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Abstract

Malignant gliomas are the most common primary brain tumors in the United States.
Membrane type 1 matrix metalloproteinase (MT1-MMP) has been shown to be
crucial for the progression, invasion, migration, and angiogenesis of tumors. Use of a
fluorescent substrate to quantify MT1-MMP activity, where tumoroids are embedded
in a collagen hydrogel, would simplify detection of potential protease inhibitors,
while using an in vivo-like cell model. When substrate and experimental setup are
combined with the hit pick joint reading and imaging process available in Agilent
BioTek Gen5 microplate reader and imager software, the most efficient inhibitor
screening method is created. It saves time and image storage needs by only imaging
wells with test molecules that demonstrate inhibitory effects.



Introduction

Malignant and nonmalignant brain tumors are composed of
a group of more than 100 different types. Malignant gliomas,
including glioblastoma multiforme (GBM) and astrocytomas,
are the most common primary brain tumors in the United
States’, and make up 78% of malignant brain tumors.?
Although relatively rare, particularly in the US, malignant brain
tumors exhibit a disproportionate cancer mortality due to
their high fatality rates; where on average, only one-third of
individuals survives at least five years after diagnosis.® MT1-
MMP (also known as MMP-14) has been shown to be crucial
for the progression, invasion, migration, and angiogenesis of
tumors.*® MT1-MMP belongs to a subset of zinc-dependent
membrane-anchored MMPs, which are able to degrade the
basement membrane and proteins of the extracellular matrix
(ECM)®, cell adhesion molecules, cytokines, growth factors,
and receptors.’ Its expression also correlates with tumor
grade and is associated with reduced survival in gliomas.8®
Therefore, many studies have highlighted its potential as a
therapeutic target in many cancers.’0"

Invasion is considered one of the main hallmarks of
cancer'213 and is the result of continuous interaction between
tumor cells and the surrounding microenvironment.’> When
glioma cells invade through the brain parenchyma, they
establish contact with molecules of the ECM and components
of the basement membrane. As part of this process, surface
proteases, such as MT-MMPs, are recruited at the focal
contacts with the ECM where, either directly or indirectly
(through the activation of soluble matrix metalloproteases),
they degrade and remodel the surrounding ECM, favoring
invasion.’ For many years, the simplest model to study cell
motility, especially with respect to cell to ECM interactions,
consisted of culturing cells in a two-dimensional (2D)
monolayer on glass, plastic slides, or microplates.’ ECM
components were used either as a coating, or solubilized

in the medium, and the assay involved the observation of
motility.’® Despite the simplicity of the model, there were
numerous limitations’®; in particular, the assay monitored
motility and not invasion.' It also did not take into account
the fact that cells in monolayers behave differently than cells
cultured in a three-dimensional (3D) manner.’® '® Because of
this limitation, newer and more advanced cell models have
been developed to better mimic the in vivo cell environment.
A particular model that shows promise incorporates round-
bottom spheroid microplates, where tumor-specific primary
cells or cultured cell lines are added to plate wells. Following
aggregation, the 3D tumor models are embedded in a

hydrogel, such as collagen or Matrigel, and allowed to invade
the ECM. This type of model allows for complex development,
which more closely mimics tumor development?, and gives
rise to tumors resembling the in vivo invasion pattern of the
tumor of origin.?® It has also been demonstrated that this

3D invasion model leads to increased production of matrix-
degrading enzymes, such as matrix metalloproteinases?" %,
and is more predictive of therapy response.?®

Incorporation of 3D cell models has been proven to deliver
results more indicative of an in vivo response. However,
when cellular imaging is included to determine the effect of
potential test molecules, this can lead to increased times for
image capture. This is because invadopodia extending away
from the original tumoroid structure now invade in the x-, y-,
and z-axes. Therefore, images need to be captured across
multiple z-planes to accurately visualize invasion. Increasing
the number of images captured, by necessity, also increases
the time to capture the image set, and can dramatically
increase the hard drive, network, or cloud space required to
store the images. To solve this problem, a method to screen
wells containing test molecules and the 3D cell model in

a rapid way, with decreased storage needs, is desirable.

