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In vivo optical imaging of MMP2 
immuno protein antibody: tumor 
uptake is associated with MMP2 
activity
Kranthi Marella Panth1, Twan van den Beucken1,2, Rianne Biemans1, Natasja G. Lieuwes1, 
Marcel Weber3, Mario Losen4, Ala Yaromina1, Ludwig J. Dubois1,* & Philippe Lambin1,*

Matrix metalloproteinase-2 (MMP2) is important in tumorigenesis, angiogenesis and tumor invasion. 
In this study, we investigated if the Cy5-tagged small immuno protein targeting the catalytic domain 
of human MMP2 (aMMP2-SIP) detects MMP2 in tumors non-invasively. For this purpose, we generated 
MMP2 expressing (empty vector EV) and knock-down (KD) HT1080, U373 and U87 cells, which were 
injected subcutaneously in the lateral flank of NMRI-nu mice. Optical imaging (Optix MX2) performed 
at 0.5, 2, 4, 8, 24 and 48 hour post injection (h.p.i.) of Cy5 tagged aMMP2-SIP, indicated significantly 
lower tumor to background ratios at both 24 (P = 0.0090) and 48 h.p.i. (P < 0.0001) for the U87 
MMP2-KD compared to control tumors. No differences were found for HT1080 and U373 models. U87 
MMP2-KD tumors had significantly lower MMP2 activity (P < 0.0001) than EV tumors as determined 
by gelatin zymography in tumor sections and lysates, while no differences were observed between EV 
and MMP2-KD in HT1080 and U373. In line with these data, only U87 MMP2-KD tumors had a reduced 
tumor growth compared to control tumors (P = 0.0053). aMMP2-SIP uptake correlates with MMP2 
activity and might therefore be a potential non-invasive imaging biomarker for the evaluation of MMP2 
activity in tumors.

The number of reports on the role of matrix metalloproteinases (MMPs) in cancer progression has tremendously 
increased over the past years. MMPs play a prominent role in cancer invasion and metastasis to a large degree by 
disrupting and remodeling of the extracellular matrix (ECM). However, MMPs are also involved in many other 
important processes during tumorigenesis like proliferation, angiogenesis, apoptosis and migration1–3. This raised 
interest in developing broad-spectrum MMP inhibitors which however failed in subsequent clinical trials because 
of unspecific targeting related to the extended structure homology of MMPs4. Another possible explanation for 
the failure of the broad-spectrum MMP inhibitors could be that MMPs are thought to be more important in early 
tumor development, while patients with early stage cancer were not included in these trials4. Furthermore, MMPs 
are tightly regulated at transcriptional level and can have a protective role in tumorigenesis4,5. Therefore, research 
efforts are directed towards gaining improved insights on the essential MMPs in tumor progression and to target 
individual MMPs.

MMP2 (gelatinase A) breaks down type IV collagen, gelatin, elastin, proteoglycans and other collagenous 
compounds of the ECM6. It is upregulated in many cancers7 like glioblastomas8, melanomas9,10, breast cancer11 
and colon cancer12. MMP2 plays a vital role in angiogenesis13,14 and is overexpressed under hypoxic conditions15. 
MMP2 expression in tumors is known to promote invasion and metastasis16,17 which correlates with the worse 
prognosis and aggressive behavior associated with these tumors. Moreover, MMP2 inhibition has been shown to 
cause radiosensitization18,19, a decrease in tumor growth and invasiveness13,20,21. Altogether this evidence iden-
tifies MMP2 as an interesting target for the development of both diagnostic and therapeutic approaches. MMP2 
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imaging can aid in detecting aggressive tumors, might serve as a surrogate marker of invasion or as biomarker for 
patient selection in MMP inhibitors trials.

Advances in antibody-based imaging have enabled major progress in detecting and treating cancers22,23. 
Antibody-based imaging is sensitive and aids in diagnosis, drug selection, drug development and monitoring 
treatment efficacy. Imaging strategies using whole IgG antibodies however are limited due to slow antibody 
clearance from blood24,25. To circumvent this disadvantage small antibody fragments (minibodies) have been 
generated by antibody engineering techniques to have superior clearing rates without losing binding characteris-
tics24–26. Small chain variable fragments (ScFV) consist of a heavy and a light chain of the variable domains linked 
by a peptide. ScFv fragments have very fast clearance rates from blood due to small size which is desirable for 
imaging, but on the other hand, only a small amount of the antibody reaches the tumor27. Small immuno protein 
(SIP) format antibodies have an ScFv fragment linked with the constant domain (ε S2CH4) of the human IgE 
secretory isoform28 making them more stable than ScFv fragments. Furthermore, the affinity of SIP is equivalent 
to full length antibody28. Recently an antibody selectively targeting catalytic domain of human MMP2 in small 
immuno protein (aMMP2-SIP) format has been specifically developed for imaging purposes29,30.

In this study, we investigated the potential of aMMP2-SIP to detect MMP2 expression in tumors in a 
non-invasive way. For this, we performed near infrared fluorescence Imaging (NIRF) using Cy5 labeled 
aMMP2-SIP in mice bearing genetically engineered xenograft tumors. We have evaluated aMMP2-SIP uptake 
using MMP2 knock-down models, as negative control in different tumor types with varying MMP2 expression 
and activity.

