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Abstract
Successful application of biomaterials for wound healing requires extracellular matrix components capable 

of promoting endogenous regeneration. Macrophages are a type of monocyte that play a critical role in tissue 
regeneration and repair. In the early phases of wound healing, these cells orchestrate the inflammatory response, and 
in the later stages of wound healing, they mediate the resolution of wound healing. In chronic wounds, uncontrolled 
macrophage activation negatively impacts the wound healing process. The purpose of this study was to characterize 
the effect of a decellularized, dehydrated human amniotic membrane (DDHAM) on macrophage differentiation and 
activation from monocytes in vitro. Monocytes were isolated from the peripheral blood of healthy donors and cultured 
on standard tissue culture plates (CB), collagen type I-coated plates (COL), and on plates containing DDHAM. Pro-
inflammatory (M1) macrophage differentiation was modeled by monocyte culture in the presence of granulocyte-
macrophage colony-stimulating factor (GM-CSF) and activation with a strong pro-inflammatory cocktail, consisting 
of lipopolysaccharide (LPS) and interferon gamma (IFN-ɣ). The results showed that DDHAM enhanced monocyte 
differentiation in comparison with CB or COL as evident by increased cell size, viability, macrophage gene expression, 
and soluble factor secretion. Furthermore, macrophages differentiated on DDHAM and activated by inflammatory 
signals (LPS and IFN-ɣ) were impaired in their expression of a subset of LPS-inducible nuclear factor kappa-light-
chain-enhancer of activated B cells target genes, with IL12β, coding for IL12p40 (subunit of IL12/23) being the most 
down regulated (p < 0.001). The effects of DDHAM on monocyte differentiation were found to be dependent upon β2 
integrins. For the first time, these results indicate that a DDHAM can modulate macrophage behavior, by promoting 
their polarization into M2 phenotype, which is implicated in mediating a regenerative response and the resolution of 
healing, in a manner that is consistent with promoting vascular remodeling and tissue healing.

Keywords: Biomaterials; Decellularization; DDHAM; Extracellular 
matrix; Macrophages; Monocytes; Monocyte differentiation; 
Polarization; Scaffold; Wound healing

Introduction
Monocytes are large, phagocytic white blood cells that are part 

of the innate immune system [1]. Monocytes function as the host’s 
defense against infection and inflammation and play a critical role in 
tissue remodeling [2]. In wound healing, monocytes are one of the 
earliest cells recruited to the site of injury where they differentially 
contribute to all three overlapping phases of tissue healing and repair: 
inflammation, proliferation, and maturation [3]. When stimulated 
by invading cells, monocytes migrate from the bone marrow into 
circulation. Upon entering the tissue, monocytes differentiate into 
macrophages.

Macrophages are heterogeneous immune cells with great 
plasticity and diverse functional subsets [4]. They play a critical role 
in endogenous regeneration processes [4]. During wound healing, 
macrophages sequentially change their phenotypic polarization in 
response to temporal and spatial stimuli in their microenvironment 
[5-7].

Polarized macrophages are traditionally categorized into classically 
activated M1 macrophages and alternatively activated M2 macrophages 
[8]. The M1 phenotype is present during the early stages of healing, 
orchestrating the inflammatory response [9], and in the later stages of 
healing, macrophages transition into a predominantly M2 phenotype, 
which mediates a regenerative response and the resolution of tissue 
remodeling and repair [9-11]. In line with this simplified, traditional 
classification, a higher ratio of M2 to M1 has been associated with 
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constructive tissue remodeling [12-15].

While the classification of macrophages into M1 (pro-inflammatory) 
and M2 (anti-inflammatory) phenotypes facilitates discussion, it is an 
oversimplification. More accurately, polarized macrophages exist on a 
spectrum with several phenotypic subsets, ranging from M1 to M2a, 
M2b, M2c and M2d [16-18]. These specialized functional phenotypes 
are activated in response to specific stimuli. M1 is induced by exposure 
to interferon-gamma (IFN-γ) and lipopolysaccharide (LPS) or tumor 
necrosis factor (TNF), and granulocyte macrophage stimulating factor 
(GM-CSF) [16]; M2a is induced by interleukin 4 (IL-4) and interleukin 
13 (IL-13). M2b is induced by immune complexes, agonists of Toll-
like receptor (TLR), and Fc receptors; M2c is induced by interleukin 10 
(IL-10), transforming growth factor beta (TGF-β), and glucocorticoids; 
and M2d is induced by TLR and adenosine A2 A receptor) [16, 19]. 
Once activated, polarized macrophages differ in terms of cytokine 
production, surface marker expression, protein secretion, and 
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high collagen content, retaining key bioactive molecules, such as 
fibronectin, laminin, glycosaminoglycans, and elastin [31]. Moreover, 
this decellularized ECM does not contain extraneous growth factors or 
cytokines that can elicit an unpredictable host response [31]. DDHAM 
provides a tissue ECM scaffold for cell attachment and proliferation, 
supporting the body’s natural ability to restore tissue to a pre-wound 
state with minimal inflammation and scarring [32]. The purpose of 
this study was to characterize the effect of DDHAM on macrophage 
differentiation and activation from human monocytes in vitro. The 
authors hypothesize that DDHAM will modulate macrophage behavior 
by promoting polarization into the M2 phenotype in a manner 
consistent with tissue repair and regeneration.

