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Abstract

Synthesis and degradation of the extracellular matrix (ECM) are important for tissue
development, morphogenesis, repair, and remodeling. Multiple proteinases are involved in the
degradation of ECM, but matrix metalloproteinases (MMPs) are the most important ones,
especially with regards to collagen which is resistant to proteolytic digestion. Inhibitors of MMPs
have been proposed as emerging targets in the treatment of cancer, fibrosis, and cardiovascular
diseases. Dermal fibroblasts produce MMP-2 and incyclinide, an inhibitor of MMP-2, has been
extensively investigated and even evaluated in several clinical trials, but with disappointing results.
To aid in the development of new drugs that can influence the ECM, there is a need for new in
vitro models that can replicate the 3D architecture of the human ECM and its biomechanics. In
this research, a 3D in vitro fibroblast microtissue ring model was tested. This model creates a
highly aligned human ECM environment that mimics the histological and mechanical properties
of ligamentous tissues. Different doses of incyclinide were tested on the fibroblast rings to test its
effects on MMP-2. By measuring the morphological change, the ultimate tensile strength (UTS),
and the maximum tangent modulus (MTM) of the rings, we found that the biomechanics of tissue
rings treated with 5 pM incyclinide increased significantly. This indicated that inhibition of MMP-
2 influenced the collagen and proteins in the ECM in a way that increased biomechanics. Besides
the inhibitory effect of MMP-2, incyclinide also showed toxic effects at the highest dose, including
the inhibition of cell growth and proliferation, as well as the apoptosis of cells. These results
provide valuable insights into a new 3D model for testing new treatments that target the complex

proteins of the extracellular matrix.



Introduction

Matrix metalloproteinase (MMPs) superfamily

The extracellular matrix (ECM), composed of a sophisticated network of
biomacromolecules, plays vital roles in supporting structural and biochemical functions in all
organs and tissues. Based on differences in cell types, their growth environment and functions,
ECM is developed with tissue specificity, which is manifested as the diversity of components,
including fibers, proteoglycans, growth factors, glycoproteins, and polysaccharides. The
abundance of collagen and elastin in ECM determines the mechanical properties to a major extent,
such as structural integrity, stiffness, and tensile strength. The structure of the ECM is dynamic
and requires constant remodeling to regulate homeostasis [1]. Therefore, degradation of the ECM
is important for tissue development, morphogenesis, and remodeling and even has a significant
impact on the cellular phenotype. Various proteinases take participations in the process of ECM
degradation, among which Matrix metalloproteinases (MMPs) are the most important enzymes in
this course [2].

The MMPs are composed of various proteolytic enzymes with a zinc-dependent active site
[2]. The main function of MMPs is to facilitate cells or tissues to degrade multiple components,
including extracellular matrix proteins, glycoproteins, growth factors, membrane receptors, and
cytokines [5]. The MMPs play an important part in multiple physiological processes, including
remodulation of tissue, healing of wounds, cell differentiation, cell proliferation, morphogenesis,
cell apoptosis, etc. There are twenty-eight types of MMPs among vertebrates and twenty-three
MMPs are presented in human tissue. MMPs contain similar structures, but little variation among

different types. Each MMP possesses a signal N-terminal peptide that directs secretion of the also



enzyme; a pro-domain part that regulates the enzyme with inactive status; and a domain with
catalytic functions that contain zinc. Most MMPs also have a hemopexin-like structure domain
and a biolinker that connects the catalytic domain with the hemopexin-like domain. Because of
their substrate specificity, the construction of the domain, and the similarity of sequences, the
MMPs can be categorized into the following groups: collagenases, gelatinases, stromelysin,

matrilysin, membrane-type metalloproteinases, as well as others (Figure 1).
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Figure 1: The category of MMPs. MMPs can be categorized into 6 groups according to the
specificity of the substrate and the construction of their domains. Most of the MMPs are comprised
of three principal regions: N-terminal signal sequence (Pre), a pro-domain (Pro) with one thiol
group, as well as the catalytic domain with a site for zinc-binding (Zn’*). The figure was adopted
from Mannello et al. [6]



Activation of MMPs is tightly regulated. MMPs are produced by various cells (e.g., pro-
inflammatory cells) and tissues (e.g., connective tissue), including vascular smooth muscle cells,
fibroblasts, leukocytes, and macrophages [3,4]. Tissues and cells synthesize MMPs in the form of
the zymogen, the inactive precursor without the signal peptide, which gets activated in the medium
of the extracellular environment. The activation mechanism is a “stepwise activation”. Firstly, the
proteolytic attacks on the “bait region”, and then each MMP dictates specified cleavage. The
cleavage leads to the destabilization of the pro-domain. This process includes the interaction of the
cysteine switch-zinc, which gives rise to the intramolecular processing and MMP activation
(Figure 2) [2, 6]. Also, MMP expression is controlled by secretion, transcription, and inhibition
by MMP inhibitors. Failure to control the expression or activity of MMPs might result in MMP
deregulation, which results in three major groups of pathologies, including tissue destruction,

fibrosis, and matrix weakening (Table 1) [2].
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Figure 2: The process of MMP activation in the extracellular medium environment. The first step
is the proteolytic attack on the bait region from the pro-domain of the zymogen. The process of the
pro-domain removal makes the remaining pro-domain unstable, leading to activation of the
catalytic zinc site. Figure reproduced from Laronha et al. [2]



Table 1. Examples of diseases caused by deregulation of MMPs.

Pathologies Diseases
Cancer invasion and metastasis
Arthritis
Tissue destruction Ulcers

Periodontal diseases
Brain degenerative diseases

Liver cirrhosis
Fibrotic lung disease
Fibroses Otosclerosis
Atherosclerosis
Multiple sclerosis

Dilated cardiomyopathy
Weakening of matrix Aortic aneurysm
Varicose veins

Table 1: Three major pathologies caused by MMPs. Due to the activation of MMPs, factors that
can trigger diseases can be divided into (1) destruction of tissue, (2) fibrosis, and (3) matrix
weakening. The figure was adopted from Laronha et al. [2]

Matrix metalloproteinase-2 (MMP -2)

MMP-2, a soluble protein, is regulated by the process of transcription, translation, secretion,
zymogen activation (Figure 2), and regulation of its inhibitor [12]. Various tissues and cells,
including dermal fibroblasts, produce MMP-2 [9,10]. In cells, after the process of transcription,
translation, and secretion, the inactive MMP-2 (proMMP2) is produced and then located on the
cell surface. Followed by this process, the enzyme activation is then modulated by binding with
tissue inhibitor of metalloproteinase 2 (TIMP-2) and type-1 membrane MMP (MT1-MMP, or

MMP-14) (Figure 3) [12, 13].
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Figure 3: The Scheme figure of the activation of MMP-2 on the cell surface. After secretion by the
cell, inactive proMMP2 is activated by the combination of TIMP-2 and MMPI14. This
proMMP2/TIMP-2/MMP14 complex then binds MMP14 on the cell membrane and transforms the
proMMP? into the activated form. The figure was reproduced from Li et al. [7].

