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Abstract
Inflammation and damage promote monocyte adhesion to endothelium and cardiovascular disease
(CVD). Elevated inflammation and increased monocyte-endothelial cell interactions represent the
initial stages of vascular remodeling associated with a multitude of cardiovascular diseases.
Cathepsins are proteases produced by both cell types that degrade elastin and collagen in arterial
walls, and are upregulated in cardiovascular disease. We hypothesized that the inflammatory
cytokine tumor necrosis factor alpha (TNFα) and monocyte binding would stimulate cathepsins K
and V expression and activity in endothelial cells, that may be responsible for initiating local
proteolysis during cardiovascular disease. Confluent human aortic endothelial cells (HAECs) were
stimulated with TNFα or THP-1 monocyte co-cultures, and multiplex cathepsin zymography was
used to detect changes in levels of active cathepsins K, L, S, and V. Direct monocyte-endothelial
cell co-cultures stimulated with TNFα generated maximally observed cathepsin K and V activities
compared to either cell type alone (n=3, p<0.05) by a c-Jun N-terminal kinase (JNK) dependent
manner. Inhibition of JNK with SP6000125 blocked upregulation of cathepsin K activity by 49%
and cathepsin V by 81% in endothelial cells. Together, these data show that inflammatory cues
and monocyte-endothelial cell interactions upregulate cathepsin activity via JNK signaling axis
and identify a new mechanism to target towards slowing the earliest stages of tissue remodeling in
cardiovascular disease.
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Introduction
In atherosclerosis and other cardiovascular disease, endothelial cells initiate vascular
responses to inflammatory cytokines, such as tumor necrosis factor alpha (TNFα).
Activation of the endothelium results in increased surface expression of cell adhesion
molecules and secretion of powerful chemokines essential for the recruitment of circulating
monocytes to the vascular wall [1]. Once adhered, physical, paracrine, and juxtacrine
signaling between monocytes and endothelial cells arrest monocytes along the endothelium,
and permit transmigration to the subendothelial space [2,3]. Ultimately, these inflammatory
pathologies will cue extensive vascular remodeling and luminal narrowing as atherosclerotic
plaques form.
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Collagen and elastin are two important extracellular matrix proteins degraded by cathepsins
during atherosclerotic lesion formation [4–6]. Cathepsins are a family of cysteine proteases
that have been highly implicated in cardiovascular disease [7,5], and endothelial cells
contribute to their production and this pathology [8,6]. Cathepsins K and V, in particular,
have gained attention due to their potent proteolytic activity. Cathepsin K is both the most
potent human collagenase identified, as well as an extremely powerful elastase [9], and has
been shown to be highly expressed in atherosclerotic lesions [10,6]. Cathepsin V is the most
powerful mammalian elastase yet identified, and is expressed in human monocyte-derived
macrophages [11]. Studies have shown that the human cathepsin V homolog, murine
cathepsin L [12,13], significantly contributes to cardiovascular disease in mouse models
[14,15]. However, elucidating the contributions of specific cell types and their stimulation of
each other is still an important goal to treat this disease.

We have previously shown that endothelial cells play an important role in proteolytic
vascular remodeling via production of cathepsins in response to altered hemodynamics and
disturbed flow [8,6], but the influence of inflammatory cytokines and communication
between newly infiltrated monocytes and the resident vascular cells on proteolytic activity
have not been explored. In this study, effects of TNFα stimulation and monocyte binding on
cathepsin production and activity by human aortic endothelial cells was investigated to
understand early stimuli that promote proteolytic remodeling of the arterial wall using a
multiplex cathepsin zymography technique to simultaneously quantify cathepsins K, L, S,
and V expression levels of active enzyme [16,17]. Furthermore, we investigated key
phosphorylation of Akt, ERK 1/2, JNK, and c-jun to identify intracellular signaling cascades
linking TNFα stimulation and monocyte binding to increased levels of cathepsins K and V
activity to suggest a mechanism for pharmaceutical targeting.

Materials and Methods
Cell Culture

Human aortic endothelial cells (HAECs) (Lonza) were cultured in MCDB medium 131
(Mediatech) containing 10% fetal bovine serum (FBS), 1% L-glutamine, 1% penicillin/
streptomycin, and 1% endothelial cell growth serum (ECGS). Human THP-1 acute
monocytic leukemia cells (American Type Culture Collection [ATCC]) were cultured in
RPMI medium 1640 (Mediatech) containing 10% FBS, 0.05% β-mercaptoethanol, 1% L-
glutamine, and 1% penicillin/streptomycin. HAECs were transfected with cathepsin K
overexpression plasmids on the pCMVSport6 background at 50–80% confluence with
Lipofectin (Invitrogen) in OptiMEM according to manufacturer’s instructions.

