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Abstract

Objective: Tissue inhibitor of metalloproteinase-2 (TIMP-2) is an endogenous inhibitor of matrix
metalloproteinases (MMPs) that attenuates maladaptive cardiac remodeling in ischemic heart
failure. We examined the effects of TIMP-2 on human cardiac fibroblast activation and
extracellular matrix (ECM) remodeling.

Methods: Human cardiac fibroblasts within a three-dimensional collagen matrix were assessed
for phenotype conversion, ECM architecture and key molecular regulators of ECM remodeling
after differential exposure to TIMP-2 and Ala+TIMP-2 (a modified TIMP-2 analogue devoid of
MMP inhibitory activity).

Results: TIMP-2 induced opposite effects on human cardiac fibroblast activation and ECM
remodeling depending on concentration. TIMP-2 activated fibroblasts into contractile
myofibroblasts that remodeled ECM. At higher concentrations (N10 nM), TIMP-2 inhibited
fibroblast activation and prevented ECM remodeling. As compared to profibrotic cytokine
transforming growth factor (TGF)-betal, TIMP-2 activated fibroblasts and remodeled ECM
without a net accumulation of matrix elements. TIMP-2 increased total protease activity as
compared to TGF-betal. Ala+TIMP-2 exposure revealed that the actions of TIMP-2 on cardiac
fibroblast activation are independent of its effects on MMP inhibition. In the presence of GM6001,
a broad-spectrum MMP inhibitor, TIMP-2-mediated ECM contraction was completely abolished,
indicating that TIMP-2-mediated fibroblast activation is MMP dependent.

Conclusion: TIMP-2 functions in a contextual fashion such that the effect on cardiac fibroblasts
depends on the tissue microenvironment. These observations highlight potential clinical challenges
in using TIMP-2 as a therapeutic strategy to attenuate postinjury cardiac remodeling.
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Introduction

Tissue inhibitor of metalloproteinase-2 (TIMP-2) is a critical regulator of tissue remodeling.
TIMP-2 is constitutively expressed in most cell types [1] and has diverse actions within the
extracellular matrix (ECM) microenvironment. TIMP-2 inhibits a broad spectrum of matrix
metalloproteinases (MMPs) [2] and retains some biologic actions that are independent of its
MMP-inhibitory activity [3,4]. The actions of TIMP-2 are complex and sometimes
paradoxical. For example, TIMP-2 inhibits MMP-2 activity, but also facilitates cell surface
activation of pro-MMP-2 by selective interaction with membrane type 1-MMP (MT1-
MMP), forming a tri-molecular complex of TIMP-2/Pro-MMP-2/MT1-MMP [5]. MMP-2
plays a critical role in maladaptive ECM remodeling after cardiovascular injury. Given that
TIMP-2 can both suppress and stimulate MMP-2 activity, and in light of its MMP-
independent bioactivity, the role of TIMP-2 on cardiovascular cells and tissue remodeling is
poorly understood.

Cardiac fibroblasts regulate ECM homeostasis through synthesis of ECM components and
secretion of MMPs and TIMPs [6]. After myocardial infarction (Ml), fibroblasts become
activated to myofibroblasts. Ongoing and persistent myofibroblast activity disrupts ECM
homeostasis and causes maladaptive post-MI cardiac remodeling. Myocardial TIMP-2 levels
are reduced during the late phase of post-MI ventricular remodeling [7]. In a rodent M
model, TIMP-2 deletion worsened infarct expansion and ventricular dilatation [8], whereas
myocardial TIMP-2 overexpression at the time of M1 significantly improved survival and
limited maladaptive cardiac remodeling [9]. We previously determined that vascular smooth
muscle cell transplantation induced TIMP-2 expression and limited post-MI maladaptive
remodeling [10]. These data and others suggest that TIMP-2, through its effects on ECM
homeostasis, may be an important therapeutic target for antiremodeling strategies after
cardiac injury. Paradoxically, Lovelock and colleagues [11] observed that TIMP-2 induced a
profibrotic response in cultured murine cardiac fibroblasts. As compared to other TIMP
species, TIMP-2 uniquely activated myofibroblasts and increased collagen synthesis. Before
clinical translation of TIMP-2 therapeutically, the effects of TIMP-2 on cardiac fibroblasts
and ECM remodeling should be determined.