Results
aMMP2-SIP uptake does not solely dependent on MMP2 expression.  To select an appropriate 
model a cell lines panel was first screened for MMP2 mRNA expression by using qPCR (Fig. 1a). Cell lines with 
high MMP2 expression were further confirmed for MMP2 activity by zymography (Fig. 1b). U87 had the highest 
MMP2 activity, followed by U20S, HT1080, U373 and Hela. Invasive cell lines HT1080 and U373 with interme-
diate MMP2 expression and non-invasive U87 with highest MMP2 expression were selected for generation of 
MMP2-knock-down (KD) models. We silenced MMP2 in HT1080, U373 and in U87 by RNA interference to 
exclude variation in MMP2 uptake between cell lines that is not attributed to MMP2 expression. The knock-
down efficacy was determined at both mRNA and protein levels by using qPCR and western blotting respectively. 
MMP2 mRNA (Fig. 1c), protein expression (Fig. 1d,e) and activity (Fig. 1f,g) was significantly reduced in all 
knock-down cell lines compared to empty vector (EV) bearing controls. Both HT1080 and U373 cell lines had 
a reduced invasion upon silencing MMP2 (Fig. 1h). Altogether this validates the knock-down models in vitro.

To determine the potential use of aMMP2-SIP as an imaging tracer, control (EV) and MMP2-KD cells of 
HT1080, U373 and U87 were grown as xenograft tumors in mice. As an additional negative control, HCT116 
cells having the lowest MMP2 mRNA expression were grown as xenograft tumors. At an average tumor volume 
of 294 ±  187 mm3, NIRF imaging was performed at several time points after injection of 75 μg of aMMP2-SIP. 
The optimal time point of imaging was determined by analyzing images acquired at time points from 0.5 to 
48 hours post injection (Fig. 2a). Tumor and background fluorescent intensities were high at the early time 
points. However, the background signal cleared fast while specific signal was retained in the tumors. Tumor to 
background signal ratio (TBR) started to increase 24 h post injection for most of the tumor models. At 48 h.p.i. 
the background signal was negligible therefore no further improvement in TBR was expected at later time 
points. As hypothesized, HCT116 with the lowest MMP2 expression had a low antibody uptake (2.79 ±  1.33). 
HT1080 with intermediate MMP2 expression had an intermediate uptake but with a large variation within the 
group (5.69 ±  5.04).Surprisingly, for U373 with intermediate MMP2 expression, TBR was found to be very low 
(1.86 ±  0.81). U87 with highest MMP2 expression had the highest uptake of all (4.42 ±  1.99) (Fig. 2b).

Next, we assessed aMMP2-SIP uptake in the MMP2-KD models. Surprisingly, antibody uptake was not 
changed in the HT1080 and U373 MMP2-KD tumors (Fig. 3a,b) compared to control. TBR for the U373 
models was low (1.86 ±  0.81 for EV and 1.42 ±  0.77 for MMP2-KD) and did not increase with time. Although 
TBR gradually increased over time in the HT1080 models, no significant (P =  0.49) differences were observed 
between MMP2-KD (6.76 ±  3.13) and control (5.69 ±  5.04) tumors. On the other hand, the U87 MMP2-KD 
tumors (1.60 ±  0.70) had a significantly lower aMMP2-SIP uptake (P <  0.0001) compared to the control tumors 
(4.42 ±  1.99) at optimal time point i.e, 48 h.p.i. (Fig. 3c). Altogether the aMMP2-SIP uptake patterns did not cor-
relate with MMP2 mRNA and protein expression in the xenograft tumors (Supplementary Fig. 1)

aMMP2-SIP uptake correlates with MMP2 activity and αvβ3 expression.  Since aMMP2-SIP did 
not correlate with MMP2 expression levels, we investigated if aMMP2-SIP uptake could be affected by tumor 
microenvironmental factors like hypoxia, vasculature or perfused vessels (Supplementary Fig. 2 and supple-
mentary Fig. 3a). Percentage of hypoxic fraction determined by quantification of pimonidazole positive areas 
in the tumors showed no differences between the control and knockdown tumors in all three tumor models 
(HT1080 P =  0.9504, U373 P =  0.5366 and U87 P =  0.1577). Percentage of relative vascular area evaluated by 
CD31 staining also did not significantly differ between the control and knockdown tumors (HT1080 P =  0.2009, 
U373 P =  0.1069, and U87 P =  0.2927). Next, percentage of perfused fraction in the tumors also did not vary 
between the control and knockdown tumors (HT1080 P =  0.0554, U373 P =  0.8173 and U87 P =  0.2663). 
Therefore, hypoxia, vascularization and perfusion did not influence aMMP2-SIP uptake in our models since 
there were no differences observed between control and MMP2-KD tumors in all three investigated tumor 
models (Supplementary Fig. 3a). Next we evaluated if difference in MMP2 activity could explain discrepan-
cies in aMMP2-SIP uptake. U87 MMP2-KD xenografts had significantly reduced MMP2 activity compared to 
controls (P <  0.0001), while no differences were observed in HT1080 and U373 tumors compared to control 
tumors (Fig. 4a), despite significantly reduced MMP2 levels (Supplementary Fig. 1). In line with the activity 
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data, only MMP2-KD tumors of U87 had a significantly reduced tumor growth rate compared to control tumors 
(P =  0.0053) (Fig. 5).