MMP-2, the enzyme involved in breaking down type IV collagen, works as an important
part of the basement membranes in ECM and performs multiple significant roles for tissue
homeostasis, including the reconstruction of new blood vessels, the remodeling of bone, and the

repair of organs [11]. However, the dysregulation of MMP-2 activity facilitates cancer invasion

and metastasis, such as breast cancer, pulmonary cancer, esophageal cancer, and osteosarcoma |2,



12, 14]. In breast cancer, preventing the process of metastasis is important. The elevated level of
MMP-2 affects the level of Twistl-induced migration and metastasis, and a decline in MMP-2
expression leads to the expression of a tumor suppressant, RNA binding protein 3 (RBMS3) [15].
In breast cancer cells, other molecules affect the expression of MMP-2; TGF-f1, TIMPs as well
as reversion-inducing cysteine-rich protein (RECK) regulate the expression of MMPs, including
MMP-2 and MMP-9 [18], whereas TGF-a stimulates the activity of MMP-2 [18,19]. In lung
cancer, the level of MMP-2 expression is also markedly increased and is related to the invasion
and metastasis of tumors by different pathways, including the sphingolipid signaling pathway [12,
16]. Moreover, during the metastatic process, MMP-2 hyperactivation results in osteolytic lesions
causing tumor migration to the bone [17]. In the tumor-bone environment, MMP-2 amplifies its
effects by modulating the expression of different growth factors, for example, TGF-  [20]. The
hyperactivity of TGF-f is closely related to cancer metastasis [21]. Besides cancer metastasis, the
dysregulation of the expression of MMP-2 is also related to other diseases, such as inflammation,
asthma, cardiovascular disease, and fibrosis [2].

The expression and function of MMP-2 are strictly controlled in physiological processes
by endogenous protease inhibitors, for example, tissue inhibitors of metalloproteinases-2 (TIMP-
2). MMP-2 can also be regulated by drugs, such as tetracyclines. Tetracyclines (TCs) are
antibiotics that are well known for their anti-bacterial properties. Doxycycline (DC), the most
widely TC derivative, is an affordable and safe drug for the prevention of various bacterial
infections, such as sexually transmitted diseases and urinary tract infections [23]. Chemically
modified tetracycline (CMT) was firstly demonstrated in 1987 [22], and later, TCs were proven to
be inhibitors of MMPs through in vivo and in vitro experiments [23. 25]. The most notable

characteristic of CMTs was the deletion of anti-bacterial properties, along with the enhancement



in the inhibition of MMPs [26]. Numerous research and clinical trials have been conducted on
CMT>-3, also known as incyclinide, as an effective inhibitor for MMP-2.
Incyclinide as an inhibitor of MMP-2

Incyclinide inhibits MMP-2 by interfering with the interaction between MMP-2 and MMP-
14 (Figure 3) and as a result, the MMP-2 cannot be activated [24]. Incyclinide is proven to have
an anti-tumor effect in both in vitro and in vivo experiments. In vitro, incyclinide has shown to
have an inhibitory effect on MMP-2 and MMP-9. In prostate cancer cell lines, PC-3 and DU-145,
incyclinide inhibited the cell growth with a Glso of 12 pM and diminished their invasiveness into
Matrigel, a solubilized basement membrane, with an ICso of 3.77 — 5.39 uM [27]. In vivo,
incyclinide has been reported to inhibit the metastases of the organic bone matrix and prostate
tumor growth in the rat Dunning MAT LyLu prostate cancer model [28]. At 10 uM, the Dunning
MAT LyLu prostate cancer line underwent cell apoptosis [27]. Von den Hoff ef al. demonstrated
that incyclinide inhibited the degradation of the organic bone matrix by preventing orthodontic
tooth displacement in rats [29].

Based on the efficacy of incyclinide in preclinical research, incyclinide was also researched
in multiple clinical trials. Incyclinide has been studied in one Phase II clinical trial for Kaposi
sarcoma [31], a rare kind of cancer commonly developed in people with immune deficiencies, and
recurrent brain tumors [32]. In the Phase II study of sarcoma, the clinical trial was terminated
because, after a 50 mg/m? daily dose treatment in 8 weeks, most of the patients did not show
response and even 33% of patients experienced tumor progression [34]. Another Phase I clinical
trial was conducted on the effects of oral incyclinide on patients with refractory metastatic cancer
[33]. Incyclinide was used orally in cancer patients on a continuous schedule. When administrated

in maximum doses of up to 70 mg/m? every day, there were common side effects including



photosensitivity and fatigue [35]. Also, for incyclinide, the preliminary pharmacologic analysis
demonstrated that at the maximum tolerable doses, the steady-state plasma concentrations
surpassed the ICso in the in vitro research [33, 35].

Since the 1990s, a lot of research has been done on testing MMP inhibitors as drug targets
for tumor invasions and metastases. Among all the experiments mentioned above, animal models
are needed to test out the efficiency and toxicity of incyclinide in preclinical trials. However, using
animals’ models can be costly and usually need the models to be modified on the genetics level
which interferes with their ability to simulate the pathological environment of human diseases.
Moreover, despite the powerful preclinical data, the clinical trials still face challenges such as some
patients in clinical trials experienced serious side effects, while some experienced ineffectiveness

after treatment. Some of these problems may be solved by creating more advanced in vitro models.

3D in vitro fibroblast ring-shaped microtissue model

An interesting and relevant 3D in vitro model was developed in the Morgan Lab at Brown
University. The model produces a collagen-rich ECM environment that is highly aligned, and most
importantly, mirrors the histological and mechanical properties of ligamentous tissues [37]. One
of the innovative advantages of this model is the elimination of the need for prefabricated polymer
scaffolds [37]. The existing in vitro models, mostly require the cells to be embedded in synthetic
scaffolds [36], which creates significant crosstalk between cells and the scaffold and affects the
cellular synthesis, collagen alignment, and tissue biomechanics. In the new model, human dermal
fibroblasts are directly seeded in a ring-shaped mold, where the cells self-assemble around the
central agarose peg and eventually formed a microtissue ring [37]. Another benefit is that this

model enhances the biomimicry compared with the 2D and 3D models. This model successfully



replicates the most important biomechanical properties of ligaments and tendons [37]. In response
to the radial tension generated by the ring-shaped mold, the cells are forced to create a protective
matrix as their own ECM, against the stress in the same direction toward the peg.

Based on this model, Wilks et.al. demonstrated the role of formulation of the media and
time needed for the cellular alignment development, synthesis of collagen, as well as mechanical
properties. Eventually, the seeding density and media formulation of the mold were optimized and
utilized in the following experiments. Transforming growth factor (TGF)-f1 increased the

biomechanics of the fibroblast rings in a dose-dependent manner [37].

The importance of ECM biomechanics

Research has demonstrated that biomechanics are of equal importance as biochemistry in
cellular interaction [38]. In ECM, filamentous collagen-based structures such as tendons and
ligaments, make up a complicated layered structure of collagen fibers that make up approximately
80% of the ECM. The rest 20% comes from cells grown beside the collagen fibers [39]. Several
biomechanical properties are critical to our research.