This application note describes a “hit pick” method where
the fluorescent signal from test wells was compared to the
signal from untreated positive control wells, in order to trigger
cellular imaging of “hit” test wells. A FAM-fTHP-9 substrate
was developed to serve this purpose. FAM-fTHP-9 is a
fluorescently labeled collagen-model synthetic triple-helical
peptide substrate designed to be preferentially targeted and
degraded by MT1-MMP?* MT1-MMP collagenase activity
leads to cleavage of the substrate, and an increase in
fluorescent signal, detected by the plate reading capabilities
of the Agilent BioTek Cytation 5 cell imaging multimode
reader.

In the present study, multiple glioma cell lines were formed
into tumor spheroids, followed by type | collagen addition.
Many known MT1-MMP inhibitors were then added to the
wells, to potentially inhibit invasion of the 3D cell models.
During the procedure, all control and test wells were read,
and the signal from cleaved substrate was quantified.
Uninhibited invasion within positive control wells exhibited
high fluorescence values. Therefore, a hit pick criterion was
established: any wells containing test molecules that were
statistically lower than average in fluorescent signal from the
corresponding positive control, which should exhibit inhibited
invasion, were imaged. Wells that were not significantly
lower were not imaged. The result was an easy-to-perform,
robust method to reduce image capture time and storage
requirements.



Experimental

Materials
Cells

A-172 glioblastoma cells (part number CRL-1620), H4
astrocytoma cells (part number HTB-148), SW 1088
astrocytoma cells (part number HTB-12), and U-87
glioblastoma cells (part number HTB-14) were obtained from
ATCC: The Global Bioresource Center (Manassas, VA).

Experimental components

Type | collagen solution from rat tail (part number C3867)
and marimastat (part number M2699) were purchased from
Sigma-Aldrich (Saint Louis, MO). HyClone fetal bovine serum
(part number SH3007103) was sourced from GE Healthcare
Life Sciences (Piscataway, NJ). Penicillin-streptomycin
(100x) (part number 15140-122) and Hepes, 1 M (part
number 15630-080) were purchased from Thermo Fisher
Scientific (Waltham, MA). Aprotinin (part number 4139) and
recombinant human TIMP-2 protein, CF (part number 971-
TM) were purchased from R&D Systems (Minneapolis, MN).
The 96-well black/clear round-bottom ultralow attachment
spheroid microplates (part number 4515) were purchased
from Corning Life Sciences (Corning, NY).

Cytation 5 cell imaging multimode reader

Agilent BioTek Cytation 5 cell imaging multimode reader is

a modular, multimode microplate reader, combined with an
automated digital microscope. Filter-and monochromator-
based microplate reading is available, and the microscopy
module provides up to 60x magnification in fluorescence,
brightfield, color brightfield, and phase contrast. The
instrument can perform fluorescence imaging in up to four
channels in a single step. With special emphasis on live-cell
assays, Cytation 5 features shaking, temperature control to 65
°C, C0,/0, gas control, and dual injectors for kinetic assays. It
is controlled by integrated Gen5 microplate reader and imager
software, which also automates image capture, analysis, and
processing. The instrument was used to kinetically monitor
the fluorescent signal from the FAM-fTHP-9 substrate, in
addition to 3D tumoroid activity, over the incubation period.

Methods
Cell preparation and tumoroid formation

Cells were harvested in a final concentration of 5.0 x 10* cells/
mL for each cell type in complete medium. After dispensing
200 pL of cell suspension into appropriate microplate wells,
the microplates were incubated at 37 °C/5% CO, for 72 to 96
hours, depending on cell type, to allow cells to aggregate into
tumoroids.

Invasion matrix preparation

Upon completion of tumoroid formation, 80 to 90% of
complete medium was manually removed from each well,
and the tumoroid plate was placed on ice in a refrigerator
for 5 minutes to cool the cells. The collagen matrix was then
thawed on ice. Once thawed, a working solution was then
created, such that every 1 mL contained: 750 pL of stock
collagen solution, 250 L of complete cell type appropriate
complete media, and 30 pL of 1 M HEPES. With the plate
still onice, 150 yL of collagen working solution was added
to each well of the spheroid microplates. Each microplate
was centrifuged at 300 xg for 5 minutes in a swinging bucket
centrifuge that was previously set to 4 °C for tumoroid
positioning, then transferred to a 37 °C/5% CO, incubator for
1 hour to initiate gel formation.