Next, we assessed if upstream MMP14 and α vβ 3 expression, previously implicated in MMP2 activity reg-
ulation31,32,33,34, were affected upon silencing MMP2 expression. As expected, no differences were observed 
between control and MMP2-KD tumors for MMP14 expression (Supplementary Fig. 3b,c). Interestingly, 
expression of α vβ 3 was significantly reduced in MMP2-KD tumors compared to control only in U87 tumors 

Figure 1.  Validation of MMP2-KD models in vitro. (a) Relative MMP2 mRNA expression and (b) MMP2 
gelatinase activity in selected cell lines. Recombinant human MMP2 (rhMMP2 66kDa) is taken as positive 
control and serum free medium as negative control (c) Relative MMP2 mRNA expression, (d) protein 
expression and (e) active MMP2 protein quantification (f) MMP2 gelatinase activity and (g) quantification of 
MMP2 gelatinase activity of empty vector control (EV) and MMP2 knock-down (KD) cells of HT1080, U373 
and U87 MMP2-KD compared to control cells. (h) Percentage of invading cells in invasive cell lines HT1080 
and U373. Data represents the mean + /−  SD of at least 3 independent experiments. (***P <  0.0001, **P <  0.01, 
*P <  0.05).
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(P =  0.0123) in line with MMP2 activity (Fig. 4b). To find further evidence for this association, we assessed the 
distribution of active MMP2 and α vβ 3 on microregional level in U87 tumor cross sections. Regions of high 
MMP2 activity were observed in areas with overlapping α vβ 3 and MMP2 expression (Fig. 4c). Altogether, 
the data supports that aMMP2-SIP uptake depends on MMP2 activity which was validated in U87 tumors. 
In line with this finding, neither MMP2 activity nor aMMP2-SIP uptake was different between EV and KD in 
the other two tumor models. Data are made publicly available on cancerdata.org (http://dx.doi.org/10.17195/
candat.2015.10.6).

Figure 2.  aMMP2-SIP uptake over time in selected models. (a) Representative blank (pre-injection) 
corrected images of HCT116 (n =  5), HT1080 (n =  13), U373 (n =  6) and U87 (n =  8) tumor-bearing mice 
at 0.5, 2, 4, 8, 24 and 48 hours post injection of tracer. Black arrow indicates tumor, red arrow indicates 
background. (b) Tumor to background ratio quantification over time in different models. (*P <  0.05).

http://dx.doi.org/10.17195/candat.2015.10.6
http://dx.doi.org/10.17195/candat.2015.10.6
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Discussion
MMP2 is considered as a promising druggable target for therapy due to its important role in various processes 
of tumor progression like angiogenesis, invasion and metastasis. Therefore, imaging active MMP2 can serve as a 
surrogate marker for aggressive phenotypes. Imaging MMP2 activity has been previously reported35,36. However, 
the majority of the studies with activatable probes are difficult to translate into the clinic37. Antibody-based imag-
ing has the advantage of selective binding; nonetheless clearance from the blood is slower. In this study we have 
used an antibody fragment, small immuno protein (SIP) for detecting MMP2 with a faster blood clearance, which 
thus results in higher TBR. aMMP2-SIP imaging was performed in multiple tumor models with varying MMP2 
expression and activity. NIRF imaging of aMMP2-SIP showed that 48 h.p.i. was optimal for imaging with a strong 
specific signal in the tumor and negligible background. Surprisingly we found that aMMP2-SIP uptake did not 
exclusively depend on MMP2 expression in our models. Despite of clearly low levels of MMP2 expression in the 
knock-down models of HT1080 and U373 compared to control, the difference with aMMP2-SIP uptake was not 
evident; supporting the idea that aMMP2-SIP uptake might not be only due to MMP2 expression. In order to 
explain the discrepancy in aMMP2-SIP uptake we evaluated tumor microenvironmental parameters such as vas-
culature, perfusion and hypoxia. However, no major differences were observed that could explain the differences 
in uptake.

The uptake of the antibody was associated with MMP2 activity in the tumors, suggesting specificity of the anti-
body towards active MMP2. MMP2 activity in U87 MMP2-KD tumors was significantly lower than the control 

Figure 3.  aMMP2-SIP uptake in MMP2 knock-down models compared to control. Representative images at 
optimal time point 48h.p.i. (Black arrow indicates tumor, red arrow indicates background) and TBR at various 
time points for (a) HT1080 (control n =  13, MMP2-KD n =  16), (b) U373 (control n =  6, MMP2-KD n =  6)  
and (c) U87 (control n =  8, MMP2-KD n  =   15) (***P <  0.001, **P <  0.01).
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analogous to the aMMP2-SIP uptake. Interestingly, U87 MMP2-KD tumors with reduced MMP2 activity also 
had a slower tumor growth rate compared to control tumors. No difference in MMP2 activity was found in both 
HT1080 and U373 between MMP2-KD and the control tumors. We further determined if MMP14 and integrin 
α vβ 3 which have been previously associated with MMP2 activity31–34, were affected upon silencing MMP2. No 
differences were observed between control and MMP2KD for both MMP14 and α vβ 3 in both HT1080 and U373 
tumors. Interestingly, U87 MMP2-KD tumors with low MMP2 activity also had low α vβ 3 expression compared 
to control tumors correlative to the antibody uptake. However, low level of α vβ 3 expression in U87 MMP2-KD 
was unexpected and needs further investigations. It was described that α vβ 3 can directly promote activation, 

Figure 4.  MMP2 activity in tumors. (a) MMP2 activity in tumor lysates determined by gelatin zymography. 
Data represent the mean + /−  SD of atleast 5 samples. (b) Representative images (green: α vβ 3, red: MMP2) and 
corresponding α vβ 3 score for MMP2 knock-down (KD) tumors compared to control (EV) for HT1080, U373 
tumors and U87 (*P <  0.05). Data represents median of at least 5 samples (median with 5 and 95 percentile).  
(c) Representative images of in situ gelatin zymography on U87 (control) tumor section showing MMP2 activity 
(Top). Bottom images show regions of high MMP2 activity corresponding with overlapping regions of α vβ 3 
(green) and MMP2 (red).
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maturation32 and localization33 of MMP2 and that MMP2 was recruited prior to α vβ 3 on cell surface before 
migration and MMP2 was necessary for α vβ 3 mediated migration38.