Methods
DDHAM: BIOVANCE® is marketed as an advanced therapy for 

wound management in a broad range of wound indications and to 
replace or supplement damaged or inadequate integumental tissue. 
This product is regulated by the FDA as a human tissue-based product 
under Section 361 of the Public Health Service Act.

Protection of human research subjects: Since the testing materials 
are commercially available products and this study did not require 
direct interaction with human subjects (donors), institutional review 
board approval was not required.

Monocyte isolation: Monocytes (LeukoPaks, New Jersey Blood 
Services (Scotch Plains, NJ), a division of New York Blood Center (New 
York, NY), were isolated from the peripheral blood of healthy donors 
(N = 2). The peripheral blood was diluted 1:2 with sterile phosphate 
buffered saline (PBS) and overlayed onto Ficoll-Paque Plus (GE 
Healthcare, Chicago, IL). Peripheral blood mononuclear cells (PBMC) 
were harvested post density gradient centrifugation. Monocytes were 
isolated by positive selection from PBMC using CD14+ Micro beads, 
according to the manufacturer’s protocol (Miltenyi Biotec, Bergisch 
Gladbach, Germany).

Monocyte co-culture with DDHAM and control surfaces: 
Monocytes were cultured in 24-well tissue culture plates (Corning) at 
0.5x106 cells/mL in complete RPMI (Roswell Park Memorial Institute) 
media with 10% fetal bovine serum (FBS) (Gibco®, Thermo Fisher 
Scientific, Waltham, MA). For co-culture with DDHAM, 2x3cm 
DDHAM pieces were cut into two, and each piece was placed at the 
bottom of one well using sterile forceps. DDHAM was held in place 
by insertion of sterile Teflon inserts. DDHAM-containing wells were 
equilibrated in RPMI media for 1-2 hours, and media were removed 
completely prior to adding cells. For control surfaces, CellBind plates 
(CB) or collagen type I-coated plates (COL). Were used with Teflon 
inserts placed in each well.

Monocyte differentiation: For differentiation with GM-CSF, 
100 ng/mL recombinant GM-CSF was used. For M1 differentiation, 
monocytes were cultured for 3 days with 100 ng/mL GM-CSF, after 
which, the medium was removed and replaced with complete RPMI 
medium containing 10 ng/mL LPS and 50 ng/mL IFN-ɣ. Cell lysates 
for gene expression and culture supernatants for cytokine profiling 
were collected up to 24 hours later.

Integrin β2 blocking studies: For integrin blocking studies, 
monocytes were incubated in Falcon tubes (Corning, Glendale, AZ) 
with an isotype (Bio Legend®, San Diego, CA) or β2 blocking antibody 
(azide-free, ultra-low endotoxin, clone TS1/18, Bio Legend®, San Diego, 
CA) at an experimentally determined optimal concentration of 10 µg/
mL – 25 µg/mL. Incubation was performed at room temperature for 30 
to 60 minutes after which monocytes were placed in culture.

gene expression [14]. Previous research has demonstrated that M1 
macrophages are associated with the expression of TNF, interleukin 
1 beta (IL1β), interleukin 6 (IL6), and interleukin 8 (IL8) genes, and 
M2 macrophages are associated with the expression of CD206, CCL22, 
and CCL18 genes [14, 20]. While broad, these distinct differences have 
allowed investigators to evaluate macrophages in terms of the M1 and 
M2 phenotypes.

Macrophages play a significant role in wound healing, ensuring 
a timely transition through the phases of wound healing. Although 
transient inflammation is needed in the early stages of wound healing, 
the inflammatory phase must resolve to allow the healing cascade 
to progress through the proliferative and maturation phases [21]. 
Chronic, non-healing wounds, however, are unable to progress past the 
inflammatory stage [22], and macrophages persist in an uncontrolled 
pro-inflammatory M1 activation state [23]. In fact, there is evidence to 
suggest that a stalled pro-inflammatory macrophage phenotype exists 
in chronic wounds [23-25].

