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The early macrophage response to biomaterials has been shown to be a critical and predictive determinant of
downstream outcomes. When properly prepared, bioscaffolds composed of mammalian extracellular matrix
(ECM) have been shown to promote a transition in macrophage behavior from a proinflammatory to a reg-
ulatory/anti-inflammatory phenotype, which in turn has been associated with constructive and functional tissue
repair. The mechanism by which ECM bioscaffolds promote this phenotypic transition, however, is poorly
understood. The present study shows that matrix-bound nanovesicles (MBV), a component of ECM bioscaf-
folds, are capable of recapitulating the macrophage activation effects of the ECM bioscaffold from which they
are derived. MBV isolated from two different source tissues, porcine urinary bladder and small intestinal
submucosa, were found to be enriched in miRNA125b-5p, 143-3p, and 145-5p. Inhibition of these miRNAs
within macrophages was associated with a gene and protein expression profile more consistent with a proin-
flammatory rather than an anti-inflammatory/regulatory phenotype. MBV and their associated miRNA cargo
appear to play a significant role in mediating the effects of ECM bioscaffolds on macrophage phenotype.
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Introduction

B iologic scaffolds composed of mammalian extracel-
lular matrix (ECM) have been used in a variety of anatomic

sites, including the gastrointestinal tract,1 body wall,2 and car-
diovascular system,3 among others, to promote the formation of
site-appropriate, functional tissue following injury. These
bioscaffold materials influence the default tissue healing re-
sponse by mitigating inflammation and scar tissue formation,1,4

promoting an accumulation of endogenous stem/progenitor
cells at the site of scaffold placement,5,6 and perhaps most im-
portantly, modulating the local innate and adaptive immune
response.7–9 Specifically, implantation of ECM bioscaffolds
has been shown to enhance the ratio of anti-inflammatory/
regulatory (M2-like) macrophages to proinflammatory (M1-
like) macrophages at the site of implantation.8 This effect on
macrophage phenotype has been positively correlated with
constructive and functional tissue remodeling outcomes in an-
imal models of soft tissue repair.8,10

Macrophage phenotype plasticity is well established11

and the importance of, in fact necessity of, a transition from
a proinflammatory to an anti-inflammatory/regulatory phe-
notype for normal functional tissue repair has been shown in
many different body systems.12–15 However, the intercellu-
lar and intracellular signaling mechanisms responsible for
macrophage phenotype transition in normal wound healing,
tissue homeostasis and development, and biomaterial-
mediated tissue repair are not fully understood. Reasonable
explanations for cell–matrix interactions and the associated
effects on cell behavior include integrin-mediated re-
sponses to the topographical ligand landscape,16,17 me-
chanical cues,18,19 and release of embedded growth factors/
cytokines/cryptic peptides from the bioscaffold.20,21 While
these factors are all suspected to contribute to the bioactivity
attributed to the ECM, a specific mechanism by which ECM
promotes a constructive macrophage phenotype has not
been established. Recently, the presence of matrix-bound
nanovesicles (MBV) within ECM bioscaffolds has been

1McGowan Institute for Regenerative Medicine, University of Pittsburgh, Pittsburgh, Pennsylvania.
Departments of 2Surgery, 3Bioengineering, and 4Obstetrics, Gynecology, and Reproductive Sciences, University of Pittsburgh, Pittsburgh,

Pennsylvania.
*These authors contributed equally to this work.

*This article is part of a special focus issue on Emerging Impact of Extracellular Vesicles on Tissue Engineering and Regeneration.

TISSUE ENGINEERING: Part A
Volume 23, Numbers 21 and 22, 2017
ª Mary Ann Liebert, Inc.
DOI: 10.1089/ten.tea.2017.0102

1283



reported,22 and the miRNA cargo within these MBV has
been associated with essential biologic processes such as
normal tissue and organ development, inflammation, and
immune cell regulation, among others.23–29 Three miRNAs
that are preferentially overexpressed in M2-like macro-
phages30 were chosen as targets in the present study and
these miRNAs have been shown to play a role in macro-
phage functions such as phagocytosis, nitric oxide (NO)
production, and alteration of their secretome.31 The present
study investigates the role of MBV in ECM bioscaffold-
mediated macrophage activation.

Materials and Methods

Chemicals and reagents

Pepsin (MP Biomedicals, Santa Ana, CA), collagenase
from Clostridium histolyticum (Sigma-Aldrich, St. Louis,
Missouri), proteinase-K, and RNase A (Thermo Fisher
Scientific, Waltham, MA) were confirmed by transmission
electron microscopy (TEM) to be free of contaminating
extracellular vesicles.

ECM bioscaffold production

Urinary bladder matrix. Urinary bladder matrix (UBM)
was prepared from market-weight pigs (Tissue Source;
LLC, Lafayette, IN) as previously described.7 Briefly, the
tunica serosa, muscularis externa, submucosa, and muscu-
laris mucosa were removed by mechanical delamination,
and the urothelial cells of the tunica mucosa were dissoci-
ated from the basement membrane by washing with deio-
nized water. The remaining basement membrane and the
lamina propria (collectively referred to as UBM) were de-
cellularized by agitation in 0.1% peracetic acid with 4%
ethanol for 2 h at 300 rpm followed by phosphate-buffered
saline (PBS) and type 1 water washes. UBM was then
lyophilized and milled using a Wiley Mill with a #60 mesh
screen.