Altogether, our study suggests that aMMP2-SIP uptake depends on MMP2 activity. Inhibition of MMP2 
appears to be complex due to various mechanisms of activation39 and interaction with other molecules such as 
α vβ 3. However if MMP2 activity is detected specifically, it can be beneficial to monitor tumor progression and 
tumor responses to treatment. In this study, we have demonstrated that aMMP2-SIP uptake was dependent on 
MMP2 activity in various in vivo genetic models. Earlier, our lab successfully used Zirconium-89 (Zr89) labeled 
antibodies for positron emission tomography (PET) imaging40. In future, to validate aMMP2-SIP as a potential 
imaging biomarker by using positron emission tomography (PET), labeling the antibody with Zr89 will be per-
formed for feasibility into clinic.

Conclusions
The optimal time point for imaging with aMMP2-SIP, an antibody targeting the catalytic domain of MMP2, 
was 48hpi with complete background clearance. The uptake of aMMP2-SIP was not solely dependent on MMP2 
expression but rather associated with MMP2 activity. Therefore, aMMP2-SIP can be a potential imaging bio-
marker for detecting MMP2 activity in tumors.

Materials and Methods
Cell lines.  A549 (ATCC®  CCL-185™ ), MDA-MB-231(ATCC®  HTB-26™ ), HCT116 (ATCC®  CCL-247™ ), 
HT-29 (ATCC®  HTB-38™ ), HeLa (ATCC®  CCL-2™ ), U20S (ATCC®  HTB-96™ ), U373 (ATCC®  HTB-17), U87 
(ATCC®  CCL-121™ ), HT1080 (ATCC®  CCL-121™ ) cells were cultured and maintained in Dulbecco’s modified 
Eagle medium (DMEM) supplemented with 10% fetal calf serum (FCS). MCF-7 (ATCC®  HTB-22™ ) cells were 
cultivated in 10% FCS containing RPMI 1640 medium and U373 (ATCC®  HTB-17) cells in alpha mem supple-
mented with 10% FCS and 1 μm/ml L-Glutamine (Westburg).

Tumor models.  We engineered stable knock-down (KD) models of MMP2 in HT1080, U373 and 
U87 by cloning short hairpin RNAs (shRNAs) specific for MMP2 (TRCN0000051526, target sequence 
GCAGACATCATGATCAACTTT) into the lentiviral vector pLKO.1 (Sigma). Control cells were made by infect-
ing cells with pLKO.1 without insert (EV). 2 ×  106 cells diluted in 50 μl of matrigel were injected subcutaneously 
in the lateral flank of NMRI-nu mice per tumor. Tumor growth was monitored by caliper measurements.

Real-time PCR Analysis.  MMP2 mRNA abundance was measured using MMP2 primers with sequence: 
5′ -CTTCCAAGTCTGGAGCGATGT-3′  (forward) and 5′ -TACCGTCAAAGGGGTATCCAT-3′  (reverse). 
MMP2 mRNA levels were normalized to the endogenous reference gene 18S ribosomal RNA using the primers 
5′ -AGTCCCTGCCCTTTGTACACA-3′  (forward) and 5′ -GATCCGAGGGCCTCACTAAAC-3′  (reverse).

Western blotting and Zymography.  Protein was isolated from total cell lysates and loaded with Laemmli 
buffer in 10% SDS-PAGE gels and transferred to nitrocellulose membranes (GE healthcare). Proteins were 
detected using anti-MMP2 (1:1000) (Biomol), MMP14 (1:1000) (Cedarlane) and anti-actin (1:200000) (MP 
Biomedicals). Zymography was performed as described before41. Cells were incubated overnight in serum-free 
medium which was collected, concentrated using Amicon ultra centrifugal filter (Ultracel 30kDa) and loaded 
in the zymogram. For ex vivo zymography and western blotting, tumor lysates were prepared by homogenizing 
tumor samples in radioimmunoprecipitation assay buffer (RIPA buffer) and 20 μg of protein was loaded in gels. 
Gelatin zymogram (10%), zymogram developing buffer, renaturing buffer and simply blue stain were purchased 
from Invitrogen. Active MMP2 protein expression and MMP2 activity was quantified by Image J (1.48 v, 64 bit) 
software.

Figure 5.  Tumor growth. Tumor doubling time of knock-down (KD) tumors compared to control (EV) for 
HT1080, U87 and U373. Data represents mean + /−  SD (**P <  0.01).
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Transwell invasion assay.  BD FalconTM cell culture inserts were coated with 1 mg/ml of Matrigel diluted 
in serum-free medium and incubated at 37 °C overnight. 105 cells suspended in serum-free medium were seeded 
in the inner chamber and 10% fetal calf serum containing medium was added as chemoattractant in the lower 
chamber. The invasion system was incubated overnight allowing cell invasion. Cells on the lower side of the insert 
were stained with 0.5% crystal violet (in 20% methanol) and cells were counted manually.

aMMP2-SIP antibody production.  aMMP2-SIP was produced against the catalytic domain of MMP2 
as described before30. Monoclonal cells in suspension were cultured in PowerCHO-2 CD medium (Lonza). 
Purification of the antibody from the culture medium was done by affinity chromatography using protein A 
Sepharose Fast Flow resin (GE Healthcare) and a protein gel for purity. ELISA and/or SPR (Biacore 3000) were 
performed for determining functionality before and after the labelling with Cy5. The concentration and labelling 
ratio was determined using optical density at different wavelengths. aMMP2-SIP was labeled (average of 2–3 
labels per molecule) with Cy5 (lumiprobe) dye according to manufacturer’s protocol. The biodistribution of the 
antibody was described elsewhere29,30.

