor 488-goat an-
ti-rabbit antibody solution (R37116, Molecular Probes,
Thermo Fisher) at room temperature for 30min, rinsed 3 times
with 0.1% BSA in PBS, and imaged on an inverted fluores-
cence microscope at 200× magnification. Mean fluorescence
intensity per cell was quantified using ImageJ by randomly
selecting 20–25 cells over four fields of view and measuring
the mean fluorescence intensity.

Immunohistochemistry: A slide with a formalin-fixed par-
affin-embedded (FFPE) human glioma tissue microarray
(BS17016b, US Biomax, Inc, Derwood, MD) was
deparaffinized and antigen was retrieved by heating for
10 min at 90 °C in citrate buffer pH 6 with 1 mM EDTA.
Tissues were blocked in 5% BSA/TBST at room temperature,
incubated overnight at 4 °C with anti-MMP-14 mAb at 1 μg/
mL in 5% BSA/TBST, washed in TBST, incubated for 2 h at
room temperature with Cy5-secondary antibody (A10523,
Invitrogen, Thermo Fisher) at 1/1000 dilution in 5% BSA/
TBST, rinsed in TBST, and mounted in DAPI-Fluoromount-
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G (Southern Biotech, Birmingham, AL). Microarray tissues
were imaged on an Odyssey scanner (LI-COR Biosciences,
Lincoln, NE) using the 700 nm channel. Integrated instrument
software (Image Studio, LI-COR) was used to determine
mean fluorescence intensity as total counts/region of interest
(ROI) pixel area. 5–6 μm FFPE sections from resected brains
of mice bearing orthotopic PDX JX12 glioma tumors were
processed using the same protocol, except Alexa Fluor 488-
conjugated secondary antibody (A11008, Invitrogen, Thermo
Fisher) was used (1/2000 dilution).

Production of peptide probes

The MMP-14 binding, substrate, and substrate-binding pep-
tide probes were synthesized by solid phase techniques using
protected amino acids and commercially available
IRDye800CW-maleimide and quencher QC-1-NHS ester
(LI-COR). The synthesized peptides were purified by semi-
preparative reverse-phase high-performance liquid chroma-
tography (RP-HPLC) and characterized by mass spectrome-
try. Additional details are provided in the Supplementary
Materials.

In vitro NIRF activation and NIRF microscopy studies

The catalytic enzyme domain of MMP-14 (5 nM, 5 ng/well)
or adherent glioma cells in 96-well plates (Corning Costar,
Corning, NY) were incubated with 0.5 μM solutions of the
substrate or substrate-binding peptide in 50 μL MMP-14 as-
say buffer (PBS with 1 mM CaCl2, 0.5 mM MgCl2, 10 μM
ZnCl2) at 37 °C, 5% CO2 for 0–24 h. At designated time
points, aliquots (1.5 μL) were removed and spotted on
Whatman 1 chromatography paper. After drying at room tem-
perature, NIRF signal of the blots was quantified by the Pearl
imaging system (LI-COR). Alternatively, for quantification of
the NIRF signal from the substrate peptide, the NIRF signal in
the 96-well plates containing glioma cells was directly imaged
on the Pearl system. As controls to determine relative fluores-
cence signal activation at each time point, solutions were used
that contained the respective peptide solution without MMP-
14 or glioma cells. Cell studies were performed in duplicate
wells. For NIRF microscopy studies, glioma cell lines were
seeded in 8-chamber slides (104 cells/chamber) 2 days before
the experiment. On the day of the experiment, cells were
rinsed with PBS and incubated at 37 °C, 5% CO2 with the
substrate or substrate-binding peptides (1 μM) in cell medium
containing 1% FBS. Chambers were placed on ice at desig-
nated time points and medium was aspirated; chambers on ice
were washed with ice-cold buffer (PBS, 1% BSA), fixed in
formaldehyde at room temperature for 15 min, washed to
remove formaldehyde, and mounted in Fluoromount-G prior
to NIRF microscopy imaging at 100× magnification. Mean
fluorescence intensity per cell was quantified using ImageJ

by randomly selecting 30 cells over three fields of view and
measuring the mean fluorescence intensity.

