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Abstract

Monocyte transendothelial migration is a multi-step process critical for the initiation and
development of atherosclerosis. The chemokine monocyte chemoattractant protein-1 (MCP-1) is
overexpressed during atheroma and its concentration gradients in the extracellular matrix (ECM) is
critical for the transendothelial recruitment of monocytes. Based on prior observations, we
hypothesize that both free and bound gradients of MCP-1 within the ECM are involved in
directing monocyte migration. The interaction between a three-dimensional (3D), cell-free,
collagen matrix and MCP-1; and its effect on monocyte migration was measured in this study. Our
results showed such an interaction existed between MCP-1 and collagen, as 26% of the total
MCP-1 added to the collagen matrix was bound to the matrix after extensive washes. We also
characterized the collagen-MCP-1 interaction using biophysical techniques. The treatment of the
collagen matrix with MCP-1 lead to increased monocyte migration, and this phenotype was
abrogated by treating the matrix with an anti-MCP-1 antibody. Thus, our results indicate a binding
interaction between MCP-1 and the collagen matrix, which could elicit a haptotactic effect on
monocyte migration. A better understanding of such mechanisms controlling monocyte migration
will help identify target cytokines and lead to the development of better anti-inflammatory
therapeutic strategies.
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1. Introduction

Atherosclerosis, the process of plaque formation and stenosis in the arteries, is the
underlying cause of most cardiovascular diseases, including heart failure, stroke and
coronary artery diseases; which continues to be one of the main causes of death in the
western world [1, 2]. The initiation of atherosclerosis is caused by an inflammatory response
elicited by lipoproteins retained to the arterial intima, which leads to the recruitment of
inflammatory cells to the site of the insult [1, 3]. The processes by which the inflammatory
cells, including monocytes, T and B cells, and lipid-laden macrophages [1, 4, 5] are
recruited into the atherosclerotic plaques include the tethering and slow rolling of these cells
on activated endothelial cells, followed by their adhesion to the endothelium, intravascular
crawling, and ultimately their transmigration across the endothelial layer [3, 6]. Cellular
adhesion molecules and chemokines play critical roles in these processes [3, 7].

Monocyte chemoattractant protein-1 (MCP-1) or chemokine ligand 2 (CCL-2), is a
chemokine that is involved in the trafficking of monocytes across the endothelium [3, 8, 9].
MCP-1 is produced by a variety of cell types, including fibroblasts, endothelial and smooth
muscle cells, astrocytes and monocytes: either constitutively or after induction by cytokines
[8]. MCP-1 acts through interaction with chemokine receptor type 2 (CCR2) to regulate
transendothelial migration of monocytes, memory T lymphocytes, and natural killer (NK)
cells [8]. A number of reports show that MCP-1 is highly expressed in atherosclerotic
lesions, and thus is the potential intervention point for the treatment of atherosclerosis [9-
11]. Previous studies using knockout mice have shown that in the absence of either of
MCP-1 or CCR2, there was a significant reduction in lipid deposition in the arteries, leading
to a reduction in the formation of atherosclerotic lesions [4, 5, 12]. Many /n vitro studies
demonstrated that the migration of monocytes is directed by a chemotactic gradient of free
MCP-1; however, information about the formation of such a gradient across the endothelial
layer is limited [13-15]. It is known that MCP-1 is secreted from endothelial cells in a
soluble form [15], and when these cells are stimulated the secretion of MCP-1 becomes non-
polarized [14]. Based on these two findings, it was suggested that /n vivo, MCP-1 secreted
from the apical side of the endothelium was removed continuously by blood flow into the
vascular lumen, while the MCP-1 secreted from the basal side diffused into the extracellular
matrix (ECM), forming a transendothelial MCP-1 gradient [14, 15].

