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Abstract

The polarization of monocytes into macrophages that possess anti-inflammatory and pro-
angiogenic properties could provide a novel therapeutic strategy for patients who are at a high risk
for developing heart failure following myocardial infarction (MI). Here in, we describe a novel
method of “educating” monocytes into a distinct population of macrophages that exhibit anti-
inflammatory and pro-angiogenic features through a 3-day culture on fibronectin-rich cardiac
matrix (CX) manufactured using cultured human cardiac fibroblasts. Our data suggest that CX can
educate monocytes into a unique macrophage population termed CX educated macrophages
(CXMg) that secrete high levels of VEGF and IL-6. /nn vitro, CXMq also demonstrate the ability to
recruit mesenchymal stromal cells (MSC) with known anti-inflammatory properties. Selective
inhibition of fibronectin binding to a VB3 surface integrins on CXMgq prevented MSC recruitment.
This suggests that insoluble fibronectin within CX is, at least in part, responsible for CXMq
conversion.
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Introduction

Myocardial infarction (MI) due to coronary artery disease is a common, disabling and
deadly disorder. The post MI inflammatory response causes extracellular matrix disruption,
myonecrosis, fibrosis, infarct thinning, ventricular dilatation, heart failure and eventually,
death. Standard therapy for post-MI heart failure patients involve medications that block
maladaptive neurohormonal pathways, but these drugs are only partially effective and are
not universally tolerated. Mechanical assist devices and heart transplant are expensive and
limited by device failure, stroke, infection, and organ shortages. The American Heart
Association estimates that >800,000 patients suffer from myocardial infarction (MI)
annually in the United States.! Of these, an estimated 30% of patients will develop infarct
thinning, progressive ventricular enlargement and heart failure, which is associated with
50% mortality after 5 years.2 This growing problem has prompted investigations to find
more effective and durable treatments to curb post infarct adverse ventricular remodeling.
Recent discoveries have shed light on the innate immune system and its role in pathologic
and reparative responses following MI, and it is an area of investigation that may yield novel
therapeutic opportunities. 3

Macrophages and their precursor cells, monocytes, have dual roles as both effectors and
inhibitors of inflammation.# ° In mouse M1 models, early in the process, pro-inflammatory
macrophages are recruited, followed by a second population of macrophages that have been
linked to the resolution of inflammation and cardiac repair.5-8 These two macrophage
subpopulations have demonstrated varying effects on left ventricular function following MI.
The pro-inflammatory subpopulation, which has been referred to as “classically activated”
or “M1” macrophages,®: 10 are negatively correlated with left ventricular function,”- 11
whereas the anti-inflammatory, “non-classically activated” or “M2” macrophages (reviewed
in 9:10. 12y are correlated with improved left ventricular function following M1.13
Furthermore, patients who develop circulating monocytosis following MI have worse
clinical outcomes.14-16 It has been speculated that some patients develop an accentuated and
prolonged inflammatory post MI response that may, in part, be due to the excessive
recruitment of pro-inflammatory macrophages.3: 8 9. 11, 17. 18 Therefore, supplementing
ischemic myocardium with anti-inflammatory macrophages in the early post MI period may
prevent infarct expansion, ventricular dilatation and heart failure. The ability to manufacture
these protective M2 like macrophages using clinically acceptable methods, has thus far not
been investigated.

Our group previously described a method to engineer a cardiac matrix (CX) derived from
isolated human cardiac fibroblasts that were isolated and cultured to high density.19-23
Cardiac extracellular matrix derived from decellularized adult heart tissue consists primarily
composed of collagen.?4 In contrast, we discovered that engineered CX is highly abundant
in fibronectin.1® In humans, fibronectin expression in the heart is relatively constant during
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fetal life but decreases after birth.2> Fibronectin assembly and deposition are driven through
cell surface integrin binding2® and may be linked to monocyte differentiation. Herein, we
describe a novel method to use CX to educate monocytes into a distinct population of
macrophages (CXMq) secrete Vascular Endothelial Growth Factor (VEGF) and
Interleukin-6 (IL-6). Additionally, we demonstrate CXMgq signal mesenchymal stromal cell
(MSC) migration, which are cells that are being investigated in numerous clinical trials for
post MI healing.27: 28