Imaging aMMP2-SIP.  Image acquisition and analysis were done as previously described42. Near infrared 
fluorescence (NIRF) imaging was performed using the Optix MX2 (ART, Advanced Research and Technologies) 
with excitation at 650 nm and emission at 670 nm. 75 μg of aMMP2-SIP was injected intravenously (i.v.) and 
imaging was performed at various time points i.e. 0.5, 2, 4, 8, 24 and 48 hour post injection of tracer (h.p.i). A 
blank scan was performed prior to the injection of tracer to enable autofluorescence correction. Delineation of 
tumor and background was performed using ART Optix Optiview software. Regions of interest (ROI) were drawn 
on the lateral side of upper thorax for obtaining background signal distant from the tumors and excluding regions 
of clearance organs. ROIs drawn on blank scan for both tumor and background were copied to later time points 
and therefore were kept constant at all time points. Tumor to background ratios (TBR) were calculated at all time 
points after correction for auto-fluorescence. After imaging, animals were injected with pimonidazole hypoxia 
marker [60 mg/kg, intraperitoneal (i.p) Bioconnect] and Hoechst 33342 perfusion marker (15 mg/kg, i.v., Sigma) 
1 h and 1 min prior to tumor excision, respectively for histological investigations. The animal experiments were 
approved by animal ethical committee of Maastricht University and were in accordance with the institutional 
guidelines for animal welfare.

Immunohistochemistry.  7 μm frozen sections were air dried, acetone fixed and rehydrated by washing with 
phosphate buffered saline - tween (PBS-Tw-0.2%). Tumor sections were blocked using 5% normal goat serum 
(NGS) (Vector labs) followed by incubation with primary antibodies diluted in PBS-Tw at 4 °C overnight. After 
washing with PBS, the sections were incubated with secondary antibodies for 1 h at room temperature. Primary 
antibodies that were used are rabbit anti-integrin α vβ 3 antibody (1:250, Abbiotec), mouse anti-MMP2 (4D3) 
(1:100, Santa Cruz biotechnology), rabbit anti-pimonidazole (1:250, Bio-connect) and rat anti-mouse CD31 
(1:500, BD biosciences). Secondary antibodies were, goat anti-rabbit Alexa 488 for α vβ 3 (1:500), goat anti-mouse 
Alexa 594 for MMP2 (1:500), goat anti-rabbit Alexa 594 for pimonidazole (1:500) and goat anti-rat Alexa 488 
for CD31 (1:750) (Invitrogen). Slides were mounted with Shandon™  Immu-Mount™ . Photomicrographs were 
acquired using an Olympus BX51WI fluorescence microscope equipped with a Hamamatsu EM-CCD C9100 dig-
ital camera, a motorized stage (Ludl Mac 2000) and a 10x objective. Micromanager 1.4 software was used for auto-
mated image acquisition43. Stitching of images and quantitative analyses were performed using ImageJ version 
1.48 v (http://rsb.info.nih.gov/ij/) by an investigator blinded to the subject coding. Total tumor and necrotic areas 
were manually delineated. MMP2 and α vβ 3 were quantified by visual scoring by two independent investigators 
(blinded for the treatment conditions) in the total tumor area, where scores from 0 (negative staining) to 5 (high 
intensity) were used. Percent pimonidazole positive area (hypoxic fraction), relative vascular area and proportion 
of the perfused vessels were determined in viable tumor compartment as described previously44,45.

In situ zymography.  Tumor sections were air dried for 30 minutes. Dye quenched gelatin (DQ gelatin) 
(Invitrogen) was prepared in 1% w/v of low melting agarose solution (Sigma) in 1:10 mixture (100 μg/ml) and 
maintained at 37 °C. 40 μl of this solution was placed directly on top of the section and mounted with a cover 
slip. The sections were incubated at 37 °C overnight in a humid environment. The sections were then scanned for 
MMP2 activity and images were stitched as described above.

Statistics.  A nonparametric Mann Whitney test was performed to determine statistical differences in α vβ 3 
and MMP2 scores between groups. One sample t-test was used to test whether average change in MMP2 activity 
is significantly different from 1. For all other statistical analyses between two groups the unpaired t test was per-
formed. All statistics and graphs were made in Graphpad Prism (v5.03). A two- sided P-value smaller than 0.05 
was considered statistically significant.