Monocyte adhesion and endothelial cell co-cultures
HAECs were preconditioned in the presence or absence of 10 ng/mL recombinant human
TNFα (Invitrogen) and cultured for 4 hours prior to adding 500,000 monocytes/ml. THP-1
monocytes were allowed to adhere for 45 minutes prior to washing with PBS, and co-
cultures adhered to HAECs were maintained for an additional 20 hours. Indirect co-cultures
were generated by suspending 500,000 monocytes/mL above pre-stimulated HAECs using a
transwell insert with a 0.2μm pore size for 20 hours. For TNFα blocking studies, HAECs
were stimulated with growth media containing 10 ng/mL TNFα combined with either 10
μg/mL anti-TNFα antibody (R&D Systems) or 10 μg/mL isotype control (R&D Systems)
for 24 hours prior to collecting cell lysates. For JNK inhibition studies, HAECs were
preconditioned with 10 μg/mL of SP6000125 (EMD Biosciences) for one hour prior to
addition of THP-1s and co-culture.
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Multiplex cathepsin zymography
Cathepsin zymography was performed as described previously [17]. Briefly, cell lysates
were collected using zymography lysis buffer (20 nM Tris–HCl at pH 7.5, 5 mM EGTA,
150 mM NaCl, 20 mM β-glycerol-phosphate, 10 mM NaF, 1 mM sodium orthovanadate,
1% Triton X-100, 0.1% Tween-20) with 0.1 mM leupeptin freshly added to stabilize
enzymes during electrophoresis and lysates were collected and cleared by centrifugation.
Specific cathepsin species were resolved by 12.5% SDS–polyacrylamide gels containing
5mg/mL gelatin at 4 °C. Gels were removed and enzymes renatured in 65 mM Tris buffer,
pH 7.4 with 20% glycerol, followed by incubation in activity buffer (0.1 M sodium
phosphate buffer, pH 6.0, 1 mM EDTA, and 2 mM DTT freshly added). For determination
of cathepsin V band, a 0.1 M sodium acetate buffer of pH 4 was used. The gels were rinsed
once with deionized water and incubated for 1 h in Coomassie stain (10% acetic acid, 25%
isopropanol, 4.5% Coomassie Blue) followed by destaining (10% isopropanol and 10%
acetic acid). Gels were imaged using an ImageQuant LAS 4000, and cathepsins K, V, L, and
S can be visualized, in that order of decreasing apparent molecular weight. Images were
inverted in Adobe Photoshop and densitometry was performed using Scion Image.

In situ zymography
Co-cultures of HAECs and THP-1 monocytes were prepared as above; after the 20 hour
incubation time, cultures were rinsed with PBS and incubated in zymography assay buffer
(0.1M sodium phosphate buffer, 1mM EDTA, 2mM DTT, pH 6.0) containing 0.5mM Z-
GPR-MβNA (Enzo) and 1mM 5-nitrosalicylic acid (Sigma). To isolate cathepsin K signal,
serine proteases were inhibited with 1mM PMSF (Sigma), matrix metalloproteinases
(MMPs) were inhibited with 10 mM EDTA (Sigma), and cathepsin B was inhibited with
CA-074 (EMD Biosciences). 5μM of the broad-spectrum cathepsin inhibitor, E-64 (EMD
Biosciences), was added for negative controls. Cultures were incubated for 8 hours, washed,
and imaged using a Nikon Ti-E™ fluorescent microscope. Fluorescence was quantified by
averaging pixel intensity across images of a given area using ImageJ.

Phosphorylated kinase analysis with Bioplex
HAEC or co-culture lysates were prepared according to Bioplex instructions (BioRad), and
beads conjugated with antibodies for phosphorylated Akt, extracellular signal-regulated
kinases 1 and 2 (ERK 1/2), c-Jun NH2-terminal kinase (JNK), and c-Jun (BioRad) were
incubated overnight, followed by labeling with biotinylated secondary antibodies for 1 hour,
then with avidin/streptavidin conjugated with phycoerythrin. Phosphorylated kinase levels
were measured using a BioPlex 200 System (BioRad).