Materials and Methods

2.1. Generation of Cardiac Matrix (CX) from culture expanded human cardiac fibroblasts

2.1.1. Human cardiac fibroblast isolation: Normal human hearts that went unused
for organ transplant were obtained from the University of Wisconsin Organ Procurement
Organization, Madison, WI, with local Institutional Review Board (IRB) approval. At the
time of harvest, hearts were aseptically excised, perfused and stored in cold cardioplegia
solution, and transported on ice. Hearts were processed within 12 hours of explant.
Epicardial fat was removed and approximately 30 grams of left ventricular free wall was
minced and then transferred into 3-5 gentleMACS C tubes (Miltenyi Biotec, Bergisch
Gladbach, Germany). 10 ml of digestion media containing DMEM (Corning, Corning, NY)
and 1.25 mg Liberase TM (Roche, Basel, Switzerland) was added to each tube. The sample
was homogenized with a gentleMACS Dissociator (Miltenyi Biotec) using a C-tube,
incubated at 37°C for 30 minutes with constant agitation and the process repeated for 1 hour
to induce tissue dissociation. Heart samples were sieved through a 200 um filter and then
centrifuged at 1000 x g for 20 minutes. The cell pellet was suspended in 20 ml complete
media (MCDB 131 with 10% FBS, 1ng/mL basic fibroblast growth factor (bFGF), 5 pg/ml
insulin, 10 pg/ml ciprofloxacin and 2.5 mg/ml amphotericin B) and plated into T75 flasks.
Cells were permitted to attach for 2 hours. Non-adherent cells were removed by washing in
phosphate-buffered saline (PBS). Finally, complete media was added and the cells were
cultured at 37°C, 5% CO5 and 100% humidity, and passaged once 90% confluent. Six
biological replicates were used for fibroblast isolation. All procedures were performed under
aseptic conditions, using cGMP compliant manufacturing methods and protocols.

2.1.2. Cardiac matrix production: Cardiac fibroblast passage 3-8 were suspended in
high glucose DMEM with 10% FBS and 10 pg/ml ciprofloxacin and 2.5 mg/ml
amphotericin B at 1.1 x 10° to 2.2 x 10° cells per cm? and maintained under standard culture
conditions with media replaced every 2-3 days for 7-10 days. The cells were lifted off the
plate as a contiguous sheet by contact with 2mm EDTA at 37°C and gentle agitation. Matrix
sheets were decellularized by four alternating washes of hypo/hypertonic PBS (15 minutes
each) followed by incubation in 1% Triton X-100 and Tri-N-Butyl-phosphate for 48 to 72
hours at 4°C with constant agitation. All scaffolds (six different batches of scaffolds) were
rinsed in PBS. Residual DNA was removed by incubation 100 U/ml Benzonase for 20 hours
at 37 C then 100 % ethanol followed by a PBS rinse (3x15 min) and 2 hours in molecular
grade water and stored in PBS at 4°C.
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Isolation and Culture of Circulating Human CD14* Monocytes

2.2.1. Monocyte isolation: Peripheral blood mononuclear cells were collected from
healthy stem cell donors by density gradient separation using Ficoll-Paque Plus (endotoxin
tested) (GE Healthcare Bio-Sciences, Piscataway, NJ, USA) using a local IRB approved
protocol 2%, Red blood cells were lysed by incubating cells in ACK lysis buffer for 3-5
minutes and mononuclear cells were washed with phosphate-buffered saline (PBS)
(Hyclone, Logan, UT, USA). To reduce platelet contamination, cell suspensions were
centrifuged at 300-700 x g for 10 minutes. The CD14™ cells were then isolated using anti-
human CD14 microbeads (Miltenyi Biotec, Auburn, CA, USA) performed according to the
manufacturer. Cell pellets were re-suspended Miltenyi running buffer and incubated with
beads for 20 minutes at 4°C. After washing to remove unbound antibody, cell separation was
done using an autoMACS Pro Separator (Miltenyi Biotec). Purity of isolated CD14™ cells
was >85%. The percent of viable CD14+ cells was determined using Trypan Blue dye
exclusion test. Cells were diluted 1:1 in a 0.4% Trypan Blue solution then loaded in a
Bright-line hemocytometer and examined immediately under a microscope at low
magnification. The number of viable (unstained), blue staining cells (nonviable) and the
number of total cells was measured.