Previously, using a mathematical model, we have examined the formation of such MCP-1
concentration gradient in the ECM, in the form of a cell free, three dimensional (3D)
collagen matrix [16]. We proposed that the free MCP-1 was capable of binding to the
collagen matrix to form a bound MCP-1-collagen binding site complex, thus establishing a
bound MCP-1 concentration gradient in the collagen matrix [16].

In the current study, we test the hypothesis that MCP-1 is indeed bound to the collagen
matrix, and presents a haptotactic effect on the migration of monocytes. The objectives of
this work were to examine the biophysical behavior of such interaction between the collagen
matrix and MCP-1; and to examine the migration of monocytes in response to the MCP-1
bound to the collagen matrix. The results of this study will further our understanding of the
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interaction of MCP-1 with the ECM, and shed light on the role of MCP-1 on the recruitment
of monocytes to the atherosclerotic plaques.

2. Materials and methods

2.1 Preparing the cell free 3D in vitro model

The collagen matrix was prepared using previously described protocols [16, 17]. Briefly, a
57.1 vol% type | bovine collagen solution was added to the wells of a solid well plate
(Corning Life Sciences, Cambridge, MA) and incubated at 37°C, 5% CO, (defined in the
text as ‘standard conditions’) to form a gel. Complete endothelial cell growth medium
(PromoCell, Heidelberg, Germany) was added to the top of the matrix and incubated
overnight at standard conditions for equilibration of the matrix. The complete growth
medium contained the basal medium plus supplements of fetal calf serum (2% v/v),
endothelial cell growth supplement, epidermal growth factor, basic fibroblast growth factor,
heparin, and hydrocortisone.

2.2 Determining the collagen sol-gel polymerization shrinkage

To measure the volume shrinkage percentage of the collagen matrix, 50, 75, and 100 pL
collagen solutions were added to a 96-well plate and incubated at standard conditions to
form matrices. Complete endothelial cell growth medium was then added to the matrices and
samples were incubated at standard conditions overnight for equilibration. A side view
image of the collagen matrix in a well is shown in Fig. 1. Thickness of the initial collagen
solution and the final collagen matrix was measured at wall-contact and center of the well
(marked as Hy and Hy, respectively), using ImageJ (version 1.49t) software on an image of a
standard thickness. Having the above-mentioned thicknesses (H; and Hy) and the radius of
the well (R), the equations used to calculate the volume of the cylinder (Vyjinqe) and the
volume of half of the ellipse (Vpasrof enipse) Were used to calculate the volume of the
collagen matrix (Vipazix):

chlinder =r R? H;
Vhalf of ellipse:2 (Hl *HQ) ™ R2/3
Vmatw’ix: cylinder_vhalf of ellipse

Based on the initial collagen solution volume (V) and the final collagen matrix (Vinasris),
the polymerization shrinkage percentage of the sol-gel collagen (PSP ge)) Was determined
using Eq. 1:

Pspsolfgel: (W) * 100 Eq 1

2.3 Characterizing the MCP-1 and collagen matrix interaction

2.3.1 Enzyme-linked immunosorbent assay (ELISA)—A collagen matrix was
prepared in a 96-well plate with 75 pL collagen solution, as described above. Recombinant
human CCL2/MCP-1 (R&D Systems, Minneapolis, MN; 50 ng/ml in 0.15 ml complete
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endothelial cell growth media; defined in the text as ‘complete media”) was added to the top
of the matrix. The plate was incubated for 24 h under standard conditions, after which the
matrix was washed ten times (10X) with complete media (1 h/wash). To quantify MCP-1
concentration in the collagen matrix, the matrix was digested after each wash with
collagenase D (Roche Applied Science, Indianapolis, IN), and the MCP-1 concentration was
measured using a Human MCP-1 sandwich ELISA kit (BD Biosciences, San Jose, CA)
following the manufacturer’s protocol. To ensure that there was no loss of MCP-1 during the
digestion of the collagen matrix, we also measured the amount of free MCP-1 in the wash
solutions and used a mass balance to calculate the amount of MCP-1 in the collagen matrix.