We examined the effects of TIMP-2 on human cardiac fibroblast-mediated ECM remodeling
within three-dimensional (3D) collagen matrices. We explored the MMP-independent
actions of TIMP-2 using a modified analogue of TIMP-2 (Ala+) devoid of MMP-inhibitory
activity while maintaining its tertiary protein structure [12]. This is the first study to outline
the effects of TIMP-2 on fibroblast regulation and ECM remodeling in human cardiac cells.

Materials and methods

Human cardiac fibroblast isolation and expansion

Right atrial appendage biopsies (A=6) were obtained from consenting patients undergoing
routine cardiac surgery at Foothills Medical Center (Calgary, Alberta). Patients underwent
coronary artery bypass grafting or valve replacement surgery. No patients had extensive
structural atrial remodeling. All experiments involving human tissue were approved by
Conjoint Health Research Ethics Board at the University of Calgary and conform to the
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Declaration of Helsinki. Samples were minced and dissociated in 0.2% Collagenase Type II
at 37°C in an Isotemp Dry Bath (Fisher Scientific) with gentle shaking. Cell suspension was
collected and remnant tissue was removed using tissue strainer of 40 um pore size (BD
Falcon). Collected cells were centrifuged at 1500 RPM (rotations per minute) for 5 min at
room temperature (RT). Cell pellet was subsequently seeded in complete medium composed
of Iscove’s modified Dulbecco’s medium (IMDM) supplemented with 10% fetal bovine
serum plus 50,000 units of penicillin and 50,000 mg of streptomycin. Cells were cultured in
an incubator at 37°C with a 5% CO, atmosphere. Cells from passages 4 to 8 were used.

2.2. Characterization of human cardiac fibroblasts

Immunohistochemistry staining was used to characterize the cultured cells. Cells were
seeded on coverslips prior to fixation with 4% paraformaldehyde (PFA) at RT for 20 min,
then simultaneously blocked and permeabilized at RT for 1 h by incubation in blocking
buffer (2% goat serum and 1% bovine serum albumin in 1x PBS) containing 0.1% Triton
X-100. Next, coverslips were incubated in corresponding primary antibody, all at 1:500
dilution unless otherwise stated: mouse anti-fibronectin (Calbiochem), mouse anti-fibroblast
surface protein (Sigma-Aldrich), rabbit anti-smooth muscle-22-a (1:200 dilution; Abcam),
rabbit anti-vimentin, rabbit anti-discoidin domain receptor 2, rabbit anti-troponin I, rabbit
anti-desmin or rabbit anti-von Willibrand Factor (Santa Cruz Biotechnology) at 4°C
overnight with gentle shaking. After washing in blocking buffer, coverslips were then
incubated in secondary antibody at 1:500 dilution, either Alexa Fluor 633 goat anti-mouse or
Alexa Fluor 633 goat anti-rabbit, for 1 h at RT with gentle shaking. Lastly, coverslips were
washed with blocking buffer and then mounted onto microscope glass slide in Prolong Gold
Antifade Reagent (Invitrogen) containing DAPI for counterstaining of nuclear visualization.
All fluorescent images were captured using confocal laser microscopy (LSM 5, Carl Zeiss
Microscopy, Thornwood, NY, USA) and processed using Zen software (Carl Zeiss
Microscopy).