Small intestinal submucosa. Preparation of small intes-
tinal submucosa (SIS) bioscaffold has been previously de-
scribed.32 Briefly, jejunum was harvested from market-weight
pigs (Tissue Source; LLC). The superficial layers of the tunica
mucosa, the tunica serosa, and tunica muscularis externa were
mechanically removed after the jejunum was split longitudi-
nally. The tunica submucosa, muscularis mucosa, and basilar
portion of the tunica mucosa (stratum compactum) remain
intact (collectively referred to as SIS). The tissue was agitated
in 0.1% peracetic acid with 4% ethanol for 2 h at 300 rpm and
then extensively rinsed with PBS and sterile water. The SIS
was then lyophilized and milled using a Wiley Mill with a
#60 mesh screen.

Enzymatic digestion of ECM samples

Enzymatic digestion was performed by treating each
sample (100 mg dry weight) with either proteinase K or
collagenase (0.1 mg/mL) for 24 h at room temperature in
50 mM Tris (pH 8), 5 mM CaCl2, and 200 mM NaCl buffer.
Pepsin (1 mg/mL) digestion was performed in 0.01 M HCl
solution for 24 h in room temperature. Before addition of
ECM, all enzymatic solutions were passed through a 0.22-
mm filter (Millipore, Oak Brook, IL).

MBV isolation

MBV were isolated as previously described.22 Collagenase
was used for isolating MBV that were used for treating cells.
Proteinase-K was used for isolating MBV that were used for
RNA isolation or for visualization by TEM. Enzymatically
digested ECM was subjected to successive centrifugations at
500 g (10 min), 2500 g (20 min), and 10,000 g (30 min). Su-
pernatant was then centrifuged at 100,000 g (Beckman
Coulter Optima L-90K ultracentrifuge, Brea, CA) at 4�C for
70 min. Pellets were washed and suspended in 500 mL of PBS
and passed through a 0.22-mm filter (Millipore).

MBV imaging

TEM imaging was conducted on MBV loaded on carbon-
coated grids and fixed in 1% uranyl acetate. Grids were
imaged at 80 kV with a JEOL 1210 microscope.

RNA isolation

RNA was isolated from 2 · 106 cells using the miRNeasy
Mini Kit (Qiagen, Valencia, CA) according to the manufac-
turer’s instructions. Reverse transcription of 500 ng of RNA
to cDNA was performed via a high-capacity RT kit (ABI,
Foster City, CA) according to the manufacturer’s instructions.
RNA was isolated from, at a minimum, 50 mL of MBV using
the SeraMir Kit (System Biosciences) according to the
manufacturer’s instructions. Before RNA isolation, MBV
samples were treated with RNase A (10mg/mL) (Applied
Biosystems, Palo Alto, CA) at 37�C for 30 min to degrade any
contaminating free RNA that may have remained as a result of
the tissue decellularization process. RNA concentration was
determined using a NanoDrop spectrophotometer (Nano-
Drop, Wilmington, DE).

SYBR Green gene expression assays (premade se-
quences, ABI) were used to determine the relative expres-
sion levels of the following genes from DNA harvested from
murine bone marrow-derived macrophages (BMDM): inos,
tnf-a, stat1, stat2, stat5, irf3, irf4, irf5, il1rn, cd206, tgm2,
stat3, stat6, klf4, klf6, fizz-1, arg1, bfkbf3, glut1, hif1a, hk3,
pgk1, pdk4, rpia, ldha, pck2, g6pc3, and ppard. Results
were analyzed by the DDCt method using glyceraldehyde
3-phosphate dehydrogenase (GAPDH) to normalize the re-
sults. Fold change was calculated using untreated macro-
phages (M0) as the baseline. Results are displayed in a heat
map format created by Java Treeview (Oracle, Redwood
City, California).

TaqMan MicroRNA assays (ABI) were used to determine
the relative levels of mmu-miR-145-5p, mmu-miR-143-3p,
and mmu-miR-125b-5p inhibitors. These three miRNAs
were found to be enriched in MBV and have been suggested
as mediators of macrophage activation.23,29,31,33,34 mmu-
SNO-55 was used to normalize the results.