Purified CD14* monocytes were plated into six-well cell culture plates at a concentration of
0.5-1 x 106 per well for characterization studies (Greiner Bio-One, Monroe, NC, USA) in
complete macrophage medium consisting of Iscove’s modified Dulbecco’s media (Gibco,
Life Technologies, Grand Island, NY) supplemented with 10% human serum blood type AB
(Mediatech, Herndon, VA, USA), 1x nonessential amino acids (Lonza, Walkersville, MD,
USA), 1 x sodium pyruvate (Mediatech), and 4 pg/mL recombinant human insulin
(Invitrogen, Carlsbad, CA).

2.2.2. Culturing Monocytes on cardiac matrix: CD14" monocytes were plated on to
the surface of CX scaffolds in six-well culture plates (Eppendorf, Hamburg Germany).
Tissue culture plastic (plastic), 1% gelatin-coating (ESGRO Complete Gelatin Solution,
Millipore Sigma) and blood plasma derived fibronectin (Sigma, MO) were selected as
comparison control surfaces because they are commonly used for cell culture. Monocytes
were plated at a density of 0.5-1 x 10° cells per well in complete macrophage medium
(Gibco, Grand Island, NY) and supplemented with 10% human type AB serum (Valley
Biomedical, Winchester, VA, 200 mM L-glutamate (100x) (Mediatech, Manassas, VA),
nonessential amino acids (100x) (Mediatech, Manassas, VA) 100 mM sodium pyruvate
(100x) (Mediatech, Manassas, VA) and 4 mg/mL recombinant human insulin (1000x)
(Gibco, Grand Island, NY). Cells were cultured in 5% CO, for 3 days at 37 °C. The cardiac
matrices used in these experiments were generated from proliferating cardiac fibroblasts,
followed by a complete decellularization step. Monocytes, which are non-proliferative cells,
are plated directly on the decellularized cardiac matrix. Attached macrophages were
removed from plastic, gelatin and fibronectin coated plates by exposure to liberase and
vigerous pipetting. CXMq were tightly adhered to CX. 5mg/mL Liberase (Roch, Basel,
Switzerland) was used to release CXMq from CX by incubating at 37 °C for 5 minutes.
Effects of Liberase on macrophage phenotype was tested by exposing plastic and gelatin
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adherent macrophages to Liberase. Liberase did not affect cell surface marker expression
(data not shown).

Isolation and Culture of Mesenchymal Stem Cells:

We collected human bone marrow (BM) from filters left over from a BM harvest from
normal healthy donors. All protocols were approved by the Health Sciences Institutional
Review Board of University of Wisconsin-Madison School of Medicine and Public Health.
Mesenchymal stem cells (MSCs) were isolated by washing BM cells trapped in filter30 with
phosphate-buffered saline (PBS, Hyclone, Logan UT, USA) and BM mononuclear cells
were separated using Ficoll-Hypaque plus 1.073 low-endotoxin (GE Healthcare Bio-
sciences, Uppsala, Sweden) performed according to the manufacturer’ protocol. Residual
red blood cells were lysed with 3-5 minute incubation in ACK lysis buffer (Lonza,
Walkersville, MD, USA) washed with PBS and mononuclear cells were suspended in
aMEM (Corning, Manassas, VA, USA) supplemented with 10% fetal bovine serum (FBS,
US origin, uncharacterized - Hyclone), 100X non-essential amino acid (NEAA, Corning)
and 4mM L-Glutamine (GlutaGro, Corning). MSCs were confirmed by their characteristic
morphology, adherence onto 75 cm? plastic flasks (Greiner Bio-one, Monroe, NC) and flow
cytometry.

2.4. Characterization of Cardiac Matrix-educated Macrophages

2.4.1. Cell Surface Marker Expression of Cardiac Matrix-educated
Macrophages: To assess the effects of culture substrate, macrophages were stained after a
3-day culture on i) CX sheet, ii) plastic (control), iii) gelatin-coated plastic (control) and iv)
fibronectin. The flow cytometry surface marker antibodies are listed in supplementary table
1. Prior to staining, cells were incubated at 4 °C with an Fc receptor blocking agent (Human
TruStain FcX, Biolegend, San Diego, CA). Surface antibodies were added for an additional
30 minutes at 4°C. Expression of cell surface markers was measured using an Attune NxT
flow cytometry (Thermo Fisher Scientific, Waltham, MA). The collected data was analyzed
using Flowjo™10 software and gating was done in a hierarchy relative to the CD14
population. The % expression based on fluorescent signals was plotted. Six independent
experiments with 6 different batches of matrix were used in this study.