2.3. Assessment of 3D collagen ECM remodeling

Cultured human cardiac fibroblasts were serum starved for 24 h. Cells were trypsinized and
added to a liquid form of neutralized rat-tail type | collagen (BD Biosciences) at a final
concentration of 1.8 mg/ml. The liquid gel mixture containing cells was kept on ice during
the preparation. On a 24-well-plate, 400 pl of the liquid gel mixture containing 2.5x10°
cells/ml was dispensed into each well and incubated at 37°C for at least 1 h to allow for gel
polymerization. Immediately after polymerization, 500 pl of IMDM either alone [serum-free
medium (SFM)] or containing 10 ng/ml human recombinant transforming growth factor
(TGF)-betal (Gibco-Invitrogen, Frederick, MD, USA), 10 nM human recombinant TIMP-2
(Calbiochem, EMD Biosciences Inc., La Jolla, CA, USA), 10 nM Ala+TIMP-2 (gift from
Dr. Stetler-Stevenson, NIH), 10 nM human recombinant TIMP-3 (R&D Systems Inc,
Minneapolis, MN, USA), TIMP-2 (10 nM)+50 nM GM6001 (Calbiochem, EMD
Biosciences Inc.) or 100 ng/ml human recombinant MMP-2 (R&D Systems Inc) was added
to each well. MMP-2 was activated by incubating in 0.05 M borate (pH 9.0), 0.01 mM
ZnCl,, 5 mM CaCl, and 0.5 mM APMA (aminophenylmecuric acetate; Sigma) at 37°C for
30 min. Plates were further incubated overnight in a 37°C incubator with a 5% CO»
atmosphere. To initiate ECM contraction, the cell-ECM constructs were released from the
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well wall using a sterile microspatula (Corning). Serial images of the ECM dimensions were
obtained from the time of release (baseline) and at 24 h. Image J analysis software (NIH,
USA) was used to measure the area of ECM contraction as a quantitative measure of ECM
remodeling.

2.4. Cell number and viability

Cells were released from collagen ECM by incubating the constructs in 100 ul of 500
units/ml collagenase type Il in 37°C water bath with constant agitation until the ECM was
completely dissolved. Subsequently, the cell suspension was centrifuged at 1500 RPM for 5
min. Cell pellet was resuspended in 1 ml of IMDM and 0.1 ml of 0.4% trypan blue stain
(GIBCO). Ten microliters of cell suspension was loaded onto a hemacytometer, and then the
total cell number and the number of blue-stained cells were counted. Cell viability (%) was
calculated using the formula as below:

Cell viability (%)
= [1.0 — (number of blue cells/number of total cells)] x 100

2.5. Confocal laser scanning microscopic analysis

Constructs were fixed in 4% PFA at RT for 30 min and simultaneously blocked and
permeabilized at RT for 1 h by incubating in blocking buffer containing 0.1% Triton X-100.
Constructs were incubated in primary antibody (mouse anti-a-SMA at 1:500; Sigma-
Aldrich) at 4°C for 48 h with gentle shaking, followed by washing and incubated in
secondary antibody (Alexa Fluor 488 goat anti-mouse at 1:500; Invitrogen) at RT for 1 h
with gentle shaking. Lastly, constructs were briefly washed then mounted onto microscope
glass slides in Prolong Gold Antifade Reagent containing DAPI for nuclear visualization.
All fluorescent images were captured using confocal laser microscopy (LSM 5; Carl Zeiss)
in Z-stack module and processed using Zen software. To enable comparison between
images, all microscopic settings were set identically for each image under all experimental
conditions. The proportion of construct volume that was positive for alpha-SMA expression
was quantified. Z-stack images were taken from eight random fields. The acquired stack of
images from each random field was used to reconstruct a 3D image using Volocity software
(PerkinElmer) that consists of a definite volume, defined as “total image volume.” The
image volume-stained positive for a-SMA was measured and was defined as “alpha-SMA.-
positive image volume.” The alpha-SMA expression of the cells embedded in each cell-
ECM construct was calculated using the formula below:

proportion of a-SMA-positive volume

_ a-SMA-positive image volume _ | 1o/
Total image volume

2.6. Extracellular matrix architecture

To visualize the content and spatial architecture of collagen in the matrices, confocal
reflection microscopy (CRM) was performed using a confocal laser microscopy (LSM 5;
Carl Zeiss). CRM collects auto-fluorescent signals reflected by the matrix fibers and allows
for 3D structural reconstruction of the matrix [13]. Constructs were excited with a low-

Cardiovasc Pathol. Author manuscript; available in PMC 2018 December 17.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Ngu et al.

2.7.