2.3.2 Fluorescent Labeling—Recombinant human CCL2/MCP-1 CF (R&D Systems,
Minneapolis, MN) was labeled with a fluorescent tag by using the Mix-n-Stain™ CF™ 555
protein labeling kit (Sigma-Aldrich, St. Louis, MO). The final concentration of labeled
MCP-1 was measured by ELISA. Labeled MCP-1 (50 ng/ml, in 0.15 ml complete
endothelial cell growth media) was added to the top of the collagen matrix samples and
incubated for 24 h under standard conditions. After 24 h, some samples were washed 5X to
remove any unbound MCP-1. Collagen matrices incubated with supplemented cell growth
media without fluorescent MCP-1 (with and without washes) were used as controls. The
fluorescent intensities of the collagen matrices containing MCP-1 (with and without five
washes) were measured using a fluorescent microplate reader (Multimode DTX880,
Molecular Devices, Sunnyvale, CA) at excitation and emission spectra of 535 and 565 nm
and compared to the control samples.

2.3.3 Fourier transform-infrared (FT-IR) spectroscopy—Collagen matrices
pretreated with MCP-1 (50 ng/ml in 0.15 ml complete endothelial cell growth media)
samples were prepared in a 96-well plate format with or without six washes. Collagen
matrices, incubated with endothelial cell growth medium with and without supplements,
were used as negative controls. Samples were removed, mounted on slides, and air-dried
overnight at room temperature. Infrared spectra were recorded with an FT-IR spectrometer
(model Tensor 27, Bruker, Billerica, MA) equipped with a liquid nitrogen-cooled detector
and an FT-IR microscope (model Hyperion 2000-ATR, Bruker, Billerica, MA) in the
wavelength range 4,000 - 650 cm™1 at 16 different measurement positions for each sample.
For each spectrum, 64 scans were collected with a 4 cm™ resolution and a 64-scan
background was recorded subsequently. Data manipulation was performed using the OPUS
(version 7.2) software. Primary spectra were normalized followed by baseline correction for
direct comparison between samples.

2.3.4 Thermogravimetric analyses (TGA)—Collagen matrices pretreated with MCP-1
(50 ng/ml in 1.5 ml complete endothelial cell growth media) were prepared in 12-well
plates, as described above. Bovine serum albumin (BSA, Sigma-Aldrich, St. Louis, MO)
was used as a control sample. Samples were transferred to conical vials, frozen at —80 °C for
12 h, lyophilized for 48 h, and centrifuged (5,000 rpm, 5 min) to recover the dried powder.
TGA of samples was performed in triplicate to investigate the thermal behavior of the
binding between MCP-1 and the collagen matrix using a thermogravimetric analyzer (model
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Q50, TA Instruments, New Castle, DE). Samples were heated from room temperature to
950 °C at a heating rate of 20 °C/min under nitrogen flow (40 ml/min).

2.3.5 Differential scanning calorimetry (DSC)—Collagen matrices pretreated with
MCP-1 were prepared as described above. DSC measurements of 5 mg samples, in
triplicate, were analyzed using a Model Q2000 DSC (TA Instruments, New Castle, DE).
Temperature-modulated differential scanning calorimetry (TMDSC) was performed under
an atmosphere of nitrogen (flow rate 50 ml/min). Samples were incubated at —50 °C for 2
min, and then heated to 200 °C at the rate of 3 °C/min with a modulation amplitude and
period of +1.0 °C and 60 s, respectively. Empty pans were used as references. The
denaturation enthalpy (AH) and the phase transition temperatures (T,,), which relates to the
thermal denaturation temperature of samples, were determined.