2.4.2. Expression VEGF and IL-6 in Cardiac Matrix-educated

macrophages: VEGF and IL-6 levels were measured from the spent media of human
CD147 cells cultured on different surfaces (plastic, gelatin and CX) for 72h using Human
angiogenic LEGENDplex™ (Biolegend) panel kit and acquired by Attune NxT Flow
Cytometer (Thermo Fisher scientific, Waltham, MA). Data was analyzed using Biolengend’s
LegendPlex™ data analysis software version 8 (n=3, 3 independent experiments with 3
different batches of matrix were used in this study). VEGF was chosen to be studied as it is
an angiogenic cytokine which is a member of the fibroblast growth factor (FGF) family and
is known to stimulate angiogenesis in the ischemic heart.3 IL-6 is a pleiotropic cytokine
that has been shown to have an important role in cardiac protection post MI.32

2.4.3. Effect of Cardiac Matrix-educated macrophages on mesenchymal
stromal cell migration: A transwell migration assay was performed using matrigel
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coated transwell chambers (BD Bioscience) as per the manufacturer protocol. We
hypothesized that CXMg would signal MSC migration. MSC were chosen due to their anti-
inflammatory role in post MI repair 33, Briefly, monocytes (Mo) were seeded on CX and
plastic in a 24 well plate with serum containing media. 5 X 10 cells/ml MSC were seeded
onto the transwell matrigel coated inserts. The plate was incubated for 22 h at 37°C and 5%
CO». The selective cell adhesion blocker, Integrin alpha v beta 3 (aVVR3) inhibitor (Cyclo-
RGDfk, Targetmol, MA) was added to block monocyte fibronectin binding domains. This
was done to test the role of a V3 integrin in the conversion of monocytes to CXMq. a V3
integrin recognizes the RGD572-574 motif in the alpha chain of human fibrinogen34 and is
linked to cell attachment to extracellular matrices.3> The total number of MSC that migrated
to the lower chamber of the matrigel membrane after 22 h were extracted by adding 333 pL
of stock Liberase (5 mg/mL) in ImLof 1X warm PBS. The negative control was media alone
in the lower chamber. Other controls used in this study were monocyte along with a V33
inhibitor and CX + a3 inhibitor in the lower chamber. Additionally, MSC’s were
incubated with the a'VVR3inhibitor for 1 hr, washed and plated on the upper chamber of the
transwell having CX+monocytes in the lower chamber. Finally, flow markers (CD16,
CD163, CD206, CD86, HLADR, PDL-1) were checked to better understand the role of
aVVR3 integrin inhibitor. This assay was performed in triplicates. The total number of
harvested cells were stained with monocyte marker CD14, MSC marker CD73, and analyzed
using Attune NxT flow cytometry (Thermo Fisher Scientific, Waltham, MA). Flow analysis
was done using the Flow Jo version 10 software.

2.5. Statistical Analysis

All quantitative analyses were performed using GraphPad PRISM 8.0 software (GraphPad
Software, Inc., La Jolla, CA). Data was analyzed by one-way ANOVA, followed by Tukey’s
post-hoc analysis and shown as mean + standard error. Unless otherwise specified, a p-value
< 0.05 was considered significant.

3. Results

3.1. Characterization of monocytes cultured on different coated surfaces

Monocytes were plated on plastic, gelatin, fibronectin and CX as in figure 1. At baseline,
monocytes showed the following flow cytometry phenotype expression: CD14* 99.4% +
0.2%; CD16* 17.6% + 2.3%; CD163* 70.5% =+ 4.4%; CD206* 32.9% + 3.6%; and PDL1*
22.8% =* 3.0% shown in figure 2. Monocytes had increased expression of CD86" (71.1% =+
4.4) and HLA-DR* (92.8% + 1.4%) (Figure 2) on Day 0 before monocyte culture compared
to monocytes cultured on cardiac matrix for three days. The viability of selected CD14*
monocytes was greater than 95%. Representative Pseudo plots of gating hierarchy and FMO
controls for flow cytometry analysis are provided in supplementary figure 1-5. All gating
was done in a hierarchy relative to the CD14 population.