The extracellular matrix (ECM), which normally serves to regulate 
macrophage behavior, is dysfunctional in chronic wounds, due to the 
high expression of proteases by macrophages [26], creating a vicious 
cycle between an abnormal ECM and uncontrolled M1 macrophages 
(Figure 1). Application of decellularized ECM bio-scaffolds is one 
means of creating a reparative environment. The functional ECM is 
thought to actively direct macrophage polarization [15, 27-29], thereby, 
promoting tissue remodeling through the recruitment of endogenous 
cells, stimulation of angiogenesis, and attenuation of the inflammatory 
response. However, differences in source tissue and processing 
methodologies play a significant role in determining the patterns of 
macrophage activation by different biomaterials [30].

BIOVANCE® (Celularity Inc., Florham Park, NJ) is a decellularized, 
dehydrated human amniotic membrane (DDHAM) allograft. The 
decellularization process is designed to remove residual cells, cell 
debris, and deoxyribonucleic acid (DNA), leaving behind the native 
ECM, and creating a product essentially free of cells and cell debris. 
The composition of DDHAM is that of an ECM-like material with 

Figure 1: Abnormal ECM and uncontrolled M1 macrophage cycle.
Tissue healing and repair consists of three overlapping phases, inflammation, 
proliferation, and maturation. Although transient inflammation is required for 
successful wound healing, the inflammatory phase must resolve for tissue 
maturation to occur. With chronic inflammation, however, high levels of proteases 
are expressed by macrophages, leading to the degradation of the extracellular 
matrix (ECM), which normally regulates macrophage behavior, creating a vicious 
cycle between an abnormal ECM and uncontrolled M1 macrophages.
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Flow cytometry: AccutaseTM Cell Detachment Solution was used 
to remove cells from all surfaces, according to the manufacturer’s 
protocol (Innovative Cell Technology, San Diego, CA). Antibodies 
were from Bio Legend (San Diego, CA) and BD Biosciences (San Jose, 
CA). Samples were analyzed on BD LSRFortessaTM Cell Analyzer (BD 
Biosciences, San Jose, CA).

Multiplex analysis: Culture supernatants were analyzed using 
magnetic bead based multiplex kits (Millipore Sigma, Burlington, MA), 
according to the manufacturer’s protocol.

Ribonucleic Acid (RNA) isolation and gene expression analysis: 
Cells were lysed by removing culture supernatants and incubated in 
350 µL Buffer RLT (Qiagen, Hilden, Germany) for 10 minutes. RNA 
was isolated using RNA isolation kits (RNeasy Mini Kit, Qiagen, 
Hilden, Germany) and converted to complementary DNA (cDNA) 
using SuperScript® III (Invitrogen by Thermo Fisher Scientific, 
Waltham, MA). Quantitative reverse transcriptase polymerase chain 
reaction (RT-qPCR) was performed using reagents and primers from 
SABiosciences (Frederick, MD).

Assessment of monocyte viability: Monocytes were isolated from 
peripheral blood of healthy donors and cultured on CB, COL, CB+GM-
CSF, and plates containing DDHAM. Four days later, the viability of 
cultured monocytes on CB, COL, CB+GM-CSF, and DDHAM was 
evaluated by a CyQuantTM Cell Proliferation Assay (ThermoFisher 
Scientific, Waltham, MA) to quantify the number of recovered cells. 
Results are expressed as % viability (N = 4).

Assessment of cytokine, chemokine, and growth factor release 
by activated macrophages: Supernatant was collected for multiplex 
profiling at 24 hours and lysate was used for gene expression at 24 
and 72 hours. Multiplex profiling of 24-hour cultures was performed 
to examine the expression of cytokines (i.e., interleukin 8 [IL-8], 
interleukin 6 [IL-6], tumor necrosis factor alpha [TNF-α], interleukin 
1 beta [IL-1β]), chemokines (i.e., monocyte chemoattractant protein 1 
[MCP-1], growth-regulated oncogene [GRO]), and growth factors (i.e., 
vascular endothelial growth factor [VEGF], basic fibroblast growth 
factor [FGF-2]) implicated in wound healing. Analysis of 24-hour and 
72-hour cultures was performed to examine the expression of genes 
associated with M1 macrophages (i.e., TNF, IL1β, IL6, IL8) and M2 
macrophages (i.e., CD206, CCL22, CCL18).