2.4 Monocyte isolation

Blood was obtained from healthy donors from the Oklahoma Blood Institute (OBI)
(Oklahoma City, OK). Peripheral blood mononuclear cells (PBMCs) were isolated by
density gradient centrifugation on Ficoll-Paque PLUS (GE Healthcare, Uppsala, Sweden), a
pan-monocyte isolation kit (Miltenyi Biotech, Auburn, CA) was used to negatively select
monocytes from the PBMC population following the manufacturer’s protocol.

2.5 Monocyte adhesion and migration assay

To study the effect of free and collagen-bound MCP-1 on monocyte adhesion and migration,
MCP-1 (25 ng/ml in 0.5 ml complete endothelial cell growth media) was added to the top of
the collagen matrix and incubated for 24 h. The collagen matrix was washed 6 times with
complete medium to remove the free MCP-1. Samples with and without total MCP-1 were
used as positive and negative controls, respectively.

Complete media containing monocytes (1.5x10° cells/cm? in 0.5 ml media) was added to the
top of the collagen matrix and incubated at standard conditions for 2 h to allow for the
monocytes to adhere to and migrate into the matrix. To count the number of attached and
migrated monocytes, the samples were rinsed and then fixed with paraformaldehyde (4% v/v
in PBS, Fisher Scientific, Pittsburgh, PA). The number of monocytes that adhered to and
migrated into the collagen matrix was counted using phase contrast microscopy in five
different fields of view, at 100x magnification.

The effect of bound MCP-1 on monocyte adhesion and migration was also studied by
neutralizing the bound MCP-1 in the collagen matrix using a MCP-1 antibody. In this
process, the matrix was washed 6 times and an excess of MCP-1 antibody (3 pg/ml in 0.5 ml
complete endothelial cell growth media) was added. After incubating the matrix for 1 h, the
neutralizing antibody (neutralizing Ab) was removed, and monocyte adhesion and migration
assay was performed as described above.
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2.6 Statistical analyses

All experiments were performed in triplicate and results expressed as mean + standard
deviation (SD). Differences between the experimental groups and control samples were
determined using Student’s t-test with a p value < 0.05 considered significant.

3. Results

3.1 Collagen sol-gel polymerization shrinkage percentage (PSP)

Volume shrinkage occurs when collagen monomers in a solution crosslink at elevated
incubation temperatures, forming a polymeric gel matrix. Measuring the final volume of the
collagen matrix was critical for the calculation of the concentration of MCP-1 dispersed in
the collagen matrix. As shown in Table 1, the collagen PSP did not change significantly with
the volume of the initial collagen solution, suggesting that the collagen PSP is independent
of the initial solution volume.

3.2 MCP-1 Concentration in the collagen matrix

ELISA was used to determine the concentration of MCP-1 retained in the collagen matrix.
After a 24 h incubation with MCP-1 and after each successive wash, the collagen matrix was
digested and the amount of MCP-1 was measured by ELISA. Approximately 16 ng/ml
MCP-1 diffused into the collagen matrix after 24 h incubation, prior to the wash steps. The
results, represented in Fig. 2, show that the MCP-1 concentration in the collagen matrix
decreased gradually with each wash, until the fifth wash. After the fifth wash, 5 ng/ml
MCP-1 was retained in the collagen matrix, and no significant decrease in the retained
MCP-1 concentration was observed with further washes (Fig. 2). This indicated retention of
MCP-1 within the collagen matrix, possibly through an interaction between MCP-1 and
collagen.

We verified the interaction of MCP-1 with the collagen matrix by using fluorescent labeled
MCP-1. We measured the fluorescence intensities of collagen matrix samples that were
incubated with labeled MCP-1, with and without five washes. Relative fluorescence unit
(RFU) of samples were subtracted from the fluorescence intensities of control samples and
shown in Fig. 3. Results show that the RFU of the matrices with free MCP-1 (without
washes) was 4.4-fold higher when compared to the matrices with bound MCP-1 (after 5
washes; p< 0.01). These results also suggest that the labeled MCP-1 was retained in the
collagen matrix, as its intensity was 1.6-fold higher than the control (p < 0.01). Taken
together, these results clearly show that MCP-1 is retained within the collagen matrix,
suggesting a possible binding between MCP-1 and the collagen matrix.