RNA sequencing and data analysis

RNA sequencing and data analysis were performed as
previously described.22 Briefly, small RNA libraries were
prepared using Ion Total RNA-Seq Kit version 2, according
to the manufacturer’s instructions. Following bead-based
size selection of RNA (10- to 20-nt range), cDNA was
created. Amplified library was again size-selected using a
bead-based method. Library size distribution was verified

1284 HULEIHEL ET AL.



using Agilent Bioanalyzer (Agilent, Santa Clara, CA). The
Ion One Touch 2 System was used to perform automated
emulsion polymerase chain reaction of the prepared libraries
and templated Ion Sphere Particle enrichment. Sequencing
was performed on the Ion Proton platform using a single P1
sequencing chip. Obtained data were imported into CLC
Genomics Workbench 8 (Qiagen). The adaptors were
trimmed, and all reads that had two ambiguous nucleotides,
had a Phred score <30, or were lower than 15 nt, or above
100 nt were removed. Conserved reads were then aligned to
the human genome (hg38) to verify valid reads. Reads were
extracted, counted, and then annotated on miRBase v.21
(human genome reference); a 2-nt mismatch was allowed
per read. Only sequences that matched a mature miRNA
were used for downstream analysis.

MBV fluorescent labeling

MBV nucleic acid cargo was labeled using Exo-Glow
(System Biosciences), according to the manufacturer’s in-
structions. Briefly, 500 mL of resuspended MBV was labeled
with Exo-Glow and incubated at 37�C for 10 min.
ExoQuick-TC (100mL) was added to stop the reaction, and
samples were placed on ice for 30 min. Samples were then
centrifuged for 10 min at 14,000 g. The supernatant was
removed and the pellet was resuspended with 500 mL of
1 · PBS, and 50mL of this MBV suspension was added to
BMDM cell culture. The cells were cultured for 4 h, and the
transfer of the MBV cargo to the cells was determined by
imaging using a 100 · objective and Axio Observer Z1 mi-
croscope.

Cell culture

Murine BMDM were isolated and characterized as pre-
viously described.7 Briefly, bone marrow was harvested
from 6- to 8-week-old C57bl/6 mice. Harvested cells from
the bone marrow were washed and plated at 1 · 106 cells/mL
and were allowed to differentiate into macrophages for
7 days in the presence of macrophage colony-stimulating
factor (MCSF) with complete medium changes every 48 h.

Macrophage activation

Macrophages were activated for 24 h with one of the fol-
lowing: (1) 20 ng/mL interferon-g (IFNg) and 100 ng/mL
lipopolysaccharide (LPS) (Affymetrix eBioscience, Santa
Clara, CA; Sigma Aldrich) to promote an MIFNg+LPS pheno-
type (M1-like), (2) 20 ng/mL interleukin (IL)-4 (Invitrogen)
to promote an MIL-4 phenotype (M2-like), (3) 250 ug/mL of
UBM-ECM, or SIS-ECM to promote an MECM phenotype, or
(4) 25mg/mL of UBM-MBV or SIS-MBV to promote an
MMBV phenotype. The concentration of MBV was deter-
mined by bicinchoninic acid assay. Pepsin (1 mg/mL) and
collagenase (0.1 mg/mL) were used as baseline controls for
ECM and MBV, respectively. After the incubation period at
37�C, cells were washed with sterile PBS and fixed with 2%
paraformaldehyde (PFA) for immunolabeling, or harvested
with TRIzol lysis reagent (Thermo Fisher) for protein/RNA
assessment, respectively. Macrophage function was evaluated
by assays for phagocytosis and NO production.

Transfection

BMDM were transfected with 50 nM mmu-miR-154-5p,
mmu-miR-143-3p, and mmu-miR-125b-5p inhibitor or a
cocktail mix of the inhibitors (Thermo Fisher), as well as a
scrambled negative control (Thermo Fisher), using Lipo-
fectamine RNAiMAX (Thermo Fisher) according to the
manufacturer’s instructions. miRNA inhibitors were trans-
fected for 4 h in Opti-MEM media. Cells were then washed and
incubated overnight with Dulbecco’s modified Eagle’s me-
dium supplemented with 10% fetal bovine serum and 1%
penicillin/streptomycin (P/S).

NO quantification

Following 24 h of treatment with test articles, macrophage
supernatants were transferred to a 96-well plate and frozen at
-80�C. Fifty microliters of samples or internal assay standards
consisting of sodium nitrite from 100 to 1.56mM in a 1:2 serial
dilution was added to the plate. The wells were treated with 50mL
of 1% sulfanilamide in 5% phosphoric acid for 10 min, followed
by addition of 50mL of 0.1% N-1-napthylethylenediamine di-
hydrochloride in water for 10 min. The wells were then read at
540 nm and compared to the standard curve. Cells were counted
using Cell Profiler software using 4’6-diamidino-2-phenylindole
(DAPI) nuclear staining. NO values were normalized to the
number of cells per well.

Phagocytosis assay

Following 24 h of treatment with the test articles, mac-
rophages were incubated with the Vybrant Phagocytosis Kit
(Thermo Fisher) FITC-labeled Escherichia coli beads for
2 h. Wells were then washed once with 1 · PBS and fixed
with 2% PFA for 30 min. Wells were washed three times
with PBS, then stained with DAPI for 10 min, and washed
again three times with PBS. Wells were imaged using an
automated Live Cell Scope and quantified for mean fluo-
rescence intensity of the cells using Cell Profiler software.