Page 5

density 405 nm laser and the emitted light between 420 and 480 nm was collected. Z-stack
images of each construct were acquired and reconstructed using Volocity software
(PerkinElmer) to facilitate a qualitative assessment of the collagen fibril network (content
and spatial organization) within each construct.

In situ zymography

In situ zymography was modified for application with functional collagen gel contraction
assay as described by previous studies [14,15]. In brief, constructs containing human cardiac
fibroblasts were prepared as described in the previous section. DQ Gelatin-FITC (Molecular
Probes) emits green fluorescent signals when cleaved by proteases that can be quantified.
DQ Gelatin-FITC was added to the liquid gel solution at a final concentration of 10 pg/ml
prior to gel polymerization, followed by targeted treatments. Subsequently, constructs were
fixed in 4% PFA for 30 min at RT and washed with PBS before mounted on microscope
glass slide with Prolong Gold Antifade Reagent. Z-stack images from eight random fields of
each collagen gel were captured using confocal laser microscopy (LSM 5; Carl Zeiss), and
images were analyzed using Volocity software (PerkinElmer). Bright green fluorescent spots
indicating proteolytic digestion in the acquired 3D gel image were identified as “green
fluorescent objects” on the Volocity software platform, and the total volume of these objects
was summed as “total volume of green fluorescence.” Mean fluorescence intensity of each
analyzed 3D gel image was generated automatically by the Volocity software, by averaging
the fluorescence intensity of all the “green fluorescent objects” identified in the image. The
total green fluorescence activity, known to be proportionate to the total protease activity, was
calculated by multiplying the total volume of green fluorescence of each 3D image by its
mean fluorescence intensity. The total protease activity in collagen gel normalized to the
corresponding 3D gel image volume to allow for comparison between images:

Total protease activity

mean fluorescence intensity X total volume of green fluorescence
total image volume

2.8. Collagen synthesis

To estimate collagen synthesis, cell-ECM constructs were immunostained with mouse anti-
pro-collagen I (1:200 dilution; Developmental Studies Hybridoma Bank) and subsequently
developed with Alexa Fluor 633 goat anti-mouse (1:500 dilution; Invitrogen). Constructs
were mounted in Prolong Gold Antifade Reagent (Molecular Probes) containing DAPI. 3D
images were reconstructed using Volocity software (PerkinElmer) as previously described.
Cells positive for pro-collagen | were counted and divided by the total DAPI (nuclei) for
each image. Pro-collagen I-positive cells of eight random images from each group were
averaged and expressed as a percentage (%) of the total cell number.

2.9. Statistical analysis

All group data are presented as mean+S.D. Data were obtained from a representative
experiment of which each was repeated in triplicate. When only two groups were compared,
Student’s ttest was performed. For comparison of more than two groups, one-way analysis
of variance was used and followed by appropriate post hoc comparison tests. All statistical
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analyses were performed using GraphPad Prism 6.0, with £<.05 considered statistically
significant.

3. Results

3.1. Confirmation of human cardiac fibroblast phenotype

The morphology of the cultured cells was examined using phase-contrast light microscopy
and was consistent with fibroblasts (Fig. 1A). To further characterize the cells,
immunocytochemistry was performed to confirm the presence of several fibroblast-specific
markers: fibronectin, vimentin, fibroblast surface protein and discoidin domain receptor-2.
Greater than 95% of the cultured cells from passage 4 stained positive for fibroblast markers
(Fig. 2). Several nonfibroblast markers were used to rule out other cell types found in the
heart (Fig. 2). Specifically, cells were negative for SM22-alpha (smooth muscle cells),
troponin-1 (cardiomyocytes), desmin (smooth muscle cells, skeletal muscle cells,
cardiomyocytes) and von Will-ebrand factor (endothelial cells).