3.3 Functional group characterization of MCP-1 and collagen binding

FT-IR spectra of collagen samples with or without serum (i.e., supplements); and total or
bound MCP-1 are shown Fig. 4. The spectra are offset vertically for clarity. The FT-IR
spectra in Fig. 4A shows major bands related to the O-H stretch (3200-3500 cm™1), the C-H
stretch (2800-3200 cm™1), the amide | C=0 stretch (16001700 cm™1), and the amide Il N-
H bend and C-N stretch (1500-1600 cm™1). These bands were observed in all the samples.
However, the stretching vibration of the C-O peak was observed at ~1108 cm™~2 for the
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collagen matrix containing total MCP-1, but not for the collagen matrix without MCP-1. The
collagen matrix containing bound MCP-1 also shows a shoulder at the same wavelength as
the C-O peak, but with lower intensity than the collagen matrix with total (bound and free)
MCP-1.

The second derivatives of the spectra for the collagen matrices are shown in Fig. 4B. The
C=0 peak for collagen matrices without MCP-1 was shifted 3 cm™ to a lower frequency
when the total MCP-1 was present in the collagen matrix. All other bands in the original and
the second derivative spectra remained unchanged. The results show that presence of MCP-1
affects certain functional groups shown in the spectra for the collagen matrix, such as
creating an intermolecular C-O interaction and formation of hydrogen bonding between O-H
of MCP-1 and C=0 of the collagen matrix (shift of the amide | band) within the samples.

3.4 Thermal characterization of MCP-1 and collagen binding

The TGA weight loss curves of a collagen matrix with bound MCP-1 and a matrix with total
(bound and free) MCP-1 are shown in Fig. 5. A pure sample of BSA was used as a standard
for comparison. The results show that the main decomposition step for BSA occurred in the
range of 250-350 °C. Collagen matrices containing supplements (1, 2, and 3) show a
decomposition step in the range of 250 — 300 °C that could be attributed to the loss of
supplements. Collagen matrices containing MCP-1 (3 and 4) show a loss of MCP-1 in the
300-480 °C range. The collagen matrix containing only bound MCP-1 shows a
decomposition profile between the control collagen matrix (without MCP-1 pretreatment)
and the collagen matrix containing total MCP-1. All collagen matrices decomposed in the
same range with the major step occurring between 700 and 900 °C. Taken together, these
results clearly show that MCP-1 in the collagen matrix results in loss at lower temperatures
that is distinctly different than for collagen alone.

The DSC curves, Fig. 6A, show the endothermic peaks attributed to the denaturation of the
samples. The thermograms were shifted vertically for clarity. The denaturation point (Ty,)
was obtained from the positions of the minima in the denaturation curves (Fig. 6A). By
integrating the area under the peaks, the heats of fusion (AH) for each of the samples were
calculated (Fig. 6B). The results show that the average Ty, increased slightly for the collagen
matrix containing total MCP-1, compared to the matrix with bound MCP-1 (1.1-fold, p<
0.05) and the matrix without MCP-1 (1.1-fold, p= 0.07). The collagen matrix containing
bound MCP-1 had a larger melting enthalpy compared to the collagen matrix without
MCP-1. The increase of enthalpy in the matrices containing either bound or total (i.e., bound
and free) MCP-1 compared to the collagen matrices without MCP-1 support the attractive
interactions between MCP-1 and collagen. The presence of MCP-1 enhances the thermal
stability of the matrix.