Macrophage immunolabeling

Cells were fixed with 2% PFA for 45 min at room tem-
perature, then washed with PBS, followed by immunolabel-
ing to determine surface marker expression. To prevent
nonspecific binding, the cells were incubated in a blocking
solution composed of PBS, 0.1% Triton-X, 0.1% Tween-20,
4% goat serum, and 2% bovine serum albumin for 1 h at room
temperature. The blocking buffer was then removed and cells
were incubated in a solution of one of the following primary
antibodies: (1) monoclonal anti-F4/80 (Abcam, Cambridge,
MA) at 1:200 dilution as a pan-macrophage marker, (2,3)
polyclonal anti-inducible nitric oxide synthase (iNOS) and anti-
tumor necrosis factor-a (TNF-a) (Abcam, Cambridge, MA) at
1:100 dilution, each as M1-like markers, and (4,5) polyclonal
anti-Fizz1 (Peprotech, Rocky Hill, NJ) and anti-Arginase1
(Abcam, Cambridge, MA) at 1:200 dilution, each as M2-like
markers. The cells were incubated at 4�C for 16 h, the primary
antibody was removed, and the cells washed with PBS. A so-
lution of fluorophore-conjugated secondary antibody (Alexa
donkey anti-rabbit 488 or donkey anti-rat 488; Invitrogen,
Carlsbad, CA) was added to the appropriate well for 1 h at room
temperature. The antibody was then removed, the cells washed
with PBS, and the nuclei were counterstained using DAPI.
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Cytokine-activated macrophages were used to establish stan-
dardized exposure times (positive control), which were held
constant throughout groups thereafter. CellProfiler (Broad In-
stitute, Cambridge, MA) was used to quantify images.

Statistical analysis

Data were analyzed for statistical significance using either
an unpaired Student’s t-test, through which treated macro-
phages were compared to the appropriate M0 media control,
or a one-way analysis of variance with Tukey’s post-hoc test
for multiple comparisons. Data are reported as mean – stan-
dard deviation with a minimum of N = 3. p-Values of <0.05
were considered to be statistically significant. For gene ex-
pression data represented as a heat map, the p-values that were

generated by Student’s t-tests comparing treated macro-
phages with M0 media control, and results are displayed in
Supplementary Tables S1 and S3 (Supplementary Data are
available online at www.liebertpub.com/tea).

Results

MBV imaging and gene expression signature
of MBV-treated cells

Particulate UBM-ECM or SIS-ECM was enzymatically
digested for 16 h at room temperature with proteinase-K or
0.1% collagenase solution. The solubilized ECM samples were
then subjected to centrifugation at increasing g forces to isolate
MBV. MBV were visualized at 100,000 · magnification using
TEM (Fig. 1A). Cellular uptake of MBV was determined by

FIG. 1. MBV imaging and gene expression signature of MBV-treated macrophages. (A) MBV isolated using proteinase-K
digestion were visualized by transmission electron microscopy at 100,000 · magnification. (B) Following exposure of BMDMs
(counterstained with DAPI) to MBVs whose nucleic acid content was labeled with acridine orange, the cells were visualized using
fluorescence microscopy at 200 · magnification. MBV are seen within the cytosol of cells after a 2-h incubation. (C) Gene
expression analysis of cells exposed to either ECM or their respective MBVs was evaluated using qPCR. Results are presented in a
heatmap form that was generated using Treeview software; all fold changes are with respect to media control (N = 3). Scale bar
scoring system is demonstrated as follows: less than 0.1-fold change (darkest purple), 0.1–0.29-fold change (intermediate purple),
0.3–0.69-fold change (light purple), 0.7–1.29-fold change (gray), 1.3–1.9-fold change (light yellow), 2.0–4.9-fold change (in-
termediate yellow), greater than 5.0-fold change (bright yellow). Supplementary Table S1 indicates significant differences between
media control and treated macrophages as determined using t-tests with p < 0.05 considered significant. BMDM, bone marrow-
derived macrophages; ECM, extracellular matrix; DAPI, 4’6-diamidino-2-phenylindole; MBV, matrix-bound nanovesicles.
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labeling MBV with acridine orange. Labeled MBV were vis-
ible within BMDM 2 h after their addition to the culture media
(Fig. 1B). The effect of MBV on macrophage activation was
evaluated by quantitative polymerase chain reaction (qPCR)
analysis of more than 25 commonly used markers of macro-
phage activation, including surface markers, cytokines, tran-
scription factors, and metabolic markers. The gene expression
profile of macrophages treated with MBV was qualitatively
very similar to the gene expression profile of macrophages
treated with ECM (Fig. 1C). Little to no effect on gene ex-
pression was observed after exposing the macrophages to pep-
sin or collagenase indicating that these enzymes, which are
used to digest ECM before extraction of MBV, are not respon-
sible for macrophage activation (Supplementary Table S1).
Exposure of BMDM to IFNg+LPS (MIFNg+LPS) or IL-4 (MIL-4)
led to distinct gene expression profiles consistent with pre-
vious studies.11,35–37