3.2. Concentration-dependent effects of TIMP-2 on ECM remodeling

Embedded cardiac fibroblasts contract collagen matrices in proportion to the extent of their
differentiation into myofibroblasts [16,17]. TGF-betal stimulates cardiac fibroblasts to
undergo phenotypic conversion into myofibroblasts and induce ECM remodeling as
determined by the extent of contraction [17]. We examined the differential effects of
increasing concentrations of TIMP-2 on collagen ECM remodeling (Fig. 3A). TIMP-2
exerted opposing effects on ECM contraction at different concentrations. Lower
concentrations of TIMP-2 stimulated ECM contraction, whereas higher concentrations
inhibited ECM contraction. We observed the highest degree of ECM contraction from
TIMP-2 at a concentration of 10 nM. We further examined the effects of TIMP-2 on
collagen ECM remodeling at this concentration. We compared the differential effects of 10
nM TIMP-2 with exogenous TGF-betal (10 ng/ml), 10 nM Ala+TIMP-2 (devoid of MMP
inhibitory activity) and 10 nM TIMP-3 on collagen ECM remodeling (Fig. 3B and C). Both
exogenous TGF-betal and TIMP-2 stimulated ECM contraction. Ala+TIMP-2 yielded a
similar magnitude of ECM contraction as TIMP-2, indicating that the stimulatory effect of
TIMP-2 is independent of its MMP-inhibitory actions. Interestingly, induction of ECM
remodeling was not observed with a matched concentration of TIMP-3, suggesting that
TIMP-induced fibroblast activation is specific and unique to TIMP-2,

3.3. TIMP-2 induces phenotypic differentiation of human cardiac fibroblasts

Differentiated myofibroblasts are defined by the presence of a-SMA and up-regulated
collagen synthesis [18]. We observed that all groups with increased ECM contraction (TGF-
betal, 10 nM TIMP-2 and 10 nM Ala+TIMP-2) exhibited a higher expression of alpha-SMA
(Fig. 4A andB). Both TIMP-2 and Ala+TIMP-2 stimulated the morphological
transformation toward myofibroblast-like features (Fig. 4A). Treatment with TGF-betal and
TIMP-2 did not significantly alter the cell number and cell viability of the cells within
collagen ECM (Fig. 4C). Collectively, these data confirm that TIMP-2 and Ala+TIMP-2
induce collagen ECM remodeling, at least in part, by stimulating phenotypic conversion of
cardiac fibroblasts into myofibroblasts.
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3.4. TIMP-2 does not induce ECM deposition

By confocal microscopy, 3D images of collagen ECM architecture were reconstructed to
visualize collagen fibril network content and organization (Fig. 5). TGF-betal increased
collagen fibril density demonstrating a net fibrotic response (Fig. 5: second row).
Paradoxically, we did not observe the same fibrotic response in both the TIMP-2 and the Ala
+TIMP-2 groups (Fig. 5: third row & fourth row). In addition, TIMP-3 did not significantly
alter the collagen ECM architecture as compared to the SFM group (Fig. 5: bottom row).
Collagen ECM remodeling was independent of the alteration in the collagen fibril
organization and content. This observation is in agreement with current literature [19].

3.5. TIMP-2 increases total protease activity

In situ zymography and quantitative image analysis was employed to directly measure and
compare protease activity in the collagen ECM microenvironment (Fig. 6A and B). TGF-
betal (10 ng/ml) increased total protease activity. Both TIMP-2 and Ala+TIMP-2 increased
protease activity, greater than TGF-betal. Ala+TIMP-2 induced the greatest increase in
protease activity, likely due to its abolished capacity for MMP inhibition. Interestingly,
TIMP-3 did not alter total protease activity, further supporting a unique role for TIMP-2 in
regulating ECM homeostasis. At a low concentration, TIMP-2 induced a net increase in total
protease activity within ECM.

3.6. TIMP-2 induces collagen synthesis

TGF-betal induced a significant increase in human cardiac fibroblast pro-collagen |
expression as compared to SFM (89.7%5.8% vs. 81.8%5.6%, A<.05). TIMP-2 induced
pro-collagen | expression similar to TGF-betal (91.9%+5.5%, P=NS) and significantly
increased as compared to SFM (~<.01). Devoid of MMP-inhibitory actions, Ala+TIMP-2
induced pro-collagen | expression in cardiac fibroblasts) as compared to SFM (87.4+4.2%,
£<.05) with a level similar to TGF-betal and TIMP-2. This observation indicates that
TIMP-2 induction of collagen synthesis is independent of its MMP inhibition.