Statistical Analysis
Each experimental condition was repeated with a minimum of three biological replicates and
each data point is presented as the mean value and standard error of the mean.
Representative images are shown. Unpaired student t-tests were used to determine statistical
significance (*p<0.05) between experimental groups.

Results
TNFα and monocyte adhesion differentially induce cathepsins K and V activity

To determine how TNFα and monocyte interactions, individually and cooperatively,
regulate cathepsin activity in large artery endothelial cells, we co-cultured human aortic
endothelial cells (HAECs) and THP-1 monocytes, as described in the Materials and
Methods. TNFα-stimulated mature cathepsin K expression and activity (37 kDa) in HAECs
and HAEC/monocyte co-cultures, and also increased cathepsin V expression and activity
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(35 kDa) by two-fold (Fig 1A; n=3, p<0.05). THP-1 monocytes alone did not stimulate
cathepsin K activity, but co-culture with endothelial cells stimulated a 50% increase in
cathepsin V activity (Fig 1A lane 3). TNFα and co-culturing with THP-1 monocytes
stimulated a 460% increase in cathepsin V active enzyme compared to HAEC controls (Fig
1A lane 6; n=3, p<0.05).

In order to ascertain if the increased active cathepsin observed in the co-cultures was
mediated by direct monocyte-endothelial cell contacts, paracrine factors, or some
combination of both, we implemented a transwell culture system permitting exchange of
soluble factors between the cell types, while being physically separated by a 0.22 μm pore
size filter. Indirect communication between monocytes and endothelial cells failed to
increase cathepsin V activity as high as direct contact cultures; additionally, there was no
detectable cathepsin K activity without TNFα stimulation (Fig 1B).

TNFα is sufficient to turn on cathepsin K activity in endothelial cells
To confirm the identity of the apparent TNFα-dependent, 37kDa active band as cathepsin K,
HAECs were transfected with CMVSport6 plasmid with cathepsin K gene to drive
constitutive overexpression. We achieved 25% transfection efficiency as estimated from
parallel transfections with GFP vector with same concentration and protocol (data not
shown). Lysates from transfected HAECs were loaded for zymography in the same gel as
lysates from HAECs stimulated with TNFα or vehicle, and results are shown in figure 2.
Transfected HAECs displayed an active band at the same electrophoretic migration distance
as that of HAECs stimulated with TNFα, and with greater intensity than control cells
confirming the 37kDa band as cathepsin K (Fig 2A). Further confirmation was achieved
with an exclusionary cathepsin zymography modification; we previously demonstrated that
lowering the pH from 6 to 4 during overnight incubation selects for cathepsin V activity and
reduces the cathepsin K signal [17]. When incubated at pH 4, the upper 37 kDa band
intensity diminished in the TNFα-stimulated samples, but cathepsin V (35 kDa) signal
remained detectable under both conditions (Fig 2B) confirming the upper band as cathepsin
K.

Next, we sought to confirm that cathepsin K activity in endothelial cells was dependent on
TNFα stimulation. HAECs were conditioned for 24 hours in media containing 10 ng/mL
TNFα and either 10 μg/mL anti-TNFα antibody or isotype control, and cell lysates were
collected. As expected, TNFα stimulated robust cathepsin K activity, while co-incubation
with the blocking antibody substantially reduced activity levels (Fig 2C). These data, taken
with the observed responses in Figure 1, indicate that TNFα is sufficient and necessary to
stimulate cathepsin K activity in these studies.

Quenched, fluorescent synthetic substrates are commonly used to quantify the activity of
cathepsin family members in cells and in vitro studies [18–20], and we used this method to
identify TNFα stimulated cathepsin K activity in situ as increased fluorescence captured by
microscopy. After HAECs were stimulated with TNFα, culture media was replaced with
zymography assay buffer containing the cathepsin K cleavable substrate Z-GPR-MβNA (5
μM), and fluorescent images were captured. To select for the cathepsin K activity among
other proteases that can cleave this substrate, parallel cultures were inhibited with 5 μM
E-64 to block all cathepsin activity or with a protease inhibitor cocktail (10 μM CA-074, 1
mM phenylmethanesulfonylfluoride (PMSF), and 10 mM EDTA to inhibit cathepsin B,
serine proteases, and matrix metalloproteinases, respectively) thereby identifying the
residual activity as cathepsin K. TNFα stimulation increased total fluorescent intensity, and
more importantly, the fluorescence due to cathepsin K seen after incubation with the
protease inhibitor cocktail (Fig 2D). E-64 incubation significantly reduced fluorescent
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intensity as expected, as shown in the picture and indicated by the dashed line on the graph
(Fig 2D,E).