MBV treatment increases M2-like protein expression

Immunolabeling was performed to evaluate protein ex-
pression of BMDM (Fig. 2). Similar to the gene expression
results, MBV-treated groups had a qualitatively similar
protein expression profile as the ECM-treated groups. Both
ECM groups, as well as their corresponding MBV groups,
had protein expression profiles similar to MIL4 cells. Mac-
rophage treatment with SIS-ECM and UBM-ECM and their
corresponding MBV resulted in expression of Fizz-1 and
Arg-1 (markers that are associated with the MIL-4 pheno-
type). Low levels of iNOS expression were detected in the
SIS-MBV group. TNF-a was detectable only in the UBM-

MBV group. Both TNF-a and iNOS are markers associated
with the MIFNg+LPS phenotype. No expression of these
proteins was noted in the control groups. The majority of
cells expressed F4/80, confirming their macrophage differ-
entiation state. Quantification of immunolabeling images
using CellProfiler software supported the qualitative inter-
pretation of the results (Supplementary Fig. S1A).

MBV treatment affects BMDM function more
than ECM treatment

To determine the effect of MBV on macrophage function,
NO production and phagocytosis were measured in macro-
phages exposed to MBV, ECM, or cytokines (Fig. 3).

Nitric oxide production. NO was assessed in MBV-
exposed BMDM. NO production was not detectable in naive
and MIL-4 macrophages, consistent with the findings of
previous studies.38,39 MIFN-g+LPS macrophages produced a
significant increase in NO. BMDM treated with MBV de-
rived from UBM was the only treatment group to increase
NO production (Fig. 3A).

Phagocytosis. A basal level of phagocytosis as measured
by uptake of FITC-E. coli particles was shown by all mac-
rophages. Treatment with IFN-g+LPS resulted in a significant
increase in phagocytic activity compared to MCSF (M0).
ECM and MBV treatment resulted in a significant increase in
phagocytic uptake compared to MCSF (M0). When com-
pared to their parent ECM bioscaffolds, exposure to MBV

FIG. 2. MBV treatment increases M2-like protein expression. BMDM were exposed for 24 h to media control, 1 mg/mL
pepsin or 0.1 mg/mL collagenase controls, 250 mg/mL ECM, 25mg/mL MBVs, or the cytokine controls IFNg+LPS or
interleukin (IL)-4. Cells were then fixed with 4% PFA .The cells were then incubated with anti-murine antibody for markers
of the M1-like phenotype TNFa and iNOS, or markers of the M2-like phenotype Fizz1 and Arginase1. All images for the
same antibody were taken at the same exposure time normalized to the positive control. Cell nuclei were stained with DAPI.
Images were taken at 200 · magnification (N = 3). The percentage of cells positive for each stain was quantified using Cell
Profiler software and is presented in Supplementary Figure S1A. PFA, paraformaldehyde.
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alone led to greater phagocytosis. Whereas there was no
significant difference in phagocytosis between macrophages
treated with UBM or SIS, UBM-MBV caused an increase in
macrophage phagocytosis compared to macrophages treated
with SIS-MBV (Fig. 3B).

miRNA inhibition reverses gene expression patterns
compared to MBV-exposed BMDM

Sequencing results revealed expression of 240 different
miRNAs in UBM-MBV and 53 in SIS-MBV (Fig. 4).22

miRNAs with the greatest expression in UBM-MBV and
SIS-MBV are listed in Supplementary Table S2. miRNAs
highlighted in red were selected for downstream analysis
based on previous studies that showed their involvement in
macrophage activation.23,30,31

miR-145-5p, miR-143-3p, and miR-125b-5p were in-
hibited in BMDM to determine their role in macrophage

expression of activation markers. The degree of inhibi-
tion of each miRNA was determined by qPCR (Fig. 4A–
C). miR-145 expression was reduced by more than 70%,
miR-143 expression was reduced by 65%, and miR-125b
expression was reduced by more than 95%. qPCR anal-
ysis of MBV-treated and miRNA inhibitor-treated cells
showed that 6 of 27 genes had a markedly different ex-
pression pattern (Fig. 4D and Supplementary Table S3).
Interestingly, the six genes whose expression was in-
creased by miRNA inhibition were the same as those that
were decreased by MBV treatment. Importantly, KLF4,
which is a transcription factor associated with macro-
phage activation and also a known target of miR-145-5p,
shows an opposite expression pattern for all the inhibited
miRNA treatment groups compared to both UBM-MBV-
and SIS-MBV-treated cells. These results suggest that
inhibition of KLF4 may be a target of the miRNA cargo
within MBV.

FIG. 3. MBV treatment affects BMDM function more than ECM treatment. Macrophages were exposed for 24 h to
MCSF control, 250 mg/mL ECM, 25 mg/mL MBVs, or the cytokine controls IFNg+LPS or IL-4. (A) Macrophage
supernatants were mixed with 1% sulfanilamide in 5% phosphoric acid for 10 min, followed by addition of 0.1% N-1-
napthylethylenediamine dihydrochloride in water. The solutions were read in a spectrophotometer at 540 nm and
compared to the standard curve of sodium nitrite to assess nitric oxide production levels. Values: mean – standard
deviation, N = 6, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 by one-way analysis of variance (ANOVA) with
Tukey’s post-hoc test. (B) Treated macrophages were incubated with Vybrant Phagocytosis Kit FITC-labeled Es-
cherichia coli beads for 2 h. Cells were fixed and stained with DAPI. Using fluorescence microscopy, the cells were
visualized and quantified for mean fluorescence intensity of the cells using Cell Profiler software. Values:
mean – standard deviation, N = 6, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 by one-way ANOVA with Tukey’s
post-hoc test. MCSF, macrophage colony-stimulating factor.