Assessment of pro-inflammatory macrophage differentiation: To 
model pro-inflammatory (M1) macrophage differentiation, monocytes 
were cultured for 3 days with 100 ng/mL GM-CSF, after which media 
was removed and replaced with complete RPMI containing a strong 
pro-inflammatory cocktail, consisting of 10 ng/mL LPS and 50 ng/
mL IFN-ɣ. Supernatants were collected after 24 hours and lysate 
after 4 hours. The secretion of inducible inflammatory cytokines (i.e., 
interleukin-12 subunit p40 [IL-12p40], interleukin-12 subunit p70 
[IL-12p70], interleukin 1 alpha [IL-1α], IL-1β, TNF-α, Regulated on 
Activation, Normal T Expressed and Secreted [RANTES], GRO, MCP-
1, IL-8) by M1 macrophages generated from monocytes was examined. 
Multiplex profiling of 24-hour cultures was performed before and after 
LPS and IFN-ɣ activation. Data are expressed as pg/mL/0.5x106 cells 
(N = 4).

Assessment of β2 integrins on monocyte differentiation: 
Monocytes were incubated with either an isotype or a β2 blocking 
antibody (β2 Ab) at a concentration of 10 µg/mL - 25μg/mL. Incubation 
was performed at room temperature for 30 to 60 minutes, after which 
monocytes were co-cultured with DDHAM or a control surface 
(i.e., CB) in complete RPMI media with 10% FBS. After 24 hours, 
supernatants were collected. Multiplex profiling of 24-hour cultures 

with and without the β2 Ab was performed to evaluate the expression 
of cytokines, chemokines, and growth factors (i.e., GRO, IL-8, FGF-2, 
IL-6). Data are expressed as pg/ml/0.5x106 cells (N = 3).

Assessment of β2 integrins on M1 differentiation: Monocytes 
were incubated with either an isotype or a β2 blocking antibody at a 
concentration of 10 µg/mL - 25 μg/mL. Incubation was performed at 
room temperature for 30 to 60 minutes, after which monocytes were 
placed in culture. Monocytes were cultured for 3 days with 100 ng/mL 
GM-CSF, after which media was removed and replaced with complete 
RPMI containing 10 ng/mL LPS and 50 ng/mL IFN-ɣ. Supernatants 
were collected after 24 hours. Multiplex profiling of 24-hour cultures 
with and without the β2 antibody was performed to evaluate the 
secretion of inducible inflammatory cytokines (i.e., IL-12p40, IL-
12p70, TNF-α, RANTES) by M1 macrophages with and without the 
β2 antibody. Data are expressed as pg/ml/0.5x106 cells (N = 2). Mean 
fluorescent intensity was measured to evaluate the expression of 
macrophage marker, CD11b, on the monocytes attached to DDHAM 
with and without the β2 blocking antibody. Gene expression analysis 
of 24-hour cultures with or without the β2 blocking antibody was 
performed to evaluate the expression of IL1β, IL6, and tumor necrosis 
factor, alpha-induced protein 3 [TNIP3 (ABIN3)] on the monocytes 
attached to DDHAM with and without the β2 blocking antibody.

Statistical Analysis: All analyses were conducted using Graph Pad 
Prism® (Version 4, San Diego, CA). Experiments were repeated three 
to five times and twice for gene expression data across time, inhibitors 
of cytokine expression across time, and gene expression analysis of 
24-hour cultures with and without β2 antibody. Each experiment 
contained at least three replicates per condition tested to calculate 
significance. Data shown are pooled from multiple experiments and/
or representative of all experiments. Parametric unpaired t-tests were 
used to compare the variables. The significance level for all statistical 
tests was set at p = 0.05.

Results
Isolation and characterization of human monocytes: Flow 

cytometry was used to evaluate the effects of DDHAM on the parameters 
of macrophage differentiation (Figure 2). Monocytes were co-cultured 
with DDHAM and control surfaces (i.e., CB, COL, CB+GM-CSF). 
Type I collagen was selected as control to provide a three-dimensional 
structure similar to the ECM found in vivo. Three to four days later, 
adherent cells were collected for flow cytometry analysis. The size and 
granularity of cultured monocytes was evaluated on day 0 and day 4.