Young’s modulus is a physics term that demonstrates the elastic properties of a solid object
when it takes tension or compression. It is a measurement of the ability of the object to resist
changes in length [41]. In biomechanics, the young’s modulus can be calculated using stress/strain
data and works as an indicator for the stiffness of the tissue or ECM [40]. Stress and strain are
terms to describe one object’s ability to resist externally applied forces. Once the force is applied
to the tissue or cellular matrix, the internal structure of the tissue or cellular matrix will change to
resist that force. The internal force created inside the object that is meant to resist is termed stress,

which is calculated by dividing the force by area and is in units of megapascals (MPa) [40]. The
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deformation of the tissue as a result of the externally applied forces is termed strain. Stress and
strain can be graphed together. This diagram is called a stress-strain curve. By reading the trend of
the curve, one can retrieve useful information on the properties of materials. In the diagram, stress
is placed on the y-axis and strain is on the x-axis. This curve (Figure 4) can reveal many properties
of the material object, such as the ultimate tensile strength (UTS) and the maximum tangent

modulus (MTM) [41].
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Figure 4: A typical stress-strain curve represents the object’s mechanical properties. The stress
is in the unit of MPa. With increased stress applied to the object, the object will undergo
increments in deformation. The gradient before the maxima represents the maximum tangent
modulus (MTM). The curve’s maxima are called ultimate tensile strength, meaning the stress
applied before breakage. The yield point indicates the limit of elastic behavior of the object. The
figure has been reproduced from Ristaniemi et al. [40]

In this research, the major goal is to characterize the effects of different doses of incyclinide
on the fibroblast microtissue rings as an MMP-2 inhibitor. MMP-2 is an important component in

the process of breaking down the ECM, which is essential to tissue homeostasis, including the

reconstruction of new blood vessels, the remodeling of bone, and the repair of organs. With the
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inhibition of MMP-2, we anticipate that in our fibroblast tissue ring model, the biomechanics of
rings treated withl uM, 5 uM, and 10 uM should increase in a dose-dependent manner, meaning
all the incyclinide-treated rings should have stronger mechanical properties, compared with the
vehicle control rings. Moreover, there might be other effects worth consideration, such as growth
inhibition of the drug on the rings. For this research, we found that by comparing to the control
group, the biomechanics of the 1 uM incyclinide-treated group showed no significant difference,
but the biomechanics of the 5 uM incyclinide-treated group increased significantly on day 14.
However, as the concentration of incyclinide reached 10 uM, the biomechanics decreased
compared to the control rings. The results mostly matched our expectations. The increase of
biomechanics at 5 uM in the incyclinide-treated rings indicated that the inhibition of MMP-2 led
to the increase of collagen and proteins in ECM. The decrease of biomechanics in the 10 uM
incyclinide-treated group indicated the toxicity effect triggered by this concentration. However,
the effects of incyclinide on the collagen arrangement and the types of collagen contents in ECM
need further validation. These results could provide valuable insights into the treatment of diseases

with extracellular matrix degradation of collagen modification.
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Materials and Methods

Cells and culture conditions.

Juvenile normal human dermal fibroblasts JNHDF) were acquired from PromoCell,
Heidelberg, Germany. j]NHDFs were cultivated in a pre-made cell culture medium. The medium
was composed of high glucose, L-glutamine, phenol red, and sodium pyruvate DMEM
(Dulbecco’s Modified Eagle’s medium) (119995065, Thermo Fisher Scientific, Waltham, MA)
with 10 % fetal bovine serum (FBS) (GIBCO) and 1 % penicillin/streptomycin. They were kept in
the incubator at 37 °C and 10% COz. Using a standard trypsin protocol, j]NHDFs were passaged
from P5 to P9. After rinsing using phosphate-buffered saline (PBS) (SH30256.FS, Thomas
Scientific, Swedesboro, NJ), ]NHDFs were trypsinized at 0.05% concentration in PBS for 5
minutes. Following this, the culture medium with FBS was added to stop the trypsinization. The
cells were centrifuged at 800 RPM for 6 min. Then, they went through the process of resuspension
and cell counting. Finally, cells were plated in a T-175 flask (Corning, NY) with a density of 4.3

— 7.0 x103 cells/cm?.

3D microtissue rings were cultivated in a 50:50 combined medium. 50:50 medium was
composed of a mixture of serum-free medium plus (SFM+) and serum-free medium advanced
(SFMA). The SFM+ was composed of the serum-free DMEM with 0.1 mM 2-phospho-l-ascorbic
acid trisodium salt (Sigma- Aldrich, St. Louis, MO), 50.0 pg/ mL l-proline (Thermo Fisher), 1%
penicillin/streptomycin. The SFMA was the advanced DMEM (12491015) supplemented with 1%
penicillin/streptomycin. For the construction of 3D microtissue rings, 300,000 jNHDF cells were

seeded into a well with 75 uL of 50:50 medium and allowed to settle for 45 — 60 min, before 1 ml

13



of 50:50 media was slowly pipetted into each well. Medium changes were performed on Days 1,

2,5,7,10, and 12.

Fabrication of the mold used to make ring-shaped tissues.

Benjamin T. Wilks designed the molding system using CAD software (SolidWorks
Corporation, Concord, MA). The gel-molding system was divided into two major parts: 24 ring-
shaped molds and a holder [37]. The ring-shaped molds were constructed from stainless steel 316L
(Protolabs, Maple Plain, MN) and each mold was designed to be fitted into one well of a standard
24-well plate. The holder was designed to sit over the top of a standard 24-well plate and was
fabricated from aluminum. The holder contained 24 holes, each hole over the top of one well of
the 24-well plate. After adding 1.5 mL of 2% molten (w/v) agarose (BP160-500, Fisher Scientific,
Hampton, NH) in PBS to each well of the 24-well plate, the aluminum holder with the stainless-
steel inserts was placed on the top of the plate for 15 min. After the removal of the molds, each
well contained a molded agarose gel with an inner 5-mm diameter and a 0.75-mm surrounding a
cylindrical trough. Gels were equilibrated in SFM with 1 % penicillin/streptomycin at 10 % CO2

and 37 °C. After three medium changes, the gels were ready for use.

Incyclinide treatment of ring-shaped tissues.

After 24 hours of the seeding process, different doses of incyclinide were added to the
system. 10 mg of Incyclinide (MedChemExpress, Monmouth Junction, NJ) were dissolved in
2.693 mL dimethyl sulfoxide (DMSO). The incyclinide with a final concentration of 10 mM was
separated into aliquots of 45 puL and stored at -80 °C. On Day 1, 2, 5, 7, 10, and 12, ring-shaped

tissues were fed with the mixing of the different doses of incyclinide and DMSO from the frozen
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aliquots and the 50:50 SFM+/SFMA medium. On day 1, because of the equilibration of 1.5 mL
gel, the dosage amount was added in a 2.5-time manner. Therefore, on day 1, the incyclinide was
reconstituted in DMSO and resuspended in final concentrations of 25, 12.0, 2.5, and 0 pM medium
for feeding the rings., 10.0, 5.0 1.0, and 0 uM of the incyclinide medium was used on day 2, 5, 7,
10, and 12. To prepare the highest concentration of inhibitory media, 20 uL of the aliquot was
mixed with 20 mL of 50:50 media to archive a final concentration of 10 uM incyclinide. To make
the 5 uM incyclinide-treated media, 10 pL of the aliquot and 10 uL. of DMSO were thawed in 20
mL of 50:50 medium. To formulate the 1 uM incyclinide-treated media, 2 pL of the aliquot and
18 uL DMSO were thawed in 20 mL of 50:50 SFM+/SFMA medium. The vehicle control was a

mixture of 20 pL DMSO and 20 mL 50:50 media.