1288 HULEIHEL ET AL.



F
IG

.
4
.

m
iR

N
A

in
h
ib

it
io

n
re

v
er

se
s

g
en

e
ex

p
re

ss
io

n
p
at

te
rn

s
co

m
p
ar

ed
to

M
B

V
-e

x
p
o
se

d
B

M
D

M
.

M
ac

ro
p
h
ag

e
m

iR
N

A
in

h
ib

it
io

n
.

(A
–
C

)
S

el
ec

ti
v
e

in
h
ib

it
io

n
o
f

sp
ec

ifi
c

m
iR

N
A

s,
m

iR
-1

4
5
-5

p
,

m
iR

-1
4
5
-3

p
,

an
d

m
iR

-1
2
5
-b

-5
p

u
si

n
g

5
0

n
M

o
f

in
h
ib

it
o
r

fo
r

ea
ch

.
R

el
at

iv
e

ab
u
n
d
an

ce
o
f

m
iR

N
A

le
v
el

s
fo

ll
o
w

in
g

in
h
ib

it
io

n
w

as
d
et

er
m

in
ed

b
y

T
aq

M
an

m
iR

N
A

q
P

C
R

as
sa

y
s.

V
al

u
es

:
m

ea
n

–
st

an
d
ar

d
d
ev

ia
ti

o
n
,

N
=

3
,

*
p

<
0
.0

5
b
y

S
tu

d
en

t’
s

t-
te

st
.

D
at

a
re

p
re

se
n
ts

fo
ld

ch
an

g
e

in
co

m
p
ar

is
o
n

to
M

0
.

(D
)

G
en

e
ex

p
re

ss
io

n
an

al
y
si

s
o
f

ce
ll

s
ex

p
o
se

d
to

M
B

V
s,

o
r

tr
an

sf
ec

te
d

w
it

h
sc

ra
m

b
le

d
co

n
tr

o
l

m
iR

N
A

in
h
ib

it
o
r,

m
m

u
-m

iR
-1

5
4
-5

p
in

h
ib

it
o
r,

m
m

u
-m

iR
-1

4
3
-3

p
in

h
ib

it
o
r,

m
m

u
-m

iR
-1

2
5
b

-5
p

in
h
ib

it
o
r,

o
r

a
co

m
b
in

at
io

n
o
f

al
l

th
re

e
in

h
ib

it
o
rs

w
as

ev
al

u
at

ed
u
si

n
g

q
P

C
R

.
R

es
u
lt

s
ar

e
p
re

se
n
te

d
in

a
h
ea

tm
ap

fo
rm

th
at

w
as

g
en

er
at

ed
u
si

n
g

T
re

ev
ie

w
so

ft
w

ar
e;

al
l

fo
ld

ch
an

g
es

ar
e

w
it

h
re

sp
ec

t
to

m
ed

ia
co

n
tr

o
l.

S
ca

le
b
ar

sc
o
ri

n
g

sy
st

em
is

d
em

o
n
st

ra
te

d
as

fo
ll

o
w

s:
le

ss
th

an
0
.1

-f
o
ld

ch
an

g
e

(d
a
rk

es
t

p
u
rp

le
),

0
.1

–
0
.2

9
-f

o
ld

ch
an

g
e

(i
n
te

rm
ed

ia
te

p
u
rp

le
),

0
.3

–
0
.6

9
-

fo
ld

ch
an

g
e

(l
ig

h
t

p
u
rp

le
),

0
.7

–
1
.2

9
-f

o
ld

ch
an

g
e

(g
ra

y)
,

1
.3

–
1
.9

-f
o
ld

ch
an

g
e

(l
ig

h
t

ye
ll

o
w

),
2
.0

–
4
.9

-f
o
ld

ch
an

g
e

(i
n
te

rm
ed

ia
te

ye
ll

o
w

),
an

d
g
re

at
er

th
an

5
.0

-f
o
ld

ch
an

g
e

(b
ri

g
h
t

ye
ll

o
w

).
S

u
p
p
le

m
en

ta
ry

T
ab

le
S

3
in

d
ic

at
es

si
g
n
ifi

ca
n
t

d
if

fe
re

n
ce

s
b
et

w
ee

n
m

ed
ia

co
n
tr

o
l

an
d

tr
ea

te
d

m
ac

ro
p
h
ag

es
as

d
et

er
m

in
ed

u
si

n
g

t-
te

st
s

w
it

h
p

<
0
.0

5
co

n
si

d
er

ed
si

g
n
ifi

ca
n
t.