TNFα stimulation and monocyte interactions with endothelial cells increased JNK and Akt
phosphorylation

Next, the intracellular signal cascades initiated by TNFα and THP-1 monocyte adhesion,
which appeared to have increased cathepsin K and V activities, were investigated at baseline
(0 hours), after TNFα stimulation and monocyte binding (4 hours), and six hours of co-
culture (10 hours). Co-cultures were maintained for 6 hours instead of 20, to shorten the
length of time between stimulation and analysis to quantify the phosphorylated kinase signal
before it was quiesced. Cell lysates were analyzed for phosphorylation of Akt, ERK1/2,
JNK, and c-Jun using Bioplex technology, and results shown in figure 3. JNK and its
downstream signaling protein substrate, c-Jun showed the greatest activation in response to
TNFα stimulation by 2.8 and 5.3 fold, respectively (Fig 3, n=3, p<0.01). Akt
phosphorylation was significantly increased by TNFα stimulation and monocyte binding
(Fig 3, n=3, p<0.01). There were no changes in ERK 1/2 phosphorylation in any condition
for all time points measured (Fig 3).

JNK inhibition significantly decreased TNFα and THP-1 monocyte induced cathepsin K
and V activities

Since TNFα stimulation of HAECs increased cathepsin K and V activities, and JNK and c-
Jun were highly activated in response, we next tested the hypothesis that inhibiting JNK
pathway would reduce cathepsin K and V activity. Endothelial cells were incubated for 1
hour with the JNK inhibitor SP6000125 (10 μM), followed by stimulation with 10ng/mL
TNFα or vehicle for 4 hours, and co-culture with THP-1 monocytes. Inhibition of JNK
significantly reduced cathepsin K active enzyme by 49% in HAEC cultures stimulated with
TNFα and by 39% in co-cultures stimulated with TNFα (Fig 4; n=3, p<0.05). In the absence
of TNFα stimulation, there was no detectable cathepsin K activity. A similar effect was
observed for cathepsin V; JNK inhibition reduced TNFα stimulated active cathepsin V by
60% (n=3, p<.005) in HAECs, by 27% in co-cultures (n=3, p<0.005), and by 81% in TNFα
stimulated co-cultures (n=3, p<0.001) (Fig 4).

Discussion
Increased cathepsin activity has been linked to tissue destructive mechanisms in the
cardiovascular system including atherosclerotic elastic lamina degradation [21,6,10], stent
restenosis [22,23], abdominal aortic aneurysm formation [24], and heart valve remodeling
under hypertensive conditions [8]. The identification of TNFα and monocyte adhesion as
both separate and partnering mediators of cathepsins K and V activation in endothelial cells
via JNK signaling provides new insight into the initiation of proteolytic remodeling in
cardiovascular diseases. While the progression of arterial remodeling in atherosclerosis is
well described, little is known of the initial degradation or breaks in elastic lamina that will
later result in smooth muscle cell phenotypic switch and migration into neointimal space to
initiate lesion formation. Here we propose that induction of cathepsin expression and
mature, active cathepsins by monocyte binding to endothelial cells during the earliest steps
participates in this initial elastin proteolysis.

Indirect contact between the two cell types increased cathepsin activity, but direct
monocyte-endothelial cell contact induced even higher levels of active cathepsins K and V
activity, even in the presence of TNFα, suggesting that juxtacrine communication is
involved. Pro-TNFα present on monocyte plasma membranes is proteolytically cleaved to
release the soluble cytokine [25]. Soluble TNFα then binds primarily to TNFR1 with low
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affinity for TNFR2, but membrane bound pro-TNFα has greater affinity for TNFR2 [26].
The direct contact between monocytes and endothelial cells may place the pro-TNFα on
monocyte surfaces in close enough contact to ligate TNFR2 on endothelial cell surfaces,
which may be a mechanism to explain the elevated induction of cathepsin activity with
direct vs. indirect contact co-cultures (Fig 1B). Stimulation of either TNFR1 or TNFR2
pathway with soluble TNFα or pro-TNFα on monocyte surfaces may explain the
differential regulation of cathepsins K and V in these results, but further studies are still
needed.