References
1.	 Löffek, S., Schilling, O. & Franzke, C.-W. Biological role of matrix metalloproteinases: a critical balance. Eur Respir J 38, 191–208, 

doi: 10.1183/09031936.00146510 (2011).
2.	 Johansson, N., Ahonen, M. & Kähäri*,  V. M. Matrix metalloproteinases in tumor invasion. Cell Mol Life Sci 57, 5–15, doi: 10.1007/

s000180050495 (2000).
3.	 Kessenbrock, K., Plaks, V. & Werb, Z. Matrix Metalloproteinases: Regulators of the Tumor Microenvironment. Cell 141, 52–67, doi: 

10.1016/j.cell.2010.03.015 (2010).
4.	 Zucker, S. & Cao, J. Selective matrix metalloproteinase (MMP) inhibitors in cancer therapy: Ready for prime time? Cancer Biol Ther 

8, 2371–2373 (2009).
5.	 Decock, J., Thirkettle, S., Wagstaff, L. & Edwards, D. R. Matrix metalloproteinases: protective roles in cancer. J Cell Mol Med 15, 

1254–1265, doi: 10.1111/j.1582-4934.2011.01302.x (2011).

http://rsb.info.nih.gov/ij/


www.nature.com/scientificreports/

9Scientific Reports | 6:22198 | DOI: 10.1038/srep22198

6.	 McCawley, L. J. & Matrisian, L. M. Matrix metalloproteinases: they’re not just for matrix anymore! Curr Opin Cell Biol 13, 534–540, 
doi: 10.1016/S0955-0674(00)00248-9 (2001).

7.	 Roomi, M. W., Monterrey, J. C., Kalinovsky, T., Rath, M. & Niedzwiecki, A. Patterns of MMP-2 and MMP-9 expression in human 
cancer cell lines. Oncol Rep 21, 1323–1333, doi: 10.3892/or_00000358 (2009).

8.	 Wang, M., Wang, T., Liu, S., Yoshida, D. & Teramoto, A. The expression of matrix metalloproteinase-2 and-9 in human gliomas of 
different pathological grades. Brain Tumor Pathol 20, 65–72, doi: 10.1007/bf02483449 (2003).

9.	 Hofmann, U. B. et al. Matrix metalloproteinases in human melanoma cell lines and xenografts: increased expression of activated 
matrix metalloproteinase-2 (MMP-2) correlates with melanoma progression. Br J Cancer 81, 774–782, doi: 10.1038/sj.bjc.6690763 
(1999).

10.	 Väisänen, A. et al. Matrix metalloproteinase-2 (MMP-2) immunoreactive protein—a new prognostic marker in uveal melanoma? J. 
Pathol 188, 56–62, doi: 10.1002/(sici)1096-9896(199905)188:1< 56::aid-path304> 3.0.co;2-b (1999).

11.	 Pellikainen, J. M. et al. Expression of Matrix Metalloproteinase (MMP)-2 and MMP-9 in Breast Cancer with a Special Reference to 
Activator Protein-2, HER2, and Prognosis. Clin. Cancer Res. 10, 7621–7628, doi: 10.1158/1078-0432.ccr-04-1061 (2004).

12.	 Emmert-Buck, M. R. et al. Increased gelatinase A (MMP-2) and cathepsin B activity in invasive tumor regions of human colon 
cancer samples. Am J Pathol 145, 1285–1290 (1994).

13.	 Fang, J. et al. Matrix metalloproteinase-2 is required for the switch to the angiogenic phenotype in a tumor model. Proc Natl Acad 
Sci USA 97, 3884–3889 (2000).

14.	 Zheng, H. et al. Expressions of MMP-2, MMP-9 and VEGF are Closely Linked to Growth, Invasion, Metastasis and Angiogenesis of 
Gastric Carcinoma. Anticancer Res. 26, 3579–3583 (2006).

15.	 Munoz-Najar, U. M., Neurath, K. M., Vumbaca, F. & Claffey, K. P. Hypoxia stimulates breast carcinoma cell invasion through MT1-
MMP and MMP-2 activation. Oncogene 25, 2379–2392 (2005).

16.	 Schmalfeldt, B. et al. Increased Expression of Matrix Metalloproteinases (MMP)-2, MMP-9, and the Urokinase-Type Plasminogen 
Activator Is Associated with Progression from Benign to Advanced Ovarian Cancer. Clin. Cancer Res. 7, 2396–2404 (2001).

17.	 Koshiba, T. et al. Involvement of matrix metalloproteinase-2 activity in invasion and metastasis of pancreatic carcinoma. Cancer 82, 
642–650, doi: 10.1002/(sici)1097-0142(19980215)82:4< 642::aid-cncr5> 3.0.co;2-n (1998).

18.	 Badiga, A. V. et al. MMP-2 siRNA Inhibits Radiation-Enhanced Invasiveness in Glioma Cells. PLoS ONE 6, e20614, doi: 10.1371/
journal.pone.0020614 (2011).

19.	 Chetty, C., Bhoopathi, P., Rao, J. S. & Lakka, S. S. Inhibition of matrix metalloproteinase-2 enhances radiosensitivity by abrogating 
radiation-induced FoxM1-mediated G2/M arrest in A549 lung cancer cells. Int J Cancer 124, 2468–2477, doi: 10.1002/ijc.24209 
(2009).

20.	 Kargiotis, O. et al. Adenovirus-mediated transfer of siRNA against MMP-2 mRNA results in impaired invasion and tumor-induced 
angiogenesis, induces apoptosis in vitro and inhibits tumor growth in vivo in glioblastoma. Oncogene 27, 4830–4840, doi: onc/
journal/v27/n35/suppinfo/onc2008122s1.html (2008).

21.	 Prontera, C., Mariani, B., Rossi, C., Poggi, A. & Rotilio, D. Inhibition of gelatinase A (MMP-2) by batimastat and captopril reduces 
tumor growth and lung metastases in mice bearing Lewis lung carcinoma. Int J Cancer 81, 761–766, doi: 10.1002/(sici)1097-
0215(19990531)81:5< 761::aid-ijc16> 3.0.co;2-1 (1999).