3.7. TIMP-2induces collagen ECM remodeling by MMP activation

Increased MMP abundance and activity is associated with increased collagen ECM
remodeling [20,21]. In support, we observed that activated MMP-2 increased human cardiac
fibroblast-mediated ECM remodeling (Fig. 7A and B). An exogenous MMP inhibitor,
GM6001 (50 nM), completely abolished TIMP-2-induced ECM contraction (Fig. 7C and D).
These observations collectively suggest that TIMP-2 induces collagen ECM remodeling by
increasing MMP activity, a known effect of TIMP-2 at lower concentrations [5].

4. Discussion

In animal models of human disease, TIMP-2 is reported to exert beneficial effects in
attenuating adverse post-MI cardiac remodeling [8-10]. TIMP-2 is a complex protein with
paradoxical effects on MMP activities. Lovelock and colleagues [11] examined the
differential effects of various TIMP species in modulating murine cardiac fibroblasts. As
compared to all other TIMP species, TIMP-2 was observed to induce the most profound
increase in murine myofibroblast activation and collagen synthesis, suggesting that TIMP-2
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is profibrotic [11]. Our data highlight a more complex influence of TIMP-2 on human
cardiac fibroblasts within an ECM microenvironment. TIMP-2 was found to induce dual and
opposite effects depending on concentration.

Our study differs from the work of previous investigators in that we examined human
cardiac fibroblasts (as compared to murine or immortalized cell lines) within a 3D collagen
matrix (as compared to 2D culture conditions). We believe that this model best mimics the
human cardiac ECM microenvironment. Numerous studies show that cultured fibroblasts in
a 2D system spontaneously undergo a phenotypic switch to myofibroblasts [22,23]. By using
an innovative 3D collagen ECM culture system, we were able to maintain cardiac fibroblasts
in a form similar to in vivo resting cells [24]. In addition, given that TIMP-2 concentration
can determine its influence on MMP-2 activity, we examined the effects of TIMP-2 over
different concentrations. Basal myocardial levels of TIMP-2 are not well documented, but
median plasma TIMP-2 levels in humans is estimated to be 163 ng/ml (7.4 nM) in EDTA
plasma and 139 ng/ml(6.3 nM) in citrate plasma [25]. We utilized exogenous TIMP-2 in a
physiologic range for our experiments.

It is well known that inhibition of MMP activity reduces collagen ECM remodeling and
alpha-SMA expression [26]. Intriguingly, our data show that TIMP-2 exerts opposing effects
on collagen ECM remodeling at different concentrations, indicating the existence of
complex interactions. At low concentrations, TIMP-2 stimulates collagen ECM remodeling,
whereas ECM contraction was inhibited at high concentrations. In this study, we focused our
efforts on the myofibroblast-activating aspect of TIMP-2 as this effect is deemed to be
specific to TIMP-2 as compared to the other TIMP species. Furthermore, we aimed to
investigate the mechanisms underlying this compelling phenomenon, in order to expand on
the observations of Lovelock and colleagues [11].

A dynamic balance of MMP activity and new collagen synthesis is critical to maintaining
ECM homeostasis [27]. Dysregulation of ECM, either with excessive degradation of matrix
components or by increased matrix deposition, is implicated in the progression of heart
failure [28]. TIMP-2-dependent activation of pro-MMP-2 is a critical and essential regulator
of MMP-2 activation [5,8]. In the specific conditions of our study, we observed that TIMP-2
increases total ECM protease activity, much higher than the profibrotic mediator TGF-betal.
We also observed that collagen synthesis was increased by both TGF-betal and TIMP-2, but
there was no significant difference between these groups. These results may explain our
observation that TIMP-2 does not prompt a concomitant net fibrotic response of collagen
within the cell-matrix constructs, as does TGF-betal. Proteolytic activity exceeded new
collagen synthesis resulting in preserved ECM architecture despite significant ECM
remodeling. Importantly, these data suggest that TIMP-2 can stimulate the activation of
fibroblasts at lower concentrations, but it is not profibrotic such that net collagen ECM
components are not increased and ECM integrity is preserved.