Inhibitor and FAM-fTHP-9 substrate addition

Following gel formation, microplates were removed from

the incubator and an equal volume of cell-specific complete
media was added to the wells, with or without test inhibitors.
Final concentrations of inhibitors were: 400 uM marimastat, 4
UM aprotinin, and 30 uM TIMP-2. The plates were once again
placed back into the incubator for 1 hour. Finally, FAM-fTHP-9
substrate was added to each well to a final concentration of
5 UM.

Kinetic FAM-fTHP-9 substrate reading and tumor inva-
sion imaging assay performance

Upon addition of the FAM-fTHP-9 substrate, spheroid plates
that were used to test the ability of kinetically tracking
fluorescent substrate signal and tumoroid invasion were
placed into the Cytation 5. A discontinuous kinetic procedure
was created to both detect the green fluorescent signal

from each well using the Cytation 5 variable bandwidth
monochromators, and to capture tumoroid images using the
brightfield transmitted light imaging channel. Reading and
imaging were carried out every 6 hours over a 48-hour period.
Table 1 lists the settings used to perform automated reading
and image capture of each sample well.



Table 1. Kinetic FAM-fTHP-9 substrate reading and tumoroid imaging assay
parameters.

Temperature 37/2 °C gradient

Monochromator Settings | Ex: 485/20 nm / Em: 528/20 nm

Brightfield Imagin
9 9ing Complete 3D invading structure

Channel
Objective 4x
Z-stack 16 slices
Z-stack Step Size 53.8 ym
Discontinuous Kinetic

. . 48 hours
Total Imaging Time
Discontinuous Kinetic

6 hours

Imaging Interval

FAM-fTHP-9 substrate reading and tumor invasion imag-
ing hit pick assay performance

Following addition of inhibitor molecules and substrate,

as previously described, spheroid plates were placed into

a tissue culture incubator for 48 hours. At the end of the
incubation period, the plates were transferred into the
Cytation 5 to perform the hit pick experiment. The automated
procedure consisted of three steps, as shown in Figure 1.

™ Hit Pick: A1-A6 (F) 485,528
= Image {(4x): Bright Field
iL_End Hit Pick

Figure 1. Hit pick multistep process.

In the first step, a fluorescence intensity read was carried out
on all appropriate wells of the plate for the cell type being
tested with the Cytation 5 monochromators. Settings for

the monochromators were the same as those used for the
kinetic reading and imaging experiments, shown in Table 1.
The top portion of Figure 2 shows the complete set of criteria
selected to perform the automated reading step.

Initial read step
Step label: Full Plate
Exdtation: @
Emission: @
Optics position: Top
Read Speed: Mormal Edit...
Edit
Read Height: 7.00 mm Auto-Adjust...
Hit pick criteria
RFU a
Statistic Define statistic...
Capture image if well is
Less than the hit pick criteria

Exceptions
Wells to always image: AlA2

Wells to never image: 90/96
Close Help

Figure 2. Hit pick read step criteria.

By clicking Define statistic in the Hit Pick Step window, a
statistically defined criteria was then determined to trigger
test well imaging. The average and standard deviation of

the signal from untreated, positive control wells (which
should exhibit the highest amount of FAM-fTHP-9 substrate
cleavage, and therefore highest signal for each cell type)
were automatically calculated by Gen5. The criteria were then
set, such that the signal from inhibitor test wells had to be
greater than two standard deviations lower than the average
signal from the control wells, as seen in Figure 3. If the

signal was lower than these cut-off criteria, the test well was
imaged. If the signal did not meet the criteria, the well was left
unimaged.

Wells to use: Al.AZ

Statistic = Mean of selected wells

minus standard deviations

Close Help

Figure 3. Hit pick statistical criteria.



In the final portion of the “hit pick” procedure, an imaging

step was carried out to discern the level of tumoroid invasion
following compound incubation, using the brightfield imaging
channel. The same imaging settings were again used as
those for the kinetic reading and imaging experiments, seen in
Table 1. Figure 4 shows the complete set of criteria selected
to perform the automated imaging step.