Mechanical testing of ring-shaped tissues.

Mechanical testing of fibroblast ring-shaped tissues was performed on an Instron tensile
tester (5943, Norwood, MA) using a 5N load cell with 5 mn resolution. Each gel was removed
from the plate by a spatula and cut on one side with a razor blade to obtain side-view images of
the ring-shaped tissue. The top-view and side-view brightfield images were taken at 2x
magnification on a Nikon Eclipse Ts2 microscope (Nikon, Tokyo, Japan). Thickness
measurements of the tissue from these images were used to calculate the cross-section area (Ao)
of the ring-shaped tissue. Before mechanical testing, rings were removed from the gel and were
placed over two custom 3D printed grippers made from glass-filled nylon (PA614-GS, ProtoLabs).
Each gripper was one-half of a cylinder with a 1.5mm-radius. The initial distance between grippers
was extended by 2 mm to reach a diameter of 5 mm. As a result, the quasistatic loading was

achieved. During the test, an automatic termination occurred when the load dropped below 40%,
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indicating tissue failure. A BlackflyS, Color Camera (BFS-U3-200S6C- C USB3, Edmund Optics,

Barrington, NJ) was equipped to record the images during mechanical testing.

Data analysis and visualization.

The mechanical data analysis protocol and software were adapted from Wilk et.al. [37]
Using Python 3.6 (Python Software Foundation) and the package of statistical models, SciPy,
Matplotlib, NumPy, Pandas, scikit-image, and scikit-posthocs, mechanical properties were
quantified [37]. Data from raw load measurements were normalized to eliminate the drag force.
The drag force was obtained by performing mechanical testing under the same conditions and the
same equipment without rings on the grippers. The mechanical testing protocol was based on
Gwyther et. al. and Adebayo et. al. and was improved by Wild et. al. [41, 37] When the raw load
exceeded SmN, the extension length, and the raw load was recorded since the tissue was assumed

to be under tension.

To determine the essential biomechanical properties of the tissue, the maximum tangent
modulus (MTM), the ultimate tensile strength (UTS), and the failure strain were calculated using
the engineering stress (N/2Ao) and the engineering strain (AL/Lgauge). In this equation, Ao indicates
the elliptical cross-sectional area. The slope of the stress-strain curve represents the tangent
modulus, which can be obtained by fitting the curve over a region of 8% strain for all the points
[37,39]. All procedures followed the previous literature which demonstrated the maximum tangent
of the modulus, the young’s modulus, and stiffness. In our tests, the maximum tangent modulus
(MTM) was within the linear range of the stress-strain curve. However, the engineering stress and
strain are measurements only applicable for minor deformations and are not suitable for measuring

many biological samples [39, 40]. True stress and strain were also limited because they are
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accurate only under the same assumption [37, 39]. All the mechanical test results, including
engineering stress-strain, the true stress-strain, as well as calculations using minimum and mean

cross-sectional area are described in the Results section.

Engineering Strain = AL/Lgauge (1) [37]
Engineering Stress = N(2A4() ) (2) [37]
True Strain = In(1 + Engineering Strain) (3) [37]

True Stress = Engineering Stress(1 + Engineering Strain) (4) [37]

Statistical analysis.

All mechanical data was plotted in the form of box plot graphs. Each point on the graph
represents a sample. The horizontal lines and the vertical lines represent the mean + standard error.
All graph and statistical analysis were done in PRISM 9.0.0 (GraphPad Software, San Diego,
California USA, www.graphpad.com). To test the normal distribution, normality was tested with
Shapiro—Wilk test, Kolmogorov-Smirnov tests, and D'Agostino & Pearson tests, respectively. To
calculate the statistical significance among multiple groups, ordinary two-way ANOV A with main
effects only and Tukey’s multiple comparisons test with individual variances were computed for
each comparison. In the graphs, the unique labeled letter * showed the statistical significance (p

<0.05) between experimental groups.
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Result

The morphology of the 3D rings changes in the highest dose of incyclinide

The stainless-steel molds, which enable the fabrication of microtissue rings, were
previously developed by our former members (Figure 5) [49]. The molding system is composed
of two parts: 24 small stainless-steel inserts, where each inset has a 5-mm diameter ring that is
0.75-mm thick, and a stainless-steel holder, which matches perfectly with a standard 24-wells plate.
To produce circular troughs each with a 5-mm diameter central peg, the stainless-steel insets were
inserted into wells containing 2% liquid agarose for gel formation (Figure 5B). After 15 minutes,
the insets were removed, and the agarose molds were formed within a 24 well plate. 300,000
Juvenile normal human dermal fibroblasts (jJNHDF) cells were then seeded into each well for
fabrication to develop their own ECM environment in 50:50 media (Figure 5C). 50:50 media was
used for seeding and feeding over 14 days, and it was a mixture of SFM+ and SFMA. The cells
self-assembled around the 5-mm central agarose peg and eventually formed a microtissue ring

(Figure 5D).

Figure 5: Formation of tissue rings using stainless steel molds. The stainless-steel molds, which
enable the fabrication of the microtissue rings, were previously developed. (A). The scheme figure
of the two-part mold. (B). Stainless steel was embedded in wells with 2% liquid agarose gel to
produce troughs with the 5-mm diameter central peg. (C&D). 3 * 105 Juvenile normal human
dermal fibroblasts (JNHDF) cells were seeded into each well to self-assemble and form a ring-
shaped microtissue in 50:50 media.
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Incyclinide is an inhibitor of MMP-2 and MMP-14. To investigate the effects of incyclinide,
the drug (10 uM, 5 uM, 1 uM) and vehicle control were added 24 hours after the cells were seeded.
According to Lokeshwar et al. [S0], when CaP139 cells, a cell type with prostate cancer, were
treated with incyclinide, MMP-2 level decreased by 56.7 % and 74.0 % respectively with a dose
of 5 uM and 10 uM. The exact amount of DMSO (10 uM) in the vehicle control group was also
added. In the 5 uM and 1 uM incyclinide-treated groups, an extra amount of DMSO (5 uM and 9
uM) was added to control for the DMSO’s effects on the rings. ]NHDF were seeded on three 24-
well plates on day 0 for each independent experiment, and each group had at least 15 rings on day
1. Two bright-field images of the top view of each ring were taken at 2x magnification on Days 1,

4,7, 10, and 14 and were stitched together using Fiji software (Figure 6).

Day

Control

1uM
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Figure 6: The self-assembled human dermal fibroblast constructed 3D microtissue rings around
the peg. Twenty-four hours after seeding the ]INHDF (Day 0) in 50:50 media, the rings were treated
with 10 uM, 5 uM, 1 uM incyclinide, and 10 uM DMSQO vehicle control, which was used to dissolve
the incyclinide. Incyclinide is an inhibitor of MMP-2 by blocking the interaction of MMP-2 and
MMP-14 to prevent activation. Two bright-field images of the top view on each ring were taken at
2x magnification on day 1, 4, 7, 10, and 14 and were stitched together by Fiji software scale bar
is 500 um.