After 3 days, expression of CD16%, CD86", and HLA-DR™ was significantly reduced on
CXMg compared to monocytes at baseline, and monocytes cultured on plastic or gelatin or
blood plasma fibronectin coated plastic controls : CD16* (CX: 32.4% =+ 13.0%; plastic:
86.5% =+ 1.9%; gelatin coated plastic: 84.2% =* 6.4%, p<0.05, fibronectin: 71.6+ 1.95%,
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p<0.05); CD86* (CX: 16.1% + 7.2%; plastic: 82.6% =* 6.0%; gelatin: 67.5% + 6.9%,
p<0.05, fibronectin: 71.2+ 2.80%, p<0.05); HLA-DR™ (CX: 34.8% =+ 15.9%); plastic: 96.6%
+ 1.0%; gelatin: 94.8% + 1.5%, p<0.05, fibronectin: 92.7+ 2.16%, p<0.05). Day 0 to Day 3
comparisons in Figure 3 shows changes from baseline cell surface marker expression to Day
3 post culture cell surface marker expression. There were no significant differences in
surface marker expression between baseline and plastic compared to gelatin coated plastic.

3.2. Cardiac matrix-educated macrophages recruit MSC

CXMgq recruited MSC to a significantly greater (70.0% + 2.4%, p<0.05) degree than
monocytes plated on plastic (23.9% +0.49%, p<0.05) and matrix alone without monocytes
(13.5% +0.35%, p<0.05) (Figure 3 A). The gating strategy is shown in supplementary figure
6. The aVR3 fibrinogen surface integrin inhibitor added to CXMq prevented MSC migration,
(12.2 % % 0.96%, p<0.05) which suggests that insoluble fibronectin in the matrix contributes
to monocyte education (Figure 3 B). Additionally, when a V3 fibrinogen surface integrin
inhibitor was added to the monocytes, there was no difference in migration potential when
compared without the inhibitor. Furthermore, when MSC’s were incubated with a V33
fibrinogen inhibitor for 1 hour, washed and plated into the upper chamber of the transwell
with CX + monocytes in the lower chamber, there was no difference in the MSC migration
potential compared to the MSC with no inhibitor treatment. This confirms that inhibition of
aVVR3 fibrinogen surface integrin on MSCs does not account for the reduction in MSC
migration observe in the CXMg+CycloRDGfK group. Finally, the expression of CD16,
CD163, CD206, CD86, HLADR, PDL-1 were checked after 22 hours of culture
(supplementary figure 7). Schematic representation of transwell migration assay with
controls is shown in supplementary Figure 8.

3.3. CXMq secrete VEGF and IL-6

CXMgq secreted higher levels of pro-angiogenic factor VEGF (40.0 pg/ mL + 2.36 pg/ mL,
p<0.05) and pleiotropic cytokine IL-6 (46.18pg/ mL + 4.39 pg/ mL, p<0.05), in comparison
to plastic (VEGF: 1.51 pg/ mL + 0.42 pg/ mL, I1L-6: 1.50 pg/ mL + 0.42 pg/ mL, p<0.05)
and gelatin (VEGF: 10.11 pg/ mL + 1.75 pg/ mL, IL-6: 12.17 pg/ mL + 6.49 pg/ mL,
p<0.05) control groups