22.	 Wu, A. M. & Olafsen, T. Antibodies for Molecular Imaging of Cancer. Cancer J. 14, 191–197, doi: 10.1097/PPO.0b013e31817b07ae 
(2008).

23.	 van Dongen, G. A. M. S., Visser, G. W. M., Lub-de Hooge, M. N., de Vries, E. G. & Perk, L. R. Immuno-PET: A Navigator in 
Monoclonal Antibody Development and Applications. The Oncologist 12, 1379–1389, doi: 10.1634/theoncologist.12-12-1379 
(2007).

24.	 Olafsen, T. & Wu, A. M. Antibody Vectors for Imaging. Semin Nucl Med 40, 167–181, doi: 10.1053/j.semnuclmed.2009.12.005 
(2010).

25.	 Holliger, P. & Hudson, P. J. Engineered antibody fragments and the rise of single domains. Nat Biotech 23, 1126–1136 (2005).
26.	 Kaur, S. et al. Recent trends in antibody-based oncologic imaging. Cancer Lett. 315, 97–111, doi: 10.1016/j.canlet.2011.10.017 

(2012).
27.	 Dana Jones, S. & Marasco, W. A. Antibodies for targeted gene therapy: extracellular gene targeting and intracellular expression. Adv. 

Drug Deliv. 31, 153–170, doi: 10.1016/S0169-409X(97)00099-9 (1998).
28.	 Borsi, L. et al. Selective targeting of tumoral vasculature: Comparison of different formats of an antibody (L19) to the ED-B domain 

of fibronectin. Int. J. Cancer 102, 75–85, doi: 10.1002/ijc.10662 (2002).
29.	 Pfaffen, S., Frey, K., Stutz, I., Roesli, C. & Neri, D. Tumour-targeting properties of antibodies specific to MMP-1A, MMP-2 and 

MMP-3. Eur J Nucl Med Mol Imaging 37, 1559–1565, doi: 10.1007/s00259-010-1446-9 (2010).
30.	 Pfaffen, S., Hemmerle, T., Weber, M. & Neri, D. Isolation and characterization of human monoclonal antibodies specific to MMP-

1A, MMP-2 and MMP-3. Exp Cell Res 316, 836–847, doi: 10.1016/j.yexcr.2009.11.004 (2010).
31.	 Nishida, Y. et al. Activation of Matrix Metalloproteinase-2 (MMP-2) by Membrane Type 1 Matrix Metalloproteinase through an 

Artificial Receptor for ProMMP-2 Generates Active MMP-2. Cancer Res 68, 9096–9104, doi: 10.1158/0008-5472.can-08-2522 
(2008).

32.	 Deryugina, E. I. et al. MT1-MMP Initiates Activation of pro-MMP-2 and Integrin α vβ 3 Promotes Maturation of MMP-2 in Breast 
Carcinoma Cells. Exp Cell Res 263, 209–223, doi: 0.1006/excr.2000.5118 (2001).

33.	 Brooks, P. C. et al. Localization of Matrix Metalloproteinase MMP-2 to the Surface of Invasive Cells by Interaction with Integrin 
α vβ 3. Cell 85, 683–693, doi: 10.1016/S0092-8674(00)81235-0 (1996).

34.	 Hofmann, U. B., Westphal, J. R., Van Kraats, A. A., Ruiter, D. J. & Van Muijen, G. N. P. Expression of integrin α vβ 3 correlates with 
activation of membrane-type matrix metalloproteinase-1 (MT1-MMP) and matrix metalloproteinase-2 (MMP-2) in human 
melanoma cells in vitro and in vivo. Int. J. Cancer 87, 12–19, doi: 10.1002/1097-0215(20000701)87:1< 12::aid-ijc3> 3.0.co;2-a (2000).

35.	 van Duijnhoven, S. M. J., Robillard, M. S., Nicolay, K. & Grüll, H. Tumor Targeting of MMP-2/9 Activatable Cell-Penetrating 
Imaging Probes Is Caused by Tumor-Independent Activation. J. Nucl. Med. 52, 279–286, doi: 10.2967/jnumed.110.082503 (2011).

36.	 Bremer, C., Bredow, S., Mahmood, U., Weissleder, R. & Tung, C.-H. Optical Imaging of Matrix Metalloproteinase–2 Activity in 
Tumors: Feasibility Study in a Mouse Model. Radiology 221, 523–529, doi: 10.1148/radiol.2212010368 (2001).

37.	 Lebel, R. & Lepage, M. A comprehensive review on controls in molecular imaging: lessons from MMP-2 imaging. Contrast Media 
Mol Imaging 9, 187–210, doi: 10.1002/cmmi.1555 (2014).

38.	 Jiao, Y. et al. Matrix metalloproteinase-2 Promotes α vβ 3 Integrin-Mediated Adhesion and Migration of Human Melanoma Cells by 
Cleaving Fibronectin. PLoS ONE 7, e41591, doi: 10.1371/journal.pone.0041591 (2012).

39.	 Stetler-Stevenson, W. G. Matrix metalloproteinases in angiogenesis: a moving target for therapeutic intervention. J Clin Invest 103, 
1237–1241, doi: 10.1172/jci6870 (1999).

40.	 Aerts, H. J. W. L. et al. Disparity Between In Vivo EGFR Expression and 89Zr-Labeled Cetuximab Uptake Assessed with PET. J. Nucl. 
Med. 50, 123–131, doi: 10.2967/jnumed.108.054312 (2009).