Bright-field images of the top view on each ring were taken at 10X magnification on day
1, and 14 to visualize any changes to the surface of the ring (Figure 7). On Day 1, the control and
incyclinide-treated groups with different doses exhibited smooth surfaces. On Day 14, compared
with the control rings, the incyclinide-treated rings had a noticeable morphological change on their

surface and more roughness was observed.

Day/Group Control
Figure 7: The morphological change of the incyclinide-treated rings. By comparing Day 1 with
Day 14, the control rings did not exhibit differences in appearance and were smooth, while the 10

UM incyclinide-treated rings showed more roughness on their surface over time. All bright field
images were taken at 10X magnification, and the scale bar is 500 um.
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Tissue ring thickness decreases over time in an incyclinide dose-dependent manner

The following objective was to compare the change in the thickness of the rings in the
control group versus the 1, 5, 10 uM incyclinide-treated groups. Three measurements for each ring
were taken and averaged for analysis (Figure 8A). In all groups, including control and drug-treated
groups, the thickness of the rings decreased over time (Figure 8B & 8C). On Day 1, the mean
thickness of the control group (1 = 258.5 um) was very close to the mean thickness of the 1 uM,
5 uM, and 10 uM incyclinide-treated groups (n = 229.6, 242.1, 233.8 um), and there was no
significant difference between the control and drug-treated groups. All measurements in each
group were supposed to be similar on Day 1 since there was no drug treatment from Day 0 to Day

1, and the bright field images were taken before the drug was added.

Therefore, to minimize the initial difference in ring thickness among groups, the results
from all measurements, including the values on Days 4, 7, 10, and 14, were normalized to the
average thickness in each group on Day 1. Two-way ANOVA and Tukey’s multiple comparisons
test were used to calculate significant differences. As shown in Figure 3D, the initial value among
all groups was around 100 (%). As the incyclinide dose increased from 0 to 1 uM, to 5 uM, and to
10 uM, the decline in microtissue ring thickness slowed over 14 days. From Day 7 to Day 14, the
thickness of the control group was significantly lower than that of the incyclinide-treated group in
general. On Day 4, the control group, the 1 uM, and the 5 uM groups had similar thicknesses, and
all were slightly lower than the 10 uM drug-treated rings. On Day 7 and Day 10, the thickness of
the rings in the vehicle control group (% = 90.3, 86.4) was significantly less than that of the 10
UM incyclinide treated rings (% = 95.6, 92.4). At the same time, there was no significant difference

between the 1 pM, the 5 uM, and the control group, respectively. On Day 14, in addition to the
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considerable difference between the control and 10 uM groups, there was a statistical difference
between the vehicle control group (% = 77.5) and the 5 uM drug-treated group (% = 83.0).
Surprisingly, the dose of incyclinide also affected the thickness of the rings. On Day 14, the
thickness of the 1 uM incyclinide-treated group (% = 80.7) and the 5 uM group were significantly
lower than that of the 10 uM group (% = 90.8). In general, over 14 days, the thickness of the
control rings continuously decreased at the fastest rate, and next was the 1 uM group, followed by
the 5 uM group. Eventually, the 10 uM incyclinide-treated rings declined with the slowest trend.
The 10 uM drug-treated group decreased from Day 1 to 7 and then maintained a similar size from

Day 7 to Day 14. This could be due to the changes in ECM content caused by the incyclinide,

which inhibited MMP-2.
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Figure 8: Incyclinide affects the thickness of 3D microtissues of dermal fibroblast rings in a dose-
dependent manner. (A) Three measurements were taken and averaged for each ring. (B) The
average thickness of each time point was calculated and connected to the graph. Overall, the
thickness of the ring decreased over 14 days among all groups. (C) Data were normalized to the
starting thickness on Day 1 in each group for better comparisons. On Day 1, all measurements
were normalized to 100. On Day 14, the ring thickness between the vehicle control group and the
S5 uM group, as well as the control and the 10 uM drug-treated group, exhibited statistically
significant differences. Meanwhile, the thickness in the 10 uM incyclinide-treated group was also
statically higher than that in the 5 uM incyclinide-treated group. The vehicle control rings
decreased fastest, while the highest inhibitor group decreased at the slowest rate. In between, the
1 and 5 uM experimental groups declined at a similar rate.
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The dermal fibroblast rings migrate at different distances around the peg

The next step was to determine if incyclinide altered the upward migration of ring-shaped
tissues. Tissue rings were treated with incyclinide starting at 24 hours after cell seeding, and side
view images were obtained on Days 7 and 14. Each gel was removed from the plate without
touching the tissue using a spatula and cut on one side with a razor blade. The cut gel was laid on
its flat side, and a bright-field image was acquired. The upward migration of each tissue ring was
measured as the distance from the bottom of the circular trough to the bottom of the tissue ring
(Figure 9A). Three measurements for each ring were taken, and the average migrated distance
was calculated from control untreated rings and the rings treated with incyclinide. The control
tissue rings' upward migration versus incyclinide treated tissue rings was not significantly different
(p > 0.05). Tissue rings in all groups migrated upwards at various distances, demonstrating the

viability of the tissue rings.

24



Day 7 & 14

4000 __ 4000 4000 e Day7
g_ g_ g_ e Day14
2 3000 o 2 30004 ° o 2 30004 . .
8 o o0 %° g o ooe %t g A
3 ° o % A 8 ®e s ° eo° 8 S . . % L $ e
° ry ﬁ: ° e o
0 o n 7] .
= 2000 o = 2000 - d = 2000 - s 4 H
ML F LT o T g A N S
5 ° 0® S T . H L3 o - .* i
§ 1000 $T3 °e ece § 10004 ¢4 o s o8 B 1000438 e, ot T e 4
<] 0® o <) ° ° <) s o o o
= e o ° e e = o ° = L3S « ° oo
= ° Incyclinide = ° > e Incyclinide = o8 AR
0 T T T T 0 T T T T 0 T T T T
(M) (M)
0 1 5 10 0 1 5 10 0 1 5 10
n= 14 15 13 13 n= 15 15 15 15 Incyclinide (uM)

Figure 9: Microtissue rings migrated at different distances around the peg. (A) Each gel was cut
on Day 14 to image the side length and the climbing distance of the rings. The migrated distance
of the ring was the distance between the bottom of the well and the current height of the tissue.
Three measurements of the distance migrated were taken from every mechanical-tested ring, one
in the middle, one on the left, and the other on the right. (B) The average value of three
measurements in all the rings in the control group and rings in the 1, 5, 10 uM incyclinide-treated
groups were compared in the graph. There was no statistically significant difference in climbing
distance between the control and incyclinide-treated groups on days 7 and 14.
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Low doses of incyclinide do not affect the cross-sectional area or volume of rings