Several MMPs possess the ability to cleave latent TGF-betal and increase its activity
[29,30]. In contrast, synthetic MMP inhibitors suppress collagen ECM remodeling [26]. Our
data demonstrate that active MMP-2 is capable of inducing human cardiac fibroblast-
mediated ECM remodeling. The suppression of TIMP-2-induced ECM contraction by a
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synthetic MMP inhibitor GM6001 suggests that TIMP-2 induces ECM remodeling by MMP
activation. Various actions of TIMP-2 that are independent of its MMP-inhibitory activity
have been defined. Ala+TIMP-2 contains a single alanine residue appended to the amino-
terminal cysteine of the wild-type TIMP-2 and completely disrupts its MMP inhibitory
activity [12]. Several studies have utilized this unique analogue to delineate the actions of
TIMP-2 that are independent of MMP inhibition [3,4,31]. We determined that TIMP-2
stimulates cardiac myofibroblast differentiation through mechanisms that are independent of
its MMP inhibitory activity given that Ala+TIMP-2 exhibits the same effects as endogenous
TIMP-2 on fibroblast-mediated collagen ECM remodeling.

The concept that TIMPs exhibit their beneficial effects on cardiac remodeling solely via
their MMP inhibitory actions may be premature, as TIMPs exert diverse biological actions
on multiple cell types, which synthetic MMP inhibitors lack. Efforts to use synthetic MMP
inhibitors to limit MMP-mediated cardiac remodeling have uniformly failed after clinical
translation due to unanticipated adverse effects [32] and limited efficacy [33] in human
subjects. Our data support and highlight the complexity of TIMP actions on human cardiac
fibro-blasts. Prior data using rodent cells may not be clinically relevant as rodent cardiac
basal metabolism varies substantially across different species [34]. Our human cell model
would benefit from further validation by comparing clinical characteristics and the baseline
state of the atrial tissue with respect to fibrosis and remodeling as the patient’s clinical
condition may influence cellular activity in the model. It is possible that ventricular
fibroblasts may respond differently to TIMP-2. Further studies would be required to confirm
a similar response as observed with atrial cells.

To our knowledge, this is the first study to investigate the role of TIMP-2 in regulating
human cardiac fibroblasts. While the therapeutic potential of TIMP-2 is recognized, the dual
effects of TIMP-2 and narrow therapeutic range suggest that further study may be needed
before clinical application of TIMP-2 as a potential antiremodeling agent.
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Fig. 1.

Primary human cardiac fibroblasts morphology. Photomicrographs obtained from serial
passages of human cardiac fibroblasts from the same isolation. Objective: 20x. Note that the
changes in cellular morphology as cell passage increased. Scale bar=100 pm.
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Fig. 2.
Characterization of primary human cardiac fibroblasts. All cultured cells expressed

fibronectin, vimentin, FSP, and DDR?2, staining with an absence of SM-22-alpha, troponin I,
desmin, and VWF staining, confirming these cells as fibroblasts. Nuclei were stained blue
with DAPI. FSP=fibroblast surface protein; DDR2=discoidin domain receptor 2; SM-22-a=
smooth muscle-22-alpha; vWF=von Willebrand factor.
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Fig. 3.

Figroblast-mediated 3D collagen matrix remodeling. (A) Differential effect of various
concentrations of TIMP-2 on 3D collagen ECM remodeling as assessed by extent of
contraction over time: TIMP-2 stimulated collagen ECM contraction at lower concentrations
(2.5 and 10 nM), whereas the highest concentration (50 nM) inhibited ECM contraction
when compared to the SFM group. Data presented were obtained from three individual
experiments, and all values were normalized to the corresponding SFM control group. Bars
represent mean=S.D. (A=7 per group). *A<.05; **A<.01; **** P<.0001. (B) Representative
photographs of cell-ECM constructs at 0 and 24 h by treatment group. (C) Percentage of
ECM contraction (%) from the initial surface area 24 h after release. TGF-betal (10 ng/ml),
TIMP-2 and Ala+TIMP-2 significantly stimulated collagen ECM contraction, whereas
TIMP-3 did not alter ECM contraction as compared to the SFM group. Bars represent mean
+S.D. (N=3 per group). ** A<.01; *** £<.001; ns, nonsignificant.
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Fig. 4.