On day 4, DDHAM mediated greater increases in the size and 
granularity of cultured monocytes compared with CB. The observed 
increases in size and granularity are characteristic of cells differentiated 
in the presence of macrophage differentiation factors, such as GM-
CSF. Also on day 4, the viability of cultured monocytes was evaluated 
and was found to be significantly greater on DDHAM compared with 
CB (p < 0.001, N = 4). Flow cytometry data, expressed as histograms, 
evaluated the expression of cell surface markers characteristic of 
differentiated macrophages (i.e., CD11b, CD16, CD206, HLA-DR). 
Compared with CB (and COL, data not shown), monocytes cultured on 
DDHAM showed increases in all cell surface markers of differentiated 
macrophages, except for HLA-DR. Overall, these results demonstrate 
that DDHAM mediates greater increases in the size and viability of 
cultured monocytes, characteristics of macrophage differentiation, 
which is driven by factors such as GM-CSF. Additionally, the 
expression of cell surface markers on differentiated macrophages was 
greater on DDHAM than CB or COL.
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The effects of DDHAM on the release of cytokines, chemokines, 
and growth factors by monocytes: The effects of DDHAM on 
cytokines, chemokines, and growth factors important for wound 
healing were examined as well as the effects of DDHAM on M1/M2 
gene expression (Figure 3). Multiplex profiling of 24-hour culture 
supernatants was performed to examine the expression of cytokines 

(i.e., IL-6, IL-8, TNF-α, IL-1β), chemokines (i.e., MCP-1, GRO), and 
growth factors (i.e., VEGF, FGF-2) implicated in wound healing. Data 
are expressed as pg/mL/0.5x106 cells (N = 3).

The expression of cytokines, chemokines, and growth factors was 
significantly greater for DDHAM than the control (CB) for all factors 
(p < 0.05), except for IL-1β (p = 0.1). Analysis of 24-hour and 72-hour 
cultures was performed to examine the temporal regulation of monocyte 
gene expression. Genes associated with M1 macrophages included 
TNF, IL1β, IL6, and IL8, while genes associated with M2 macrophages 
included CD206, CCL22, and CCL18. Comparing DDHAM and CB at 
24 hours, there was a statistically significant increase in the expression 
of genes associated with M1 macrophages, specifically, TNF, IL1β, 
and IL8 (p < 0.05). The difference in IL6 expression, however, was not 
significantly different between DDHAM and CB at 24 hours (p = 0.2). 
DDHAM transiently induced pro inflammatory (M1) factors important 
for wound healing, although their levels returned to baseline (day 0) 
by day 3 of differentiation. Comparing DDHAM and CB at 24 hours, 

Figure 2: DDHAM mediates differentiation signals to monocytes
Monocytes were isolated from peripheral blood of healthy donors and cultured 
on CellBIND plates, collagen type I-coated plates, CellBIND plates + granulocyte 
macrophage colony-stimulating factor, and plates containing decellularized, 
dehydrated human amniotic membrane. Three to four days later, adherent cells 
were collected for flow cytometry analysis. A forward scatter versus side scatter 
density plot is shown (A), providing an estimation of the size and granularity of the 
monocytes and macrophages (N = 4). The side scatter data was then expressed as 
a histogram for comparison between decellularized, dehydrated human amniotic 
membrane and controls (B). Flow cytometry histogram overlay for side scatter is 
shown to demonstrate typical cell profiles for Monocytes, decellularized, dehydrated 
human amniotic membrane, CellBIND plates, and granulocyte macrophage colony-
stimulating factor. For simplicity, collagen type I-coated plates is not shown on 
histograms as it was identical to the CellBIND plates (C). The viability by live/dead 
staining of recovered cells on day four culture is shown (N = 4) (D). The data was 
then expressed as histograms to evaluate the expression of cell surface markers 
(i.e., CD11b, CD16, CD206, HLA-DR) on differentiated macrophages (N = 4) (E).
Abbreviations: CB, CellBIND plates; COL, collagen type I-coated plates; d, 
days; DDHAM, decellularized, dehydrated human amniotic membrane; FSC, 
forward scatter; GM-CSF, granulocyte macrophage colony-stimulating factor; M, 
macrophages; Mo, Monocytes; SSC; side scatter.
* p < 0.05, ** p < 0.01, *** p < 0.001, n.s. not significant.