The next target was to quantify the cross-sectional area and volume difference among
groups. Therefore, on Days 7 and 14, 4 - 5 rings from each group (0, 1 uM, 5 uM, 10 uM) were
selected to obtain the top view (Figure 8A) and side view (Figure 10B) bright-field images at 2x
magnification. Three measurements for each ring were taken, and the average value of the top and
side length in each ring was used to compute the cross-sectional area (Ao) and volume (Figure
10A). On Day 7, the cross-sectional area and volume of all groups were very close (Figure 10C
& 10F). On Day 14, the top view thickness showed significant differences among the control, 5
puM, and 10 uM groups (Figure 9). The cross-sectional area and volume of the control group were
significantly lower than those of the 10 uM drug-treated group (p = 0.019, p =0.013) (Figure 10D
& 10G). Moreover, the cross-sectional area and the volume of the control, the 1 uM, and the 5 uM
incyclinide-treated groups exhibited no significant difference (P>0.05). This suggested that in
control, I M, and 5 uM groups, the difference in biomechanics was not caused by the difference
in cross-sectional area. Interestingly, on Day 7 and Day 14, the volume and the Ao mostly

maintained similar levels among all groups.
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Figure 10: The cross-sectional area and the volume of the rings were calculated. The microtissue
was formed in a shape like a toroid. (A) The graph shows the formula for calculating the cross-
sectional area and the volume, which needs both measurements from the top and side view bright-
field images of those rings [51]. The volume was calculated by the multiple of the cross-sectional
area and circumference. (B) The side view of the rings was taken at a 2x magnification bright-
field image, and the side lengths of the ring were measured at three diverse locations and were
averaged for calculation. (C, D, F, G) At all time points, the vehicle control, the 1 uM, and 5 uM
incyclinide treated groups showed no difference in both Ao and volume. (D, G) There was an
increase in volume and CSA in the group treated with the highest dose of incyclinide (10 uM) when
comparing this group with the vehicle control and the low dose groups. (E, H) Across the
timepoints, the Ao and volume did not significantly differ in most of the groups.
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Inhibition of MMP-2 increases the biomechanical properties of fibroblast tissue rings
MMP-2, an important drug target in cancer metastasis, plays a critical role in the
breakdown of ECM during regular physiological circles, such as tissue repair, remodeling, and
reproduction. The most crucial goal of this research was to investigate the effects of incyclinide,
which acts as the inhibitor of MMP-2, on the tissue tensile strength and stiffness on Days 7 and
14. Five rings from each experimental group, including the 0, 1 uM, 5 uM, and 10 uM incyclinide-
treated groups, were selected for mechanical testing for further research of the incyclinide on the
tensile properties of the rings. To test the tensile strength of the rings, 3D printed customized
grippers were embedded on an Instron tensile testing instrument with the lowest limited sensitivity
of 5N loaded cell. An enclosure heater was used to keep the PBS at 37° C (Video 1). A .csv file
was generated (including all the force applied to the tissue every second). The tissue was
considered in tension, and the gauge length was recorded when the raw load was more significant
than SmN. Then, the cross-sectional area and the load-displacement curves from the file generated
by the Instron were used to calculate the engineering stress-strain curve and true stress-strain curve.
Those two curves were vital for quantifying the engineering ultimate tensile strength (UTS),

engineering maximum tangent modulus (MTM), true UTS, and true MTM.
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Video 1. Experimental setting of tensile testing on 3D microtissue rings. Benjamin Wilk designed
the 3D printed customized Grippers embedded on an Instron 5943 with the lowest limited
sensitivity of SN loaded cell [37]. (A) An enclosure heater was used to keep the PBS at 37°C. The
gripper consisted of two cuboid parts with a 1.5mm-radius half-cylinder. The rings were removed
from the gel system and were positioned at a Smm distance between two half customized grippers
to archive quasi-static loading. Then, the load-displacement curves from the file generated by
Instron. (C) With those curves, the engineering ultimate tensile strength, engineering maximum
tangent modulus, true UTS, and true MTM were calculated by a custom python script [42]. Figure
A & C was reprinted from Wilk et al. [37]
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The engineering UTS is the maximum force applied on the microtissue ring during the
mechanical testing before the breakage and is also shown as the highest point in the stress-strain
curve (Video 1C). Engineering UTS is a critical point where the microtissue ring begins to break
and weaken. The engineering MTM is the tissue stiffness of the dermal fibroblast tissue ring. In
the tensile tests, the MTM was within the ‘linear region’ of the stress-strain curve which was
generated by a python script. The slope of the curve was fitted by getting over eight percent of the
linear fit on the curve [37]. Engineering UTS and MTM are only applicable to small deformation
since these calculations assume the cross-sectional area and volume remain the same during the
test, which rarely applies to most specimens in biology. True UTS and true MTM are calculated
assuming that the tissue volume and cross-sectional area preservation occur. The tensile strength
of the microtissue rings was determined by the decision of either the engineering or true stress-

strain equations and the quantification of the location of the cross-sectional area.

From Day 7 to 14, the mechanical properties in the vehicle control group increased
significantly as previously reported [37]. The engineering tissue strength and stiffness experienced
a 2.07-fold and 2.08-fold increase from Day 7 to 14 (p < 0.0001). The significant increase in

mechanical properties was potentially due to the change in collagen cross-linking [37].

On day 7, the mechanical properties among the 0, 1, and 5 uM incyclinide-treated groups
exhibited no significant difference. The means engineering UTS in control, 1 and 5 uM were 2.70,
2.85, and 3.63 MPa respectively (Figure 11A). There were slight rises in all tissue strength and
stiffness (Figure 11 & 12) as the dose of incyclinide increased, but there was no significant
difference shown after the statistical tests. Therefore, at the early time point, the lower doses (1

and 5 uM) incyclinide effects on biomechanics were not evident.
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On day 14, the mechanical properties between vehicle control and 1 pM incyclinide-treated
rings presented no statistical difference, while these between vehicle control and 5 uM incyclinide
group underwent a significant increase. On Day 14, as the rings got matured, compared to the
control (omax = 2.68 MPa, pvrm) = 17.45 MPa), the engineering strain and stiffness of the 1 pM
group was slightly higher (omax = 2.86 MPa, pmrm) = 18.1 MPa), but showed no statistical
difference. However, the 5 uM experimental group (omax = 3.63 MPa, porm = 20.9 MPa) were
statically higher (p<0.001) than the control group (Figure 11A-C, 12A-C). Considering the
influence of deformation during the tensile test, the true UTS and MTM increased significantly in
the 5 uM drug-treated group (~ .37- and ~ .26 - fold increase compared to the vehicle control at
Day 14 respectively) (Figure 11D-F, 12D-F). As mentioned previously, in the vehicle control
group, 1 uM, and 5 puM incyclinide-treated group, the biomechanical change was not due to the

change in the cross-sectional area since there was no statistical significance (Figure 10).

On Day 14, the tensile properties were significantly different between the 1 uM and 5 uM
incyclinide-treated group. There was no significant difference in UTS between the control and 1
uM group despite the slight increase. At the same time, there was a substantial difference between
the 1 UM (Gmax = 3.86 MPa, povurm) = 18.10 MPa) and 5 pM group (omax = 3.63 MPa, povurm = 20.9

MPa) (Figure 11C).