In vivo NIRF imaging studies

Mice bearing flank D54 or U87 xenografts (n = 5/group) were
injected i.v. with 10 nmol substrate peptide or substrate-
binding peptide (0.2 mL in PBS). Live, anesthetized mice
were imaged on the Pearl system (LI-COR) from 0–24 h p.i.
Mice bearing orthotopic PDX JX12 xenografts were injected
i.v. with 0.8–0.9 nmol substrate peptide or substrate-binding
peptide (0.2 mL in PBS) and euthanized at 1 h (n = 1 mouse/
group), 4 h (n = 4–6 mice/group), or 24 h (n = 3–5
mice/group) p.i. Immediately after euthanizing anesthetized
mice by cervical dislocation, the skin over the skull was re-
moved, and NIRF signal was determined by the Pearl system.
The whole brains were resected, fixed in 10% formalin over-
night, and imaged by the Pearl system. Brains were then seri-
ally sectioned (1 or 2 mm coronal slices), and all slices were
imaged by the Pearl system. Three or four slices containing
tumor and adjacent normal brain without tumor were then
dehydrated in 70% EtOH and processed for embedding in
paraffin and further sectioning (5–6 μm). Unstained sections
were imaged on anOdyssey system (LI-COR) or stained for H
+ E or immunofluorescence (anti-MMP-14 mAb or isotype
control) as described above. NIRF signals from the Odyssey
scans were defined as positive if they were above the follow-
ing threshold: three-times the standard deviation above the
pooled mean NIRF signal in negative regions (no tumor cells
present by H + E histology). Odyssey images and H + E
images at the same resolution were compared by ImageJ to
define true positive, true negative, false positive, or false neg-
ative NIRF signal regions.

In vivo PET/CT imaging studies and biodistribution
studies.

Mice bearing orthotopic PDX JX12 xenografts were used for
PET/CT imaging and subsequent biodistribution studies with
the radiolabeled peptide probes. Mice injected i.v. with 68Ga-
binding peptide (0.7–1.0 nmol, 2.2–4.5 MBq) with or without
unlabeled binding peptide (50 nmol) (n = 3–4 mice/group)
were imaged at 1 and 2 h time points p.i. Mice injected i.v.
with 64Cu-substrate-binding peptide (0.3 nmol, 6.3–6.5 MBq)
with or without unlabeled binding peptide (22 nmol) (n = 5–6
mice/group) were imaged at 1 and 4 h time points p.i. PET
(energy window 350–650 KeV; 15 min acquisition for 64Cu
studies, 20 min acquisition for 68Ga studies) and CT (voltage
80 kVp, current 150 μA, 720 projections) images were ac-
quired on a GNEXT PET/CT small animal scanner (Sofie
Biosciences, Culver City, CA). The PET images were recon-
structed using a 3D ordered-subset expectation maximization
algorithm (24 subsets and 3 iterations), with random,
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attenuation, and decay correction. The CT images were recon-
structed using a modified Feldkamp algorithm. Reconstructed
images were analyzed using VivoQuant software (version
3.5patch 2, Invicro, LLC, Boston, MA). Following the last
imaging time point, anesthetized mice were euthanized by
cervical dislocation. Whole brains and other selected tissues
were resected, weighed, and counted on a gamma counter
(1480 Wizard2, Perkin Elmer, Shelton, CT). Percent uptake
of the injected dose per gram (% ID/g) was calculated by
comparing the tissue activity to solutions with known activity
of the radionuclide of interest. Resected brains were then fixed
in 10% formalin overnight, serially sectioned (1 or 2 mm cor-
onal slices), and processed for further NIRF imaging, paraffin
embedding, and tissue sectioning for H + E or immunofluo-
rescence analyses as described above.

Statistical analyses

Data were analyzed usingMicrosoft Excel or GraphPad Prism
(Version 6.1, GraphPad Software, La Jolla, CA, USA).
Student’s t-test was used when comparing two groups.
When comparing multiple groups, one-way ANOVA tests,
followed by Bonferroni corrections for multiple comparisons,
were performed. All p-values correspond to two-tailed tests;
significance was considered to be at p < 0.05.
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