Figure 3: Monocytes cultured on DDHAM displayed changes in cytokine and M1/
M2 gene expression profiles
Supernatant was collected for multiplex profiling at 24 hours and lysate was 
used for gene expression at 24 and 72 hours (A). Multiplex profiling of 24-hour 
cultures was performed to examine the expression of cytokines (i.e., IL-8, IL-6, 
TNF-α, IL1-β), chemokines (i.e., MCP-1, GRO), and growth factors (i.e., VEGF, 
FGF-2) implicated in wound healing. Data is expressed as pg/mL/0.5x106 cells (N 
= 3) (B). Analysis of 24-hour and 72-hour cultures was performed to examine the 
expression of genes associated with M1 macrophages (i.e., TNF, IL1β, IL6, IL8) 
and M2 macrophages (CD206, CCL22, CCL18). Data is expressed as fold change 
relative to monocytes at day zero (N = 2) (C).
Abbreviations: CB, CellBIND plates; COL, collagen type I-coated plates; DDHAM, 
decellularized, dehydrated human amniotic membrane; FGF-2, basic fibroblast 
growth factor; GM-CSF, granulocyte macrophage colony-stimulating factor; GRO, 
growth-regulated oncogene; hrs, hours; IL1β, interleukin 1 beta; IL6, interleukin 6; 
IL8, interleukin 8; MCP-1, monocyte chemoattractant protein-1; RNA, ribonucleic 
acid; TNF, tumor necrosis factor; VEGF, vascular endothelial growth factor.
* p < 0.05, ** p < 0.01, *** p < 0.001, n.s. not significant
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there was a statistically significant increase in the expression of genes 
associated with M2 macrophages (i.e., CD206, CCL22, and CCL18; p < 
0.05). When examined across time, DDHAM induced genes associated 
with M2 macrophages in a more sustained manner with their levels 
remaining high at day 3 compared to day 0 of differentiation. When 
considered collectively, monocytes cultured on DDHAM transiently 
increased expression of genes associated with M1 macrophages and 
displayed a more sustained expression of those associated with M2 
macrophages, a pattern more similar to GM-CSF than the controls. 
In summary, monocytes cultured on DDHAM displayed changes in 
cytokine and M1/M2 gene expression profiles, like those cultured in 

the presence of GM-CSF. These results were not observed for CB or 
COL.

The effects of DDHAM on the release of cytokines, chemokines, 
and growth factors by activated macrophages: To determine whether 
DDHAM-mediated signals can modulate M1 differentiation and 
activation, an inflammatory environment in culture to mimic chronic 
wound condition was modeled by exposing monocytes to strong 
inflammatory signals LPS and IFN-ɣ (Figure 4). Comparing DDHAM 
and CB, M1 macrophages generated from monocytes differentiated 
on DDHAM were significantly impaired in the secretion of inducible 
inflammatory cytokines, including IL-12p40 (p < 0.001), IL-12p70 

Figure 4: DDHAM restricts monocyte differentiation into M1 macrophages by suppressing proinflammatory cytokines
To model pro-inflammatory (M1) macrophage differentiation, monocytes were cultured for 3 days with 100 ng/mL GM-CSF, after which media was removed and replaced 
with complete RPMI containing a strong pro-inflammatory cocktail, consisting of 10 ng/mL LPS and 50 ng/mL IFN-ɣ. Supernatants were collected after 24 hours and 
lysate after 4 hours (A). Multiplex profiling of 24-hour cultures was performed before (-) and after (+) LPS and IFN-ɣ activation (LPS+IFN-ɣ). The secretion of inducible 
inflammatory cytokines (i.e., IL-12p40, IL-12p70, IL-1α, IL-1β, TNF-α, RANTES, GRO, MCP-1, IL-8) by M1 macrophages generated from monocytes was examined. Data 
are expressed as pg/mL/0.5x106 cells (N = 4) (B). Gene expression analysis was completed 4 hours after LPS and IFN-ɣ activation. Data are expressed as fold change 
relative to monocytes at day zero (N = 2) (C).
Abbreviations: CB, CellBIND plates; COL, collagen type I-coated plates; DDHAM, decellularized, dehydrated human amniotic membrane; GM-CSF, granulocyte macrophage 
colony-stimulating factor; GRO, growth-regulated oncogene; hrs, hours; IL, interleukin; MCP-1, monocyte chemoattractant protein-1; RANTES, regulated on activation 
normal T cell expressed and secreted; RNA, ribonucleic acid; TNF-α, tumor necrosis factor alpha
* p < 0.05, ** p < 0.01, *** p < 0.001, n.s. not significant.
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(p < 0.01), IL-1α (p < 0.05), IL-1β (p < 0.01), TNF-α (p < 0.01), and 
RANTES (p < 0.05). These inflammatory cytokines are nuclear factor 
kappa-light-chain-enhancer of activated B cell (NF-kB) targets and 
are negatively implicated in chronic wounds. However, the secretion 
of GRO, MCP-1, and IL-8 were not suppressed in M1 macrophages 
generated from monocytes differentiated on DDHAM but instead GRO 
(p < 0.01) and MCP-1 (p < 0.05) significantly increased. Additionally, 
M1 macrophage differentiation was evaluated at the gene expression 
level (i.e., IL12β RNA). Gene expression analysis was completed 4 
hours after LPS and IFN-ɣ activation. Compared with COL, IL12β 
(encodes IL-12p40) expression by M1 macrophages differentiated 
on DDHAM was significantly lower (p < 0.05). In summary, M1 
macrophages generated from monocytes differentiated on DDHAM, 
but not COL or CB, were significantly suppressed in secretion of 
inducible inflammatory cytokines, such as IL-12, IL-1α, IL-1β, TNF-α, 
and RANTES but not in that of GRO, MCP-1, or IL-8. Furthermore, 
reduced cytokine expression by M1 macrophages differentiated on 
DDHAM was also detectable at the gene expression level.