Step Label: <defat>

Magnfcaton: e Image: 1973 x 1457

Bving: Autofocuz brving Captire bving (sfect

Chames

™M 1 2 s 4 s
Forophore
Colr BightFeld
Exposure. auto |
Thminatons [ 10
Integraton tme: [ 5
Gan: [ 24
Fows optons.
Define beacons A
Horizontl offset rom center of wel: [0 J
Vertcal offet from center of wel: [0 J
ZstadkMontage
2512
Top>
Montage 16
b -
[
2 EXmL i
Images below foauspant: [0+

Sempe thkness: (307 | ym

Figure 4. Hit pick imaging step criteria.

Image processing

Individual image tiles from each z-plane captured using the 1
X 2 montage were then stitched together, as shown in Table 2.

Table 2. Image stitching parameters.

Registration Channel Brightfield

Fusion Method Linear blend

Crop stitched image to
remove black rectangles | Checked
on the borders

Downsize Final Image 75%

A single image projection was then created from the 16-slice
stitched z-stack, seen in Table 3. The focus-stacking method
was chosen, which automatically selects the most in-focus
pixel from each image in the stack for inclusion in the final
projection. This allows for the most accurate analysis to be
carried out on each invading tumoroid at each time point.

Table 3. Image z-projection parameters.

Channel 1 Stitched [Brightfield]

Method Focus stacking

Size of Maximum Filter 11 px

Z-slice Included 1-16

A signal background removal step was then applied to the
stitched, projected images, as shown in Table 4. This served
to even out the background brightfield signal and increase the
accuracy of cellular analysis mask placement.

Table 4. Image background signal removal parameters.

Background Light
Rolling Ball Diameter 1200 pm
Image Smoothing 5
Strength

Z-slice Included 1-16

Tumoroid invasion analysis

Following image processing, primary cellular analysis criteria
(Table 5) were applied using the brightfield channel, to
automatically place object masks around the entire invading
structure in each final image.




Table 5. Primary mask analysis parameters.

Criteria A-172 ‘ H4 ‘ SW 1088 ‘ uU-87
Channel Tsf[zProj[Stitched[Brightfield]]]
Threshold 7000 6000 4000 7000
Background Light Light Light Light
Split Touching Objects Unchecked

Fill Holes in Masks Unchecked

Minimum Object Size 15 300 300 500
Maximum Object Size 2000 5000 5000 2500
Icr;;l::tes Primary Edge Checked

Analyze Entire Image Unchecked

Rolling Ball Diameter 300 1200 750 2000
Isrzaeit;tshmoothmg 0 5 0 0
Evaluate Background On 5 5 5 20
Metric of Interest Object sum area

Results and discussion

Confirmation of FAM-fTHP-9 substrate signal detection

To be able to use the FAM-fTHP-9 substrate in downstream
hit pick experiments, it was first necessary to confirm that
the signal emanating from the cleaved substrate was strong
enough to be detected by the monochromators of the
Cytation 5. In addition, it was also imperative that cleaved
substrate signal be statistically greater than that detected
from wells containing no signal.

An experiment was set up where FAM-fTHP-9 substrate

was added to wells, as previously described, containing

U-87 tumoroids. No compound was added to these wells. In
this manner, the maximum amount of MT1-MMP protease
should have been generated in the wells, leading to the largest
concentration of cleaved substrate, and highest possible
fluorescent signal being emitted. Negative control wells were
also set up, where no substrate was added to uninhibited
wells containing U-87 tumoroids. The signal from all wells
was then quantified every 6 hours over a 36-hour period.

The average signal from positive control wells, containing
substrate, was plotted kinetically over time by the Gen5
microplate reader and imager software (Figure 5A, top

red line). It is easily seen that the monochromators on the
Cytation 5 cell imaging multimode reader could quantify the
signal, even when using an embedded 3D tumoroid model.

In addition, the quantified signal increased more than 14-fold
over time (Figure 5B, top red line), as would be expected when
incorporating the highly invasive U-87 glioblastoma cell type.
Second, when observing the kinetic curve generated from
negative control wells containing no substrate, it can also be
seen that little to no fluorescence was detected at any time
point during the incubation (Figure 5A, bottom green line). The
signal remained stable and did not change in an appreciable
manner over time (Figure 5B, bottom green line).
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Figure 5. A) Kinetic FAM-fTHP-9 substrate signal from U-87 glioblastoma
tumoroids in relative fluorescent units (RFU). B) Normalized substrate signal
fold ratio created by dividing signal per time point by signal at time 0.