1289



miRNA inhibition shows opposite protein
expression in BMDM

Immunolabeling was performed to evaluate protein ex-
pression of BMDM in which miRNA had been selectively
inhibited. Similar to the gene expression results, treatment
with miRNA inhibitors led to an opposite protein expression
profile compared to MBV-treated groups (Fig. 5). Inhibition
of miRNA-125b-5p led to an increase in iNOS expression,
whereas inhibition of miRNA-143-3p led to an increase in
the expression of TNF-a and Fizz1 compared to uninhibited
controls. The majority of cells expressed F4/80 consistent
with a macrophage differentiation state. Quantification of
immunolabeling images using CellProfiler software sup-
ported the qualitative interpretation of the results (Supple-
mentary Fig. S1B).

Discussion

The results of the present study show that MBV can
largely recapitulate the effects of ECM on macrophage
phenotype. MBV were rapidly internalized by macrophages
and direct inhibition of specific miRNA cargo (found in high
abundance in MBV) within these macrophages notably af-
fected the macrophage phenotype. Macrophage gene and
protein expression, cell surface markers, and functional
capacity as determined by phagocytic activity, NO produc-
tion, and antimicrobial activity were most representative of

a regulatory/anti-inflammatory phenotype following treat-
ment with MBV, which is consistent with previous reports
describing the effects of ECM bioscaffolds on macrophage
phenotype.40–43 These findings provide a plausible mecha-
nism by which MBV embedded within ECM bioscaffolds
can regulate the macrophage component of the innate im-
mune response during matrix remodeling events.

Macrophages have been shown to be important, in fact
necessary, regulators of normal healing following injury, and/
or in normal tissue development.44 Specifically, a transition in
macrophage activation state from a proinflammatory to an
anti-inflammatory and pro-remodeling phenotype is required
for initiation and resolution of the healing process and a return
to homeostasis.7,43,45,46 Failure of this transition is associated
with chronic inflammation, impaired wound healing, and
dysregulation of the microenvironmental niche,47–49 and has
been suggested to play a causal role in conditions such as
inflammatory bowel disease, muscular dystrophy, and kidney
disease.47,50,51 While the importance of this phenotypic
switch is recognized, the specific endogenous signals regu-
lating spatiotemporal patterns of macrophage phenotype are
poorly understood. Phagocytosis of neutrophils as the cause
of the phenotype switching in macrophages has been sug-
gested,52 but definitive studies have been lacking.

ECM harvested from many different tissues and com-
mercially available biomaterials composed of ECM con-
sistently and reproducibly promote an M2-like regulatory

FIG. 5. miRNA inhibition shows opposite protein expression compared to MBV. BMDM were exposed for 4 h to 50 nM
of one of the following: scrambled control, mmu-miR-125b-5p inhibitor, mmu-miR-143-3p inhibitor, or miR-145-
5p. Treatment media were then changed to normal growth media for an additional 18 h. Cells were then fixed with 4% PFA.
Cells were then incubated with anti-murine antibody for markers of the M1-like phenotype TNFa and iNOS, or markers of
the M2-like phenotype Fizz1 and Arginase1. Exposure times were established based on a negative isotype control and
cytokine-treated controls and kept constant for each marker tested. Cell nuclei were stained with DAPI. Images were taken
at 200 · magnification. The percentage of cells positive for each stain was quantified using Cell Profiler software and is
presented in Supplementary Figure S1B. The results show that miRNA inhibition is capable of impacting the expression of
several probed proteins, implicating the role of miR-125b-5p, miR-143-3p, and miR-145-5p in the formation of the MMBV

phenotype.
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macrophage phenotype,4,8,40,53 a process that drives down-
stream constructive and functional tissue remodeling. ECM
bioscaffolds have thus far been shown to promote this
phenotype activation by at least two mechanisms: (1) a di-
rect transmembrane process involving intracellular path-
ways such as COX1/254 and (2) an indirect effect through
stem/progenitor cell paracrine signaling.4 Macrophages
have been shown to be necessary for the degradation of
ECM bioscaffolds in vivo.10 It is plausible that during
degradation of the ECM, MBV are released, internalized by
the local macrophage population, and facilitate transition to
an anti-inflammatory/regulatory phenotype. It is also logical
to hypothesize that these events occur not only in the
presence of ECM bioscaffolds but also during normal
wound healing events; however, additional work is required
to test such a hypothesis.

The profile of markers used in the present study to
characterize macrophage activation state included tran-
scription factors, surface markers, gene and protein ex-
pression, and functional assays. Stated differently, the
activity of MBV was characterized on many levels, and it
was shown that they mimic or even outperform ECM
bioscaffolds with regard to macrophage activation in certain
assays. These results suggest that MBV are a key bioactive
component within ECM.