The effects of DDHAM on the expression of inhibitory proteins 
of the NFκβ pathway: Gene expression profiling was conducted to 
evaluate the effect of DDHAM on the expression of known inhibitors 
of cytokine expression (Figure 5). Gene expression analysis was 
performed on 24-hour and 72-hour monocyte cultures. At 24 hours, 
TNIP (encodes ABIN3), ANFAIP3 (encodes A20), SOCS3, and HES1 

were examined, and at 72 hours, TNIP (encodes ABIN3) was examined 
with and without GM-CSF.

At 24 hours, DDHAM induced significantly higher expression of 
TNIP3 (ABIN3) compared with CB (p < 0.05). Compared with CB and 
CB+GM-CSF, DDHAM induced significantly higher expression of 
TNFAIP3 (A20) (p < 0.05) and SOCS3 (p < 0.05). Additionally, DDHAM 
induced significantly higher expression of HES1 than CB+GM-CSF 
(p < 0.01). However, the expression of HES1 was similar between 
DDHAM and CB (p > 0.05). At 72 hours, DDHAM sustained greater 
expression of TNIP3 (ABIN3), when used together with GM-CSF (p < 
0.001). However, there was no significant difference in TNIP3 (ABIN3) 
expression between DDHAM and CB at 72-hours without GM-CSF (p 
> 0.05). These results demonstrate that DDHAM induces significantly 
higher expression of cytokine inhibitors (i.e., ABIN3, A20, HES1, and 
SOCS3) [33-36] at 24 hours and sustains a greater expression of the 
NK-κB inhibitor ABIN3 at 72 hours when used together with GM-CSF.

The effects of DDHAM on monocyte differentiation are β2 
integrin dependent: β2 integrins are highly expressed in monocytes 
and their interaction with the ECM can modulate cytokine and 
chemokine production [37-39]. To determine whether β2 integrins are 
required for the effects of DDHAM on monocyte differentiation and 
proinflammatory cytokine regulation, β2 integrins were blocked in a 
DDHAM-monocyte co-culture (Figure 6). On DDHAM, the expression 
of GRO (p < 0.05), IL-8 (p < 0.01), and FGF-2 (p < 0.05) was impaired 

Figure 5: DDHAM induces significantly higher expression cytokine inhibitors and sustains greater expression of the NF-κB inhibitor ABIN3 when used together with GM-
CSF
Gene expression profiling of inhibitors of cytokine expression was performed. Toll-like receptor 4 (TRL4) signal pathway mediated by nuclear factor kappa B (NF-κB) for 
IL-12 production (A). Gene expression analysis was performed on 24-hour monocyte cultures. Data are expressed as fold change relative to monocytes at day zero (N = 2) 
(B). Gene expression analysis was also performed on 72-hour monocyte cultures with and without granulocyte macrophage colony-stimulating factor (C).
Abbreviations: CB, CellBIND plates; DDHAM, decellularized, dehydrated human amniotic membrane; GM-CSF, granulocyte macrophage colony-stimulating factor; HES1, 
hairy and enhancer of split 1; IL-12; interleukin-12; NF-κB, nuclear factor kappa B; SOCS3, suppressor of cytokine signaling 3; TLR4, toll-like receptor 4; TNFAIP3, tumor 
necrosis factor, alpha-induced protein 3; TNIP3, TNFAIP3 interacting protein 3; TRAF6, tumor necrosis factor receptor-associated factor 6.
* p < 0.05, ** p < 0.01, *** p < 0.001, n.s. not significant.
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Figure 6: Effects of DDHAM at 24 hours in monocyte-DDHAM co-cultures are β2 integrin dependent
To determine whether the effects of DDHAM are mediated by integrins, monocytes were incubated with either an isotype (+) or a β2 blocking antibody (+) at a concentration 
of 10 µg/mL - 25 μg/mL for 30 to 60 minutes, after which monocytes were placed in culture with either DDHAM or a control surface (i.e., CB). Supernatants were collected 
after 24 hours (A). Multiplex profiling of 24-hour cultures with and without the β2 blocking antibody was performed to evaluate the expression of cytokines, chemokines, and 
growth factors (i.e., GRO, IL-8, FGF-2, IL-6). Results are expressed as pg/ml/0.5x106 cells (N = 3) (B). Mean fluorescent intensity was measured to evaluate the expression 
of macrophage marker CD11b on the monocytes attached to DDHAM with and without the β2 blocking antibody. Data are expressed as pg/ml/0.5x106 cells (C). Gene 
expression analysis of 24-hour cultures with or without the β2 blocking antibody was performed to evaluate the expression of IL1β and IL6 (D), and TNIP3 (ABIN3) (E) on 
the monocytes attached to DDHAM with and without the β2 blocking antibody.
Abbreviations: β2 Ab, beta 2 antibody; CB, CllBIND plates; DDHAM, decellularized, dehydrated human amniotic membrane; FGF-2, fibroblast growth factor-2; GRO, 
growth-regulated oncogenes; IL1β, interleukin 1 beta; IL6, interleukin 6; RNA, ribonucleic acid; TNFAIP3, tumor necrosis factor, alpha-induced protein 3; TNIP3, TNFAIP3 
interacting protein 3.
* p < 0.05, ** p < 0.01, *** p < 0.001, n.s. not significant.