Cardiac myofibroblast activation and cell viability. (A) Representative confocal microscopic
images of cardiac fibroblasts/myofibroblasts embedded in collagen ECM constructs from
different treatment groups. Cells were stained for alpha-SMA (green) and for nuclei (DAPI,
blue). Both TIMP-2 and Ala+TIMP-2 stimulated alpha-SMA expression and induced
morphological transformation. TIMP-3 did not exert a similar effect. Scale bar=80 um. (B)
Proportion of confocal image volume stained positive for a-SMA (green). Values were
normalized to that of the SFM group. TGF-betal (10 ng/ml), TIMP-2 and Ala-TIMP-2
induced a similar increase in expression of alpha-SMA. TIMP-3 did not alter alpha-SMA
expression as compared to the SFM group. Bars represent mean+S.D. (A=8 random field
images per group). **P<.01; *** £<.001; ns, nonsignificant. (C) Representative
photomicrographs of cells harvested directly from cell-ECM constructs after the exposure to
targeted treatments. Dead cells appear blue after trypan blue staining (arrows). Objective:
20x%. All treatment groups yielded an equal cell number and cell viability (A=8 per group).
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Fig. 5.
3D collagen matrix architecture. 3D images of collagen ECM architecture were

reconstructed. Each row consists of three different projections of one representative image of
a cell-ECM construct for each treatment group. Scale bar=150 um. 7op row. SFM group,
which represents the baseline state with an assumption that ECM homeostasis is maintained
(negative control). Second row. TGF-betal increased collagen fibril density in the cell-ECM
construct showing a net accumulation of collagen (fibrosis) relative to the SFM control.
Third row. TIMP-2 did not increase the density of collagen, instead a modest amount of
ECM degradation was observed as compared to SFM. Bottom row: Ala+TIMP-2 did not
significantly alter the collagen ECM architecture as compared to SFM.
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Fig. 6.

Ingsitu zymography with quantitative assessments of total protease activity in collagen ECM
microenvironment. (A) In situ zymography: representative confocal microscopic images of
the emitted fluorescent signals (green) in collagen ECM, following proteolysis of the
embedded DQ Gelatin-FITC. Scale bar=200 um. (B) Total protease activity in cell-ECM
constructs was quantified as total fluorescent signal per image volume. TGF-betal (10 ng/
ml), TIMP-2 (10 nM) and Ala+TIMP-2 (10 nM) increased the total protease activity in the
ECM microenvironment as compared to SFM. TIMP-2 yielded more protease activity than
TGF-betal (P<.05). Ala+TIMP-2 resulted in a higher protease activity than TIMP-2, likely
due to a lack of MMP inhibition (P<.05). Bars represent mean=S.D. (A=8 per group). * /<.
05; *** P<.001 as compared to SFM.
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Fig. 7.

Efgfects of MMP-2 and MMP inhibition on cardiac myofibroblast differentiation. (A)
Representative photographs of cell-ECM constructs at 0 and 24 h: collagen ECM
remodeling was differentially assessed with or without addition of activated MMP-2 (100
ng/ml). (B) Activated MMP-2 induced cardiac myofibroblast-mediated collagen ECM
remodeling. Bars represent mean+S.D. (A=3 per group). **A<.01. (C) Representative
photographs of cell-ECM constructs at 0 and 24 h: the effect of TIMP-2 on collagen ECM
remodeling was evaluated alone and in the presence of GM6001 (MMP inhibitor). (D)
TIMP-2 stimulated collagen ECM remodeling. Addition of GM6001 inhibited TIMP-2-
induced ECM remodeling. These data suggest that TIMP-2 stimulates cardiac myofibroblast
differentiation by increasing protease activity. Bars represent mean+S.D. (A=3 per group).
*P<.05; ** A<.01.
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