4. Discussion

In this study, we found that cardiac fibroblast-derived matrix educates monocytes into
macrophages (CXMq) with a distinct flow marker phenotype characterized by CD16!,
CD163'°" MHC class Il HLA-DR'®" and CD86!°" which is distinctly different from that
observed in mouse3®. Although macrophages have traditionally been described in terms of
M1 and M2 phenotypes3” in mice with pro-inflammatory and anti-inflammatory properties
respectively, it is now recognized that human macrophages exist on a phenotypic spectrum
with, at times, overlapping surface marker expression®. Thus, using surface markers alone to
describe macrophages as either pro-inflammatory or pro-regenerative may be misleading.
For example, low expression of CD86 has been associated with both a pro-inflammatory
phenotype38 and a pro-regenerative phenotype3? using mouse models. IL6 secretion has
likewise been associated with both pro- and anti-inflammatory phenotypes38: 40, In this
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paper, we have taken an unbiased approach to describe flow marker expression, while
highlighting markers that have previously been “associated” with anti-inflammatory
properties, rather than specifically categorize them within the M1/M2 paradigm which was
established in mice, and not in humans. CXMq secreted high levels of VEGF and IL-6 and
participated in paracrine mediated MSC migration. We chose MSC as they are cells with
known anti-inflammatory#! and pro-angiogenic#? properties that can augment post MI
repair.*3 To our knowledge, this is the first report of a cardiac cell-derived matrix capable of
stimulating monocytes into a distinct population of macrophages secreting VEGF and IL-6
which are known to play a role in angiogenesis and inflammation, respectively.

Previously, our lab developed a novel methodology to manufacture a matrix using cardiac
fibroblasts obtained from cadaveric donors.1® In contrast to decellularized adult heart, which
is primarily composed of collagen??, cardiac fibroblast derived matrix is primarily composed
of fibronectin (>80%).19 Fibronectin orchestrates important cell adhesion, alignment,
differentiation, migration and specific gene expression during developmental cardiac and
blood vessel morphogenesis.*452 In humans, fibronectin expression in the heart is relatively
constant during fetal life but decreases after birth.2> Furthermore, fibronectin assembly and
deposition are driven through cell surface integrin binding,28 which in our case, may be
linked to monocyte differentiation. Insoluble fibronectin assembled within tissue matrix has
a substantially different three-dimensional structural assembly and surface integrin exposure
compared to soluble blood plasma derived fibronectin®3-56, This may explain the differences
we observed in macrophage expression. In this study, selective a V@3 integrin inhibition on
CXM(q prevented MSC migration. Moreover, a VB3 integrin inhibitor combined directly
with MSC did not prevent MSC migration. These observations points to a link between
insoluble fibronectin in the cardiac matrix, aVB3 integrin binding, CXMq education,
secretome modulation and cell-cell signaling.

Compared to the studies discussed above, education of macrophages with cardiac fibroblast
derived matrix results in a unique phenotypic population of macrophage leading to reduction
in inflammatory cell surface markers such as CD86 and HLA-DR. More interestingly, we
demonstrated that CXMq increased VEGF and IL-6 release when compared to monocytes
plated on plastic and gelatin. VEGF is known to play an important role in vascular hyper-
permeability®” and interacts with numerous receptors and activates multiple signaling
pathways. In ischemia animal models, VEGF treatment was shown to improve healing after
ischemic myocardial injury.®® In clinical trials, VEGF gene therapy for myocardial ischemia
and coronary artery disease has yielded variable efficacy.5% 60 Further, CXMq also secreted
IL-6 at high levels compared to controls. IL-6 is a pleiotropic cytokine that regulates the
immune and inflammatory response in a context dependent manner.61 In 2009, Kim and
Hematti have shown that a unique feature of macrophages educated with mesenchymal
stromal cells or their exosomes express a high level of 1L-6.52 Furthermore, these findings
are consistent with the recent understanding of the role of IL-6 in cardiac repair and
regeneration.53. 64 Overall, we surmise that CXMq, which secrete VEGF and IL-6 and
recruits MSC, could potentially be cardio-reparative.

Several groups have investigated macrophage differentiation and variable phenotypic
expression in association with biomaterials8: 50.65-67 For example, culture of human
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macrophages on polypropylene-polyglactin meshes resulted in macrophages characterized
by high expression of IL-6, and 1L-10.58They were shown to differentiate macrophages with
low expression of inflammatory mediators.5% Keratin-based biomaterials polarized
macrophages to an anti-inflammatory phenotype.’® Hussey et a/. demonstrated that matrix
bound nanovesicle associated IL-33 induced macrophages to a pro-remodeling and
potentially reparative phenotype.’! Brown et al. showed that macrophages exhibit pleotropic
responses, including constructive remodeling, to surgically implanted synthetic materials.”?
Moreover, in a recent study, Bloise et al. used biomaterial with alginate hydrogels as an
injectable carrier for anti-inflammatory interleukins (IL-4 or a combination of 1L-4/1L-6/
IL-13) and showed increased expression of CD163 and CD206 macrophage markers,
thereby increasing monocytes polarization to a reparative macrophage phenotype.”3. In
comparison, our cardiac matrix educates monocytes into a distinct population of
macrophages that exhibit anti-inflammatory and pro-angiogenic features through a 3-day
culture on fibronectin-rich cardiac matrix (CX) sharing similar expression of CD206, IL-6,
VEGF but also uniquely demonstrates decreased expression of CD16'°%, CD163'°%, MHC
class Il HLA-DR!?W and CD86!°W. These observations suggest that biomaterials influence
macrophage polarization uniquely which may be exploited for potential therapeutic
purposes.