From the combined results, it is evident that signal from the
FAM-fTHP-9 substrate could be accurately detected in a
kinetic manner by the Cytation 5 monochromator system, and
was statistically greater than background signal.

Increasing FAM-fTHP-9 MT1-MMP substrate signal cor-
relates with increased tumoroid invasion over the same
time frame

In the same experiment, where FAM-fTHP-9 substrate signal
was kinetically quantified, brightfield images were also
captured from wells containing substrate and U-87 tumoroids
at the same time points, as shown in Figure 6. When viewing
these images, qualitative correlation between increasing
substrate signal and tumoroid invasion is apparent.

Figure 6. Kinetic 4x brightfield images of U-87 tumoroid invasion after
incubation for A) 0 hours, hours; B) 19 hours, hours; and (C) 48 hours.

The correlation between increasing FAM-fTHP-9 substrate
signal and increasing tumoroid invasion can also be
quantified using the brightfield tumoroid images. Image-
processing steps were first applied, including stitching,
z-projection, and background removal. Then cellular analysis
is applied to the final image using the metrics explained in
Table 5. This allows a detailed object mask to be applied to
the entire invading structure, as seen in Figure 7.

Figure 7. Processed U-87 tumoroid invasion image with cellular analysis
object mask applied.

When the curve generated by plotting the kinetic FAM-
fTHP-9 substrate fluorescent signal over time (Figure 8A)

is compared to the curve created by plotting U-87 tumoroid
area coverage over the same time frame, it is apparent that
increasing substrate signal was linked to increasing tumoroid
invasion into the collagen matrix.
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Figure 8. A) Kinetic FAM-fTHP-9 substrate signal from single uninhibited
U-87 test well. B) Kinetic tumoroid area coverage from same uninhibited
U-87 test well.

Increasing FAM-fTHP-9 MT1-MMP substrate cleavage
and resultant signal emanates from MT1-MMP enzyme
activity and not from nonspecific cleavage

One of the goals of the project was to create and confidently
use a substrate that could assess the activity of MT1-

MMP protease in tumoroid invasion. Therefore, in the final
confirmatory experiments, it was necessary to ensure that
the FAM-fTHP-9 substrate was being cleaved by MT1-MMP,
and not from cleavage by other proteases or other means.



To accomplish this task, two experiments were set up. In

the first, two known MT1-MMP inhibitors, marimastat and
aprotinin, were added to designated test wells containing
substrate and U-87 tumoroids. The wells were then read

and imaged kinetically in the same manner as previously
described, in addition to wells containing uninhibited U-87
tumoroids, and wells containing tumoroids with no substrate.
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Figure 9. Normalized kinetic substrate signal fold ratio created by dividing
signal per time point by signal at time 0. Red curve: uninhibited U-87
tumoroids. Blue curve: 400 uM marimastat and 4 uM aprotinin inhibited
U-87 tumoroids. Green curve: U-87 tumoroids with no substrate.

In the second experiment, the substrate was placed in the
presence of medium alone, and the signal was read over

48 hours. The average fluorescence detected from these
wells, throughout the entire incubation period, was 127
relative fluorescent units (RFU), confirming that the medium
contained no inherent ability to cleave the FAM-fTHP-9
substrate.

By observing the results from the experiment in Figure 9,
where normalized FAM-fTHP-9 substrate signal is plotted
over time, it is evident that wells treated with marimastat

and aprotinin together demonstrate a significant decrease in
substrate signal over the incubation period. This confirms the
specificity of the substrate, as a decrease in signal indicates
diminished substrate cleavage from MT1-MMP enzyme
activity due to the inhibitory effects of the two MT1-MMP
inhibitors. Furthermore, no components in the medium can
cause any nonspecific substrate cleavage.