The highest concentration of incyclinide (10 pM) resulted in tissues with the weakest
strength and stiffness among groups on both day 7 and 14. On day 7, the engineering stiffness in
10 uM (povrvy = 4.24 MPa) group were significantly lower than in 5 pM (prm) = 6.13 MPa) and
1 uM group (™) = 5.72 MPa) (Figure 11A). On day 14, the tissue strength and stiffness in 10

uM incyclinide-treated group were statically lower than the control (p <0.0001), 1 uM (p <0.0001),
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and 5 uM (p < 0.0001) (Figure 11D). This implied that 10 uM incyclinide might have toxicity

effects on the fibroblast rings, which affected the biomechanics.

As mentioned previously on the dramatic increase of biomechanics in the control, a
significant increment in biomechanics was also found in the 1 uM and 5 pM incyclinide-treated
group. In the 1 uM drug-treated group, similar to the control group, the engineering UTS and MTM
had a 2.07 and 2.16-fold growth across Day 7 to 14. Surprisingly, in the 5 uM group, the elevated
rates in engineering strength and stiffness (~ 2.85-fold and ~ 2.41-fold) were greater than the
control and 1 pM group (Figure 11C & 12C). This implied that there might be a correlation
between the dose of incyclinide and the rate of tissue remodeling, including the formation of

collagen-crosslinking.

Interestingly, from Day 7 to 14, the mechanical properties of rings treated with 10 uM
incyclinide grew at the slowest rate. Across day 7 to 14, there was only a .80 to .92-fold increase
in engineering UTS and MEM, whereas control rings increased in a 2.07 to 2.24-fold manner
(Figure 11C & 12C). This implied that 10 uM incyclinide might have effects on the inhibition of

cell growth.
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Figure 11: Incyclinide increased the tensile strength of rings at a dose of 5 uM. whereas a higher
dose decreased tensile strength. The tensile strength was determined by the quantification of the
cross-sectional area and the use of either engineering (A, B, C) or true stress and strain (D, E, F)
formulas. Most of the research papers on mechanical properties made use of engineering stress
and strain for direct comparison with other research studies. However, the engineering stress-
strain curve did not consider the factors of tissue deformation, which the true stress-strain curve
is quantified for. The comparison of tensile strength as different doses of incyclinide and time were
determined by the engineering stress and strain versus the true stress and strain. (A, B, D, E) On
Day 14, in comparison with the control group, at 5 uM, the tissue stress increased statistically
significantly (p<0.0005), while at 10 uM (P<0.05), the UTS decreased. There was also a
significant difference in UTS between the 1 and 5 uM drug-treated group (P<0.05). (C, F) From
day 7 to day 14, the UTS significantly increased among all groups (P<0.0001), regardless of the
highest incyclinide-treated group.
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Figure 12: Incyclinide increased the stiffness at a dose of 5 uM, whereas a higher dose decreased
stiffness. The stiffness of the fibroblast microtissue was decided by the quantification of the cross-
sectional area and the use of either engineering (A, B, C) or true stress and strain (D, E, F)
formulas. The engineering MTM and true MTM with different doses and time points were
calculated by using the same dataset. (A, B, D, E) On day 14, compared with the vehicle control
group, the tissue stiffness increased significantly at 5 uM (p<0.0005), while at 10 uM (P<0.05),
the UTS decreased. (C, F) From Day 7 to 14, the MTM increased among all groups (P<0.001).
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Discussion and Conclusions

The MMPs are the vital enzymes to degrade various proteins in the ECM. Degradation of
the ECM is significant for tissue development, morphogenesis, and remodeling [2]. MMP
inhibitors have been studied and proposed as an emerging therapeutic target in cancer,
osteoarthritis, fibrosis, and cardiovascular diseases. MMP-2 is produced by dermal fibroblast, and
therefore, most likely is produced in our rings system [2]. Incyclinide, an effective MMP-2
inhibitor, was investigated in numerous research and evaluated in several clinical trials, including
Phase II clinical trial for Kaposi sarcoma, Phase II clinical trial for recurrent brain tumors, and
Phase I clinical trial of refractory metastatic cancer [31, 32, 33]. In this research, different doses
of incyclinide (1 uM, 5 uM, and 10 pM), an inhibitor of MMP-2 were tested on fibroblast tissue
rings. After seeding the JNHDF cells into the molds on Day 0, different concentrations of the
incyclinide-treated medium were added on Day 1. The medium was changed on Days 2, 5, 7, 10,
and 12. Bright-field images were obtained on Days 1, 4, 7, 10, and 14. On Days 7 and 14, top-
view and side-view bright-field images of the rings were taken for the calculation of Ao before
mechanical testing. In our experiment, the testing got operated with an Instron tensile testing
machine with customized grippers. The extension length and the raw load were recorded when the
raw force exceeded SmN. The UTS and MTM were then calculated by the Python script developed
by Wilks et. al. [37] The strength and stiffness of the tissue rings were determined using the
engineering or true stress and strain equation and the quantification of Ao. In this research, the Ao
in control, 1 pM, and 5 uM groups showed no significant differences. Therefore, the difference in
biomechanics was not caused by the difference in Ao. Incyclinide inhibits the MMP-2 by inhibiting
the interaction between MMP-2 and MMP-14, showing increases in the biomechanical properties

at the dose of 5 uM.
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Because MMP-2, produced by dermal fibroblast cells, can degrade the ECM. This research
hypothesized that inhibition of MMP-2 will lead to an increase in ECM proteins and result in
stronger mechanical properties in the rings. This hypothesis was proven in this research but was
dependent on the dose of incyclinide. We observed that the 5 uM incyclinide-treated group
exhibited stronger tissue strength and stiffness than those in the vehicle control rings on Day 14.
Therefore, the dermal fibroblast rings did produce MMP-2. Moreover, the inhibition of MMP-2
led to more collagen and elastin in ECM and resulted in stronger biomechanics.

Interestingly, previous work has demonstrated that TGF-f and MMPs are involved in a
complex regulatory loop in cancer invasion and fibrosis [20, 21, 42, 43, 51]. Finnon et. al. showed
that there are two major TGF-f signaling pathways in the activation of gene expression, including
the Smad2/3 pathway and the non-Smad2/3 pathway [50]. The non-Smad 2/3 pathway is involved
in different pathways, including rho-associated protein kinase (ROCK). Wilks et. al. showed that
a ROCK inhibitor had no impact on the biomechanics of the rings. However, Krstic et. al. showed
that the Smad 2/3 pathway was most likely involved in the process of MMPs secretion [51].
According to Wilks et. al., the addition of TGF-f1 increased the biomechanics of the rings in a
dose dependent manner. Conversely, when treated with SB-431542, an inhibitor of activin
receptor-like kinase receptor (ALK) 4, 5, and 7, that blocks activation of TGF-£1 and the Smad2/3
pathway, the biomechanics of the rings decreased [37]. TGF-f activated the secretion of Smad
proteins and then modulated gene expression with various components, including transcription
factor (TF), etc. This would result in an increase in the expression of MMP protein, including
MMP-2. When latent MMP-2 is activated, it can activate TGF-£ [50,51]. Wilks et. al. showed
that TGF-f1 leads to an increase in biomechanics. However, when we added 5 uM incyclinide, an

inhibitor of MMP-2, there was a rise in biomechanics. Therefore, it is reasonable to speculate that