3.5 Determining the effect of free vs. bound MCP-1 on monocyte adhesion and migration

assay

Monocytes were added to the top of the collagen matrix that was pre-treated with MCP-1,
while collagen matrices without MCP-1 were used as control. The percentage of monocytes
that adhered to and migrated into the collagen matrix 2 h post-addition is presented in Fig. 7.
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The results show that the matrices pre-treated with MCP-1 had a 1.9-fold higher number of
adhered and migrated monocytes, when compared to the control matrices without MCP-1 (p
< 0.05). Our results also show that the percentage of monocytes in the matrices with only the
bound MCP-1 fraction was not significantly different from that of the matrices containing
total (i.e., free and bound) MCP-1. Since we have established that free MCP-1 could be
completely removed after five washes, this observation showed that the haptotactic (bound)
gradient of MCP-1 had a similar effect on monocyte migration as the chemotactic (free as
well as bound) gradient of MCP-1, with a significant increase (1.5-fold, p < 0.05) in the
number of migrated monocytes compared to the control matrices without MCP-1.

We also studied the specificity of the MCP-1 gradient on monocyte migration by
neutralizing the available MCP-1 with a specific MCP-1 antibody. The results show that
there was no significant difference in monocyte migration between the antibody-treated
matrices and the control matrices, which were not pre-treated with MCP-1. These results
also show that the number of monocytes that migrated through the matrices treated with the
MCP-1 antibody was significantly lower (1.6-fold, p < 0.05) than the matrices with bound
MCP-1 that did not receive the antibody treatment. Our results clearly show that treatment
with the MCP-1 antibody significantly abrogated the MCP-1-induced monocyte migration
through the collagen matrix. This supports our hypothesis that the interaction between
MCP-1 and the collagen matrix, and the possible resultant MCP-1 concentration gradient
within the matrix, induce monocyte trafficking through the collagen matrix.

4. Discussion

Monocyte trafficking across the endothelium is a key event during early stages of
atherosclerosis and is promoted by a concentration gradient of free MCP-1 [13, 14, 18].
However, the understanding of the formation of such a gradient in the subendothelial matrix
is still limited. Previously, we have established a mathematical model of MCP-1 distribution
in a collagen matrix [16]. Our current study has further probed the MCP-1-collagen
interaction and the possible role of the haptotactic effect of MCP-1 on monocyte
recruitment. Chemokines that are retained in tissue compartments have been shown to
contribute to immune cell recruitment and adhesion. For example, IL-8 retained in the lung
and skin contribute to neutrophil recruitment; while RANTES and MIP-1f retained on
endothelial cells help in the adhesion of CD4* T cells [19, 20]. Our results show that even
after extensive washes, approximately 26 mass% of the total MCP-1 dispersed within the
collagen matrix was retained in the collagen matrix. MCP-1 has been shown to remain stable
under standard conditions for more than 24 h, and shows no significant degradation over a
short term storage of less than four days [21]. Therefore, it may be assumed that the MCP-1
fraction retained in the collagen matrix in our experiments was stable and possibly bound to
the matrix.

We have demonstrated the physical and thermal effects of MCP-1 interaction with collagen,
by studying the biophysical changes occurring within the collagen matrix using FT-IR, DSC,
and TGA. The initial concentrations of MCP-1 included in this study were physiologically
relevant and were selected based on /n vivoand in vitro experiments that measured the
release of MCP-1 from cells [22-27], and the use of MCP-1 to direct cell migration [28-32].
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With MCP-1 concentrations in this range, the techniques were used to both detect MCP-1
directly, and to characterize the physical and thermal effects of the interaction between
MCP-1 and the collagen matrix.

We also used FT-IR to study the behavior of collagen upon MCP-1 interaction. There is no
published FT-IR data for chemokines, such as MCP-1, due to the large amounts of protein
required for the analysis. However, the FT-IR spectra for the collagen matrix without MCP-1
obtained from our study were consistent with the characteristic spectra of pure collagen
reported by previous studies [33, 34]. FT-IR spectra obtained from our experiments
demonstrated differences between samples with total and bound MCP-1.