Hit pick assay performance using FAM-fTHP-9 MT1-
MMP substrate signal to trigger imaging of test inhibitor
wells

A hit pick experiment (Figure 1) was performed to assess the
ability of different compounds to inhibit invasion of various 3D
glioma cell models through the collagen matrix. As previously
described, uninhibited positive control wells were run for each
cell type, in addition to the inhibitor containing test wells. A
total of 252 wells were included in the experiment across
three separate spheroid microplates, including 84 control
wells and 168 inhibitor-containing test wells. Following the
48-hour incubation period, where cells were in the presence of
substrate and inhibitor or no inhibitor, the fluorescent signal
was detected from each well of the spheroid plates (Figure

2). Gen5 software then automatically calculated the average
signal from the control wells, in addition to standard deviation.
A statistically determined hit pick criteria for each cell type
was established to trigger imaging of associated test wells.
The criteria stated that if the signal from a test well containing
inhibitor exhibited a FAM-fTHP-9 substrate signal lower

than the average control well signal, minus two standard
deviations (Figure 3), that test well would be imaged using the
brightfield imaging step explained in Figure 4. If a test well did
not meet these criteria, then the test molecule did not inhibit
substrate cleavage to a statistically significant extent, and
therefore was not imaged.

Using the criteria established, out of the total 168 inhibitor
containing wells tested, 33 wells were unimaged. This is
because the substrate signal was not lower than cutoff value,
meaning that MT1-MMP activity was not sufficiently inhibited
by the test molecule. As a two-image montage and 16-slice
z-stack was set to be carried out for each well included, and
each brightfield image has a size of 2.1 MB, approximately
17 minutes of imaging time and 2.2 GB of data were saved
through incorporation of the hit pick procedure.

The fluorescent substrate signal, and associated images,
were then compared between positive control wells per cell
type and test inhibitor wells triggered to be imaged, to confirm
the validity of the hit pick criteria. This was done for each

of the four cell types tested: A-172, H4, SW 1088, and U-87
(Figures 10-13).
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Figure 10. A) A-172 tumoroid; uninhibited. B) A-172 tumoroid; 30 pM TIMP-2
inhibited. C) A-172 tumoroid; 400 uM marimastat, 4 uM aprotinin, 30 uM
TIMP-2,100 pM NSC405020 inhibited.

Substrate signal: 1114990 gnal: 486842
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Figure 11. A) H4 tumoroid; uninhibited. B) H4 tumoroid; marimastat, 400 uM
inhibited. C) H4 tumoroid; 400 uM marimastat, 4 uM aprotinin, 30 uM TIMP-
2,100 uM NSC405020 inhibited.

Substrate signal: 413646

Substrate signal: 1020157 Substrate signal: 578530
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Figure 12. A) SW 1088 tumoroid; uninhibited. B) SW 1088 tumoroid;
marimastat, 400 pM inhibited. C) SW 1088 tumoroid; 400 uM marimastat, 4
UM aprotinin, 30 uM TIMP-2, 100 uM NSC405020 inhibited.

Substrate signal: 666248

Substrate signal: 1131636 Substrate signal: 693616

10003 10003

Figure 13. A) U-87 tumoroid; uninhibited; substrate signal. B) U-87 tumoroid;
TIMP-2, 30 uM inhibited. C) U-87 tumoroid; 400 M marimastat, 4 pM
aprotinin, 30 uM TIMP-2, 100 uM NSC405020 inhibited.

Upon comparison of the substrate signal with associated
images, one can see that inhibitor wells, triggered to be
imaged by emitting a lower substrate signal, demonstrated a
lower level of tumoroid invasion. The results serve to validate
the method as a viable way to quickly screen for inhibitors of
glioma tumoroid invasion.

Conclusion

The FAM-fTHP-9 substrate proved to accurately detect MT1-
MMP activity of interest. Signal from the cleaved substrate
increased over time, proportionately to tumoroid invasion.
The substrate itself was also shown to be specific to cleavage
from the target MT1-MMP protease, with signal production
being reduced accordingly by known MT1-MMP inhibitors.
Finally, the combination of the hit picking procedure available
in the Agilent BioTek Gen5 microplate reader and imager
software, and imaging capabilities of the Agilent BioTek
Cytation 5 cell imaging multimode reader, saved significant
time and image storage space by only imaging identified
inhibitory wells. When combined, the substrate and hit pick
process provided an efficient, yet robust method to predict
potential inhibitory effects of test molecules on MT1-MMP
activity and downstream tumor invasion in 3D glioma cell
models.
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