This study has several limitations. We chose to investigate the migratory responses of MSC
because these cells are widely studied and are known to have anti-inflammatory, cardio-
reparative effects. Whether other cell types, such as endothelial progenitor cells and cardiac
fibroblasts are similarly recruited remains unknown. The increased MSC counts in the lower
chamber of the transwell were presumed due to migration from the upper chamber given the
relatively short time period; however, rapid MSC division is also possible, though unlikely.
A limited secretome analysis for VEGF and IL-6 was performed as an initial observation
due to cost and availability of antibodies. A more complete secretome profile analyses is
planned pending additional research funding. Third, plastic and gelatin coating were chosen
as control materials due to availability. How CXMq compare to macrophages that attach to
other natural and synthetic materials, such as decellularized adult cardiac extracellular
matrix, is unknown.

5. Conclusion

We discovered that cardiac fibroblast-derived matrix educates CD14* monocytes into a
distinct population of macrophages with a unique immunophenotype with potential
immunomodulatory and pro-angiogenic potential that are capable of MSC recruitment.
These findings could eventually lead to a potential novel therapeutic approach to prevent
post MI heart failure in patients.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

. Cardiac fibroblast derived matrix (CX) is a novel fibronectin rich biomaterial
which educates monocytes to a distinct population of macrophage (CXMq).

. CXMq recruit mesenchymal stromal cells (MSC).

. Blocking fibronectin binding to a VB3 surface integrins on monocytes
prevents MSC recruitment.

. CXMq secrete high levels of VEGF and IL-6.
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Fig. 1. Schematic representation of monocyte education.
Monocytes were plated on plastic, gelatin and cardiac matrix (CX) for 3 days followed by

cell harvest and flow cytometric analysis of the macrophage specific markers.

J Immunol Regen Med. Author manuscript; available in PMC 2021 February 08.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Roy et al.

% expression of flourescent signal

100-

~l
(3]
|

(4]
o
|

N
(3.}
1

Page 17

[0 Baseline M Plastic Bm Gelatin B Fibronectin = CX

*
| |
*
_— * *
* P *
i
T [ ———
*
P
* *
— —

CD14 CD16 CD163 CD206 PDL1 CD86 HLA-DR

Fig. 2. Expression of various macrophage markers on educated macrophages.
Monocytes were cultured on plastic, gelatin, fibronectin and CX for 3 days and flow

cytometric analysis of M1 and M2 like macrophage markers was performed. Monocytes
cultured on CX showed a significant reduction in inflammatory cell surface markers
compared to plastic, gelatin, fibronectin and base line (pre-culture). * p < 0.05, (n=6).
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Fig. 3. Cardiac matrix educated monocytes recruit MSC.
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A) CXMq (untreated MSC) and CXMgq (inhibitor treated MSC) caused significantly greater
MSC migration compared to matrix alone without macrophages (CX) and uneducated
macrophages (plastic+Mq). Adding fibronectin a VB3 surface integrin inhibitor to CXMq
prevented MSC migration. This suggests that matrix-assembled (insoluble) fibronectin may
be linked to monocyte education. (B) Pseudoplot showing decrease in the a V3 surface

integrin upon treatment with its inhibitor Cyclo-RGDfk (TargetMol, MA). (* p < 0.05),

(n=3).
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Fig. 4. CXMq secretes VEGF and IL-6.
Macrophages (Mq) co-cultured on Cardiac fibroblast derived matrix (CX) prompts VEGF

and IL-6 release compared to monocytes cultured on plastic and gelatin surfaces. (* p <
0.05), (n=3).
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