by blocking β2 integrins. Mean fluorescent intensity of macrophage 
marker, CD11b, was measured to evaluate the expression of CD11b 
on monocytes attached to DDHAM with or without the β2 blocking 
antibody. On the monocytes attached to DDHAM, the expression of 
macrophage marker CD11b was also impaired by blocking β2 integrins 
(p < 0.05). Gene expression analysis of 24-hour cultures with or without 
the β2 blocking antibody was performed to evaluate the expression of 
IL1β RNA, IL6 RNA, and TNIP3 (ABIN3) RNA on DDHAM with and 
without the β2 blocking antibody. On DDHAM, gene expression was 
significantly impaired by blocking β2 integrins for IL1β RNA (p < 0.05) 

and TNIP3 (ABIN3) RNA (p < 0.01). These findings demonstrate that 
blocking β2 integrins impairs the ability of DDHAM to increase the 
expression of cytokines, chemokines, growth factors, and macrophage 
marker CD11b. Moreover, by blocking β2 integrins, the effects of 
DDHAM on gene expression of IL1β and NFκβ inhibitor, TNIP3, are 
inhibited.

The effects of DDHAM on M1 differentiation are mediated by β2 
integrins: The involvement of β2 integrins on M1 differentiation in the 
presence of DDHAM was also evaluated (Figure 7). In the presence of 
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the β2 antibody, the ability of DDHAM to suppress IL-12p40 (p < 0.05), 
IL-12p70 (p < 0.01), TNF-α (p < 0.001), and RANTES (p < 0.01) was 
significantly impaired. However, there was no significant difference 
in the secretion of GRO by M1 macrophages with and without β2 
antibody on DDHAM (p > 0.05). Additionally, by β2 blocking in 
individual sheet monocyte co-cultures, suppression of inflammatory 
cytokine IL-1α was reversed. In summary, upregulation of cytokine 
expression by β2 blocking in DDHAM-differentiated M1 macrophages 
was only detectable for cytokines that are suppressed by DDHAM and 
not for those such as GRO that are not suppressed by DDHAM.

Discussion
In chronic wounds, the wound remains in a persistent inflammatory 

state [40]. Consequently, tissue repair and regeneration does not 
occur, and the wound cannot heal [41]. Advanced therapies capable of 
correcting the cellular and molecular causes of prolonged inflammation 
are needed to promote the timely progression of the wound through 
the inflammatory phase. Macrophages are multifunctional cells whose 
phenotype changes during the stages of wound healing to regulate the 
wound healing process [18, 42]. Therefore, macrophages represent an 
attractive target to promote healing in chronic wounds. The purpose 

Figure 7: Suppression of inflammatory cytokines in M1 macrophages by DDHAM is β2 integrin dependent 
To determine whether the effects of DDHAM are mediated by integrins during M1 differentiation, monocytes were incubated with either an isotype or a β2 blocking antibody 
at a concentration of 10 µg/mL - 25μg/mL. Incubation was performed at room temperature for 30 to 60 minutes, after which monocytes were placed in culture. Monocytes 
were cultured for 3 days with 100 ng/mL GM-CSF, after which media was removed and replaced with complete RPMI containing 10 ng/mL LPS and 50 ng/mL IFN-ɣ. 
Supernatants were collected after 24 hours (A). On CB and DDHAM, the secretion of inducible inflammatory cytokines (i.e., IL-12p40, IL-12p70, TNF-α, RANTES) by M1 
macrophages was examined with and without the β2 antibody. Data are expressed as pg/ml/0.5x106 cells (N = 2) (B). On CB and DDHAM, the secretion of GRO, a cytokine 
not suppressed by DDHAM, was examined with and without the β2 