The significant effect of JNK inhibition (Fig 4) on reducing cathepsin K and V activity in
the co-cultures and after TNFα stimulation implicates JNK signaling cascade as a
potentially successful target for therapeutic intervention. Although JNK inhibition has been
shown to block ICAM-1 expression [27,28], our studies did not show a reduction in
monocyte adhesion after culturing with the JNK inhibitor, SP6000125 (data not shown) but
did reduce cathepsin activity in response. It was shown previously that the transcription
factor AP-1, comprised of the subunits c-fos and c-Jun, a target of JNK, stimulates cathepsin
K promoter activity in macrophages [29], so the link shown here between JNK activation
downstream of TNFα stimulation and cathepsin K and V induction may involve AP-1 as
well and further investigation of these pathways may be informative for reducing proteolysis
during cardiovascular disease progression due to multiple cell types and their heterotypic
interactions.
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Fig 1.
TNFα and direct monocyte adhesion induced cathepsin K and V activities in endothelial
cell-monocytes co-cultures. Endothelial cells, THP-1 monocytes, and co-cultures were
conditioned with 10ng/mL TNFα. Monocytes were allowed to interact either (A) directly
(indicated by “D”), or (B) indirectly, suspended above in a Transwell insert with a 0.2μm
pore size (indicated by “I”). (A) Cell lysates were collected and loaded for cathepsin
zymography. Cathepsin K active enzyme bands were quantified with densitometry and
normalized to HAEC, THP-1, TNFα samples, and cathepsin V active enzyme bands were
normalized to unstimulated endothelial cell controls (n=7, *p<0.05, # represents significant
difference from EC control, SEM bars shown). (B) Lysates from Transwell cultures were
also collected and loaded for zymography and active enzyme quantified with densitometry
(n=3, *p<0.05, SEM bars shown).
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Fig 2.
TNFα turns on cathepsin K activity in endothelial cells (A) ECs were transfected with
cathepsin K gene on pCMVSport6 to drive overexpression. Cell lysates collected from
HAECs treated with and without 10ng/mL TNFα, and ECs transfected with cathepsin K
plasmid were lysed, prepared, and loaded for cathepsin zymography. (B) Cell lysates
collected from HAECs treated with and without 10 ng/mL TNFα were incubated in assay
buffer of pH 4 or 6 to observe the disappearance of the 37 kDa cathepsin K band at pH 4.
The cathepsin K bands and TNFα stimulated bands appeared at the same molecular weight
in the zymogram. (C) HAECs were stimulated with 10ng/mL TNFα combined with either
10μg/mL anti-TNFα antibody, or isotype controls. Cell lysates were collected and cathepsin
activity was assessed via gelatin zymography. (D) For in situ zymography, endothelial cells
treated with or without 10 ng/mL TNFα were incubated in zymography assay buffer
containing 1mM 5-NSA and 0.5 mM Z-GPR-MβNA only or 10mM EDTA, 2mM DTT,
1mM PMSF, and 10μM CA-074 to select for cathepsin K activity, endothelial cells were
also treated with 5μM E-64 to block all cathepsin activity. (E) Fluorescent images of
cultures were taken and mean fluorescence intensity for total fluorescent signal and
cathepsin K specific cathepsin activity was quantified
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Fig 3.
TNFα and monocytes interactions increase JNK and Akt phosphorylation. Confluent
HAECs and co-cultures were pre-conditioned with 10ng/mL TNFα prior to monocyte
adhesion as described earlier. HAEC and co-culture cell lysates were collected for kinase
analysis using the BioPlex 200™ machine that uses Luminex technology. Kinase lysates
were collected prior TNFα stimulation (0 hour), 4 hours post stimulation (4 hours), and then
after another 6 hours of co-culture with monocytes (10 hours). Levels of phosphorylated (A)
ERK1/2, Akt, JNK, and c-Jun were measured and phosphorylated protein signal was
normalized to unstimulated EC control (n=3, *p<0.05, SEM bars shown)
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Fig 4.
Cathepsins K and V activities induced by THP-1 monocytes are significantly reduced by
JNK inhibition with SP6000125. (A) HAECs were incubated with or without 10μM of
SP6000125 for 1 hour, followed by conditioning with TNFα or vehicle for 4 hours. THP-1
monocytes were subsequently added, non-adhered cells were removed, and co-cultures were
maintained for an additional 20 hours. Cell lysates were collected analyzed via cathepsin
zymography. (B) Densitometric analysis quantified cathepsin K and cathepsin V activity
(n=3, *p<0.05, SEM bars shown)
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