We used DSC and TGA to study the thermal effects of MCP-1 interaction with collagen.
There are several reports in which the thermal behavior of collagen have been studied using
these techniques [35-38], but none with the addition of MCP-1. We observed higher
denaturation temperatures in collagen matrices which were treated with MCP-1, suggesting
the effects of binding sites and strong interactions, such as hydrogen bonding, on increasing
the Tr, and enthalpy. Previous reports have also shown that the denaturation temperature and
crystallinity of the collagen complexes increase upon binding to other molecules (such as
Ponceau SS), possibly due to an increase in the intermolecular crosslinking. Collagen has a
structure with three left-handed helices, which unfold to make a random chain at higher
temperatures [36]. Thus, the increased stability of collagen matrices upon MCP-1 binding
could be due to the complexation of the collagen matrix by MCP-1, leading to resistance of
the binding sites to unfolding. Miles and Baily have also shown that the only factor which
determines the denaturation endotherm behavior of collagen is its rate of unfolding [36]. The
fluorescent labeling of MCP-1 used in this study, did not affect its binding to the collagen
matrix, as demonstrated by similar concentrations obtained from calculations of
fluorescence intensities compared to the ELISA results (data not shown). Previous reports
have also suggested that chemokine ligands modified for fluorescent labeling did not affect
their binding to receptors [39, 40]. Chemokines are monomers at physiological
concentrations in free solutions [41, 42]. In this study, the MCP-1 obtained after digesting
the collagen matrix was able to bind to a capture antibody and be detected by ELISA,
suggesting that the collagen-bound MCP-1 could be monomeric. In fact, the monomeric
form of MCP-1 is known to bind to and activate CCR2 [43]; whereas its dimeric form
cannot bind to CCR2 at concentrations up to 1 uM [44]. We did not observe any functional
changes, as shown by the ELISA results, when we incubated nanomolar (i.e., monomeric)
concentrations of MCP-1 (data not shown).

Our results show that the MCP-1 bound to the collagen matrix could elicit monocyte
migration, and that this response was specifically due to MCP-1, was demonstrated as the
administration of an anti-MCP-1 antibody led to a significant reduction in monocyte
migration. We also observed that the collagen-bound MCP-1 elicited a larger monocyte
migration response when compared to the free MCP-1. This clearly shows the presence of
an active, haptotactic gradient of collagen-bound MCP-1, and implies that the MCP-1 bound
to the collagen of atherosclerotic plagues may be responsible for the recruitment of
monocytes to the site of inflammation /in vivo. We are conducting further experiments in
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order to study the /n vivo interaction of MCP-1 and collagen to get a better understanding of
atherosclerotic inflammation.

Previous reports have shown that the N-terminal of MCP-1 was critical for its function and
receptor specificity [45-47]; and as the N-terminals were “buried” in the dimer form, the
dimerized CC chemokines do not participate in ligand-receptor interactions [44, 46]. In this
light, it may be possible that the MCP-1 in the collagen matrix remains in its monomeric
form with an active N-terminal. Furthermore, since the MCP-1 bound to the collagen matrix
remained active, it is possible that it has similar conformation and receptor binding
characteristics as free MCP-1. Our future work will include understanding the structure of
the collagen-bound MCP-1, to further study its possible binding to the collagen matrix and
the effect of the MCP-1 N-terminal on monocyte migration. In conclusion, our results show
a definite biophysical interaction between MCP-1 and the collagen matrix, and demonstrate
the haptotactic effect of the MCP-1 bound to the collagen matrix in directing monocyte
migration.
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Figure 1.
Side view of the collagen matrix with an initial collagen solution volume of 75 pl (50x

magnification). Representative image of triplicate samples.

Int J Biol Macromol. Author manuscript; available in PMC 2018 April 01.

Page 13



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Ghousifam et al.