36



in our ring system, the effect of MMP-2 on degrading collagen and other proteins of the ECM is
more significant than MMP-2’s effect when it activates TGF-f1. Another explanation would be
that there might be other factors in the system that activate the TGF- 1, and lead to the increase

in biomechanics in the rings.
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Figure 13: The schematic of the interaction of TGF- fand MMPs. There are two TGF- f'signaling
pathways: the Smad pathway and the non-Smad pathway. The Smad pathway produced Smad 2/3
proteins. The non-Smad pathway includes multiple parts, all of which can be activated by TGF- f.
Together, the activation of Smad and potentially some non-Smad pathways promote the expression
of MMPs. When latent MMPs are activated, and they can initiate the activation of TGF- £. Figure
was reprinted from Krstic et al. and Finnson et al. [43, 51]
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The biomechanics of the incyclinide-treated rings did not show an increase in a dose-
dependent manner. According to Lokeshwar et. al., when CaP139 cells, a prostate cancer cell line,
were treated with incyclinide, MMP-2 enzymatic activity levels in the culture medium decreased
by 35.0 %, and 56.7 %, with doses of 1 uM and 5 uM, respectively [27]. There was no significant
difference in the mechanical properties of tissue rings between the control group and the 1 uM
incyclinide-treated group, even though there was a significant increase in biomechanics between
1 uM and 5 pM groups on Day 14. This implies that 1 pM incyclinide was not a high enough dose
to increase the mechanical properties of tissue rings. It is probably attributable to the difference
between 2D and 3D cell culture systems and the differences in cell types.

In addition to inhibiting MMP-2, incyclinide is one of the most potent CMTs and has
toxicity effects including the inhibition of cell growth, the inhibition of cell proliferation, and the
apoptosis of cells [23]. Those effects could be the explanation for the significant decrease in
biomechanics in the 10 uM incyclinide-treated group. According to Protasoni et. al., the
concentration of incyclinde that causes a 50 % growth inhibition of fibroblasts was 10.5 uM [23].
Protasoni et. al. also demonstrated that incyclinide stopped cell proliferation on Day 1 and started
the cell apoptosis process on Day 5 when 8.1 uM of incyclinide was used applied to A549 cells, a
cancer cell type in lung adenocarcinoma [23]. In that experiment, untreated A549 cells had
logarithmic growth over 5 days [23]. In our research, the biomechanics of the 1 uM incyclinide-
treated group were similar to the control group on Day 14, whereas the biomechanics of the 5 uM
incyclinide-treated group were statically higher than the control group. However, as the
concentration of incyclinide was increased to 10 uM, the biomechanics declined was statistically
lower than the control as well as the 1 and 5 uM incyclinide-treated groups on Day 14. In addition

to the decrease in biomechanics, the 10 uM incyclinide-treated group had a surface roughness on
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Day 14 that was not present in the other groups. This could indicate that the high dose may be
toxic or induces cell apoptosis. Therefore, as the incyclinide concentration approached 10 uM,
several toxicities, including the inhibitory effect on the dermal fibroblast cell growth and the effect
on cell apoptosis, could have weakened the biomechanics of the rings.

In addition to the difference in mechanical properties among groups on Day 14, there was
around a 2-fold increase in biomechanics in the vehicle control groups as rings matured from Day
7 to Day 14. This large increase in mechanics with the time of maturation was also observed in a
previous study with fibroblast ring-shaped tissues [37]. The explanation for the significant increase
from Day7 to Day 14 is likely due to collagen crosslinking in the ECM during the maturation
process [37]. Jones e.t al. demonstrated that an increase in stiffness was due to collagen
crosslinking when they compared the data from lung tissue between healthy patients and patients
with idiopathic pulmonary fibrosis (IPF) [46]. Also, an in vivo experiment showed that inhibition
of the collagen cross-linking enzymes, lysyl oxidase like-2 (LOXL2) and LOXL3 leads to a
decrease in tissue stiffness and an improvement in lung functions [46]. Other studies have shown
that LOX inhibitors, including PXS-5153A, B-aminopropionitrile, and PAT-1251, can reduce
collagen crosslinking in in vitro models [44, 45]. Interestingly, from Day 7 to Day 14, the increase
in biomechanics (~ 2.72-fold) in the 5 puM incyclinide-treated group was slightly higher than the
increase in the control group (~ 2.13-fold). There was a 0.59-fold increase from control rings to
the 5 uM incyclinide-treated group. This might indicate that the inhibition of MMP-2 plays a role
in affecting the rate of collagen crosslinking during the post-translational process.

Further experiments should include measuring the amount of collagen in the tissue rings
after the mechanical testing to validate the statement that the inhibition of MMP-2 leads to more

ECM proteins. It is also worth noting that, histology, with hematoxylin & eosin (H&E) and
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Mason’s trichrome (MT) staining, and multiphoton Second Harmonic Generation (SHG) imaging
can be obtained from the fixed rings among all groups at Day 7 and Day 14. The H&E and the MT
stains will allow for the visualization of the ECM composition, including the ratio of cells to ECM
and cell alignment. The SHG will allow for the visualization of the collagen architecture, including
collagen alignment and density. On Day 14, because of the increased biomechanics in the 5 uM
groups, it is reasonable to hypothesize that the 5 pM incyclinide-treated rings have increased cell
alignment and a higher collagen density than the vehicle control group. In Wilks e.? al., the increase,
and shift in the interfibrillar space correlated with the stronger mechanical properties of the rings
[37]. Therefore, in the 5 uM incyclinide-treated groups, the SHG images should show better
interfibrillar space in the collagen construct than those in the control group. Also, H&E staining
could reveal cell death and cell apoptosis and determine the toxicity of incyclinide at 10 uM.

Another future experiment is the evaluation of the protein level of MMP-2 in cell culture
supernatants by using the human MMP-2 ELISA kit (ab 267813) produced by Abcam [49] on the
collected media on Day 7 and Day 14. Potentially, by combining the enzymatic level of MMP-2
and the mechanical data among groups, more information, such as the ICso of incyclinide, could
be generated in the system of 3D dermal fibroblast rings.

It is our long-term goal to test out treatments of incyclinide in more different doses,
including 2.5 pM, 5 pM, and 7.5 pM, to further validate the effect of incyclinide dose on the
mechanical properties of the 3D fibroblast rings. Furthermore, more efforts about the mechanism
of action (MOA) of the relationship between TGF-£1 and MMP-2 in the tissue rings would be
interesting to test by comparing the mechanical properties and collagen content of the incyclinide-
treated group, the TGF-f1 treated group, and the combination of incyclinide and TGF-£1 group.

With the combination of incyclinide and TGF- 1, it is reasonable to predict that those rings will
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have stronger mechanical properties than the control and the simple treatment since there will be
less expression of MMP proteins. Another experiment is very likely to be investigating the effect
of the inhibitor of LOX on the tissue rings to test the hypothesis that the significant increase in the
control group from Day 7 to Day 14 is due to collagen cross-linking. In summary, incyclinide can
increase the biomechanics of the fibroblast tissue rings at 5 uM as an inhibitor of MMP-2. However,
more research and experiments are needed with 3D tissue rings to validate the dosage effects of
incyclinide and the impacts on the cell and collagen content and alignment when MMP-2 is

inhibited by incyclinide.
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