Sequencing of MBV nucleic acid cargo from UBM-ECM
and SIS-ECM showed that specific miRNAs are particularly
enriched in these nanovesicles, depending on the ECM tis-
sue source. Three of these miRNAs, 125b-3p, 143-3p, 145-
5p, were highly expressed within MBV and these specific
miRNAs have been implicated in macrophage activation
and phenotypes.23,30,31 These miRNAs were therefore tar-
geted in the present study for closer scrutiny. There is not a
consensus in the literature with respect to known functions
of the particular miRNA investigated in the present study. It
has been reported that, in murine Raw 264.7 macrophages,55

miRNA-125b-5p targets TNF-a and 5-lipoxygenase, nega-
tively regulating the inflammatory response.56 However, in
isolated murine peritoneal macrophages, miRNA-125b-5p
was shown to enhance the inflammatory response in certain
contexts by targeting IRF4.23 In the present study, inhibition
of miR-125b-5p did not lead to increases in TNF-a, how-
ever, a reduction in IRF4 gene expression levels was noted
in both miR-125b-5p inhibition and MBV-treated macro-
phages. This incongruity suggests that IRF4 regulation is not
dependent solely on miR-125-5p and likely represents the
net actions of various miRNAs and proteins present in the
MBV cargo. Discrepancies observed between the results of
the current study and previous reports with respect to
miRNA-125b-5p could arise from the use of macrophages
derived from different sources.

It has been shown that miRNA-143/145 are elevated in
M2-like macrophages and downregulated in M1-like mac-
rophages, implying their role in macrophage activation.30

Moreover, it has been shown that miRNA-145-5p is capable
of activating the epigenetic IL-10 gene silencer, HDAC11,
in murine macrophage cell lines. The previous report
showed that downregulation of miRNA-145-5p expression
as a result of IFN-g signaling directly contributes to proin-
flammatory macrophage activity and phenotype.57

miRNA-143-3p is less well studied in the context of in-
nate immunity and its targets within macrophages are poorly

described. Nonetheless, inhibition of both miRNA-143-3p
and miRNA-145-5p in naive macrophages resulted in in-
creased expression of the macrophage surface marker as-
sociated with an M1-like phenotype, TNF-a, which is
consistent with the findings of the previous report.30 These
results are further corroborated by the finding that MBV
treatment led to increased expression of M2-like markers,
Fizz1 and Arg1, which are associated with a constructive
macrophage phenotype; however, there are a multitude of
miRNAs within MBV that could similarly contribute to this
downregulation of proinflammatory markers. Taken to-
gether, the results of the miRNA inhibition and MBV
treatments corroborate previous reports that miRNA-145-5p
contributes to a downregulation of the inflammatory phe-
notype and suggest that both miRNA-143/145 contribute to
the macrophage phenotype in response to MBV and ECM
bioscaffolds.

Further analysis of gene and protein expression assays of
naive BMDM in which these miRNAs were inhibited
showed that their inhibition resulted in opposite patterns of
expression in nearly 25% of the genes that were investi-
gated. Among these genes are members of the KLF, STAT,
and IRF families of transcription factors. Interestingly,
KLF4 was consistently downregulated by both ECM and
MBV treatment. Inhibition of miR-145-5p resulted in an
increase of KLF4. The regulation of KLF4 by miR-145-5p
has been shown to be an effector of macrophage activa-
tion,24,34,58 which together with findings of the present
study, suggests its role in this process. Importantly, inhibi-
tion of the different miRNAs led to a similar gene expres-
sion profile. Using TargetScan software, 18 mutual genes
were identified that are predicted to be regulated by miR-
145-5p, miR-143-3p, and miR125-5p. Among those genes is
QKI, which was previously identified as a macrophage
differentiation regulator.59,60 We postulate that mutual tar-
get genes are being regulated by these miRNAs, affecting
specific pathways.

Overall, these results strongly suggest that MBV and their
miRNA cargo are at least partially responsible for the
macrophage response that is observed when ECM bioscaf-
folds facilitate functional tissue repair.

MBV treatment also impacted macrophage function,
with effects that were greater in magnitude than the ef-
fects of the parent ECMs on all metrics. The rate of
phagocytosis in UBM-MBV-exposed macrophages rose
to a level indistinguishable from that of MIFNg+LPS mac-
rophages, significantly greater than all other treatment
groups.

Labeling MBV with ExoRed showed that MBV were
internalized by macrophages within 2 h. This finding does
not differentiate between phagocytosis and endocytosis as
the major route of uptake, however, and this represents an
area of future study.

While miRNA-125/143/145 appear to modify the mac-
rophage activation state, there are more than 200 miRNAs
present within the MBV,22 which have the potential to affect
macrophage activation or the behavior of other cell types. In
addition, the effect of MBV protein cargo on macrophage
activation is yet to be determined. The present work did
not utilize an MBV-depleted ECM control due to the in-
ability to remove MBV without destroying all remaining
ECM constituents.
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Conclusion

The results of the present study clearly show the ability of
MBV to recapitulate many effects of ECM on macrophage
activation, which is an important bioactive property of
ECM bioscaffolds. Furthermore, specific miRNAs within
MBV play a role in this process, which provides a plausi-
ble mechanism by which ECM promotes a transition in
macrophage phenotype and downstream constructive tissue
remodeling not only with the use of ECM bioscaffolds
but also during normal tissue repair processes. A more
comprehensive understanding of the role of additional
miRNAs present in the MBV cargo is an important area of
future study.
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