Page 14

20
E
?EJ 1=
'515
010'
=
=
- ns
g 5
= Ml

. Hnlnl=t=

0O 1 2 3 4 5 6 7 8 9 10

Washes

Figure 2.
The concentration of MCP-1 (ng/ml) retained in the collagen matrix after each wash.

Collagen matrices were pretreated with MCP-1 and incubated for 24 h. The concentration of
MCP-1 was determined by ELISA (as described in Materials and Methods). Values are
presented as mean + SD; n=3.
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Figure 3.
Fluorescence measurements of labeled MCP-1 in the collagen matrix. Collagen matrices

were pretreated with fluorescently labeled MCP-1 (50 ng/ml) and incubated for 24 h.
Relative fluorescent units (RFU) of the collagen matrices at the end of the 24 h incubation
and after five washes were measured at excitation/emission of 535/565 nm. Values are
presented as mean + SD of fluorescence intensities of samples subtracted from the
background (only collagen); n=4; **p < 0.01 for change in fluorescence intensity of samples
without (left) and with 5X washes (right).
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(A) Primary and (B) second derivative FT-IR absorption spectra of collagen matrices: (1)
without supplements, (2) with supplements, (3), with supplements and bound MCP-1, and
(4) with supplements and total MCP-1. Collagen matrices were pretreated with MCP-1 (50
ng/ml) and incubated for 24 h. For the MCP-1 treatment, the collagen matrix was collected
from each well at the end of the 24 h incubation (total MCP-1) and after five washes (bound
MCP-1). The spectra are the average of triplicate samples.
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Figure 5.
Thermogravimetric traces of BSA (bovine serum albumin) and the collagen matrices: (1)

without supplements, (2) with supplements, (3) with supplements and bound MCP-1, and (4)
with supplements and total MCP-1 for determining the effect of MCP-1 on denaturation of
the collagen matrices. Collagen matrices were pretreated with MCP-1 (50 ng/ml) and
incubated for 24 h. For MCP-1 treatment, collagen matrices were collected from each well at
the end of the 24 h incubation (total MCP-1) and after five washes (bound MCP-1). The
curves are the average of triplicate samples.
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Figure 6.
Differential scanning calorimetry thermograms (first heating) obtained with heating rate of

3°C/min. (B) Melting point temperatures and enthalpies of samples: BSA (bovine serum
albumin) and the collagen matrices: (1) without supplements, (2) with supplements, (3) with
supplements and bound MCP-1, and (4) with supplements and total MCP-1. Collagen
matrices were pretreated with 50 ng/ml MCP-1 and incubated for 24 h. For MCP-1
treatment, collagen matrices were collected from each well at the end of the 24 h incubation
(total MCP-1) and after five washes (bound MCP-1). Data are mean + SD; n=3; * indicates p
value of 0.05.
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Figure 7.
Monocyte adherence and migration into collagen matrix in response to MCP-1 gradients.

Collagen matrices were pretreated with 25 ng/ml MCP-1 and incubated for 24 h. Samples
with no wash (total MCP-1), washed 6X (bound MCP-1), or washed 6X and treated with an
excess of MCP-1 neutralizing antibody (neutralizing Ab) were compared. A sample without
the addition of MCP-1 was used as a negative control. Human monocytes (1.5*105
cells/ecm2 in 0.5 ml media) were added on top of the collagen matrices and the wells were
incubated at standard conditions for 2 h. At the end of the incubation time, the top surface
was rinsed and the number of monocytes that adhered or migrated in the collagen matrix
was counted. Values are presented as mean £ SD of the percent of attached and migrated
monocytes normalized to the initial number of monocytes added to each well; n=3; *p <
0.05 for change in percentage of adhered and migrated monocytes compared to control
samples lacking MCP-1 treatment.
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Polymerization shrinking percentage calculated for each soluble volume of collagen used to make the matrix.

Collagen Type |

Sol volume (uL)

Sol-Gel PSP (vol. %)

50 19.06 +4.63
75 18.94 +1.57
100 19.20 +2.53
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