41.	 Hu, X. & Beeton, C. Detection of Functional Matrix Metalloproteinases by Zymography. J. Vis. Exp. (45), e2445, doi: 10.3791/2445 
(2010).

42.	 Dubois, L. et al. Imaging of CA IX with fluorescent labelled sulfonamides distinguishes hypoxic and (re)-oxygenated cells in a 
xenograft tumour model. Radiother Oncol. 92, 423–428, doi: 10.1016/j.radonc.2009.06.019 (2009).



www.nature.com/scientificreports/

1 0Scientific Reports | 6:22198 | DOI: 10.1038/srep22198

43.	 Stuurman, N., Edelstein, A. D., Amodaj, N., Hoover, K. H. & Vale, R. D. Computer Control of Microscopes using μManager. Curr 
Protoc Mol Biol/edited by Frederick M. Ausubel [et al.] CHAPTER, Unit14.20-Unit14.20, doi: 10.1002/0471142727.mb1420s92 
(2010).

44.	 Yaromina, A. et al. Exploratory Study of the Prognostic Value of Microenvironmental Parameters During Fractionated Irradiation 
in Human Squamous Cell Carcinoma Xenografts. Int J Radiat Oncol Biol Phys 80, 1205–1213, doi: 10.1016/j.ijrobp.2011.02.015 
(2011).

45.	 Peeters, S. G. J. A. et al. TH-302 in Combination with Radiotherapy Enhances the Therapeutic Outcome and Is Associated with 
Pretreatment [18F]HX4 Hypoxia PET Imaging. Clin Cancer Res 21, 2984–2992, doi: 10.1158/1078-0432.ccr-15-0018 (2015).

Acknowledgements
The micrographs in this paper were taken with a confocal spinning disk microscope financed by The Netherlands 
Organisation for Scientific Research (NWO), grant number 911-06-003. The authors acknowledge the support 
of the QuIC-ConCePT project, partly funded by EFPIA companies and the Innovative Medicine Initiative Joint 
Undertaking (IMI JU) under Grant Agreement No. 115151. We also want to thank Dario Neri (ETH Zürich) for 
his scientific support.

Author Contributions
K.M.P. performed the study, analyses and wrote the main manuscript text. R.B., N.G.L. assisted with experiments. 
M.W. has developed and provided the aMMP2-SIP antibody. T.v.d.B., A.Y., M.L., L.D. and P.L. provided expert 
guidance for experiments and data analyses. All authors reviewed the manuscript.

Additional Information
Supplementary information accompanies this paper at http://www.nature.com/srep
Competing financial interests: The authors declare no competing financial interests.
How to cite this article: Panth, K. M. et al. In vivo optical imaging of MMP2 immuno protein antibody: tumor 
uptake is associated with MMP2 activity. Sci. Rep. 6, 22198; doi: 10.1038/srep22198 (2016).

This work is licensed under a Creative Commons Attribution 4.0 International License. The images 
or other third party material in this article are included in the article’s Creative Commons license, 

unless indicated otherwise in the credit line; if the material is not included under the Creative Commons license, 
users will need to obtain permission from the license holder to reproduce the material. To view a copy of this 
license, visit http://creativecommons.org/licenses/by/4.0/

http://www.nature.com/srep
http://creativecommons.org/licenses/by/4.0/

	In vivo optical imaging of MMP2 immuno protein antibody: tumor uptake is associated with MMP2 activity

	Results

	aMMP2-SIP uptake does not solely dependent on MMP2 expression. 
	aMMP2-SIP uptake correlates with MMP2 activity and αvβ3 expression. 

	Discussion

	Conclusions

	Materials and Methods

	Cell lines. 
	Tumor models. 
	Real-time PCR Analysis. 
	Western blotting and Zymography. 
	Transwell invasion assay. 
	aMMP2-SIP antibody production. 
	Imaging aMMP2-SIP. 
	Immunohistochemistry. 
	In situ zymography. 
	Statistics. 

	Acknowledgements
	Author Contributions
	﻿Figure 1﻿﻿.﻿﻿ ﻿ Validation of MMP2-KD models in vitro.
	﻿Figure 2﻿﻿.﻿﻿ ﻿ aMMP2-SIP uptake over time in selected models.
	﻿Figure 3﻿﻿.﻿﻿ ﻿ aMMP2-SIP uptake in MMP2 knock-down models compared to control.
	﻿Figure 4﻿﻿.﻿﻿ ﻿ MMP2 activity in tumors.
	﻿Figure 5﻿﻿.﻿﻿ ﻿ Tumor growth.



 
    
       
          application/pdf
          
             
                In vivo optical imaging of MMP2 immuno protein antibody: tumor uptake is associated with MMP2 activity
            
         
          
             
                srep ,  (2016). doi:10.1038/srep22198
            
         
          
             
                Kranthi Marella Panth
                Twan van den Beucken
                Rianne Biemans
                Natasja G. Lieuwes
                Marcel Weber
                Mario Losen
                Ala Yaromina
                Ludwig J. Dubois
                Philippe Lambin
            
         
          doi:10.1038/srep22198
          
             
                Nature Publishing Group
            
         
          
             
                © 2016 Nature Publishing Group
            
         
      
       
          
      
       
          © 2016 Macmillan Publishers Limited
          10.1038/srep22198
          2045-2322
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/srep22198
            
         
      
       
          
          
          
             
                doi:10.1038/srep22198
            
         
          
             
                srep ,  (2016). doi:10.1038/srep22198
            
         
          
          
      
       
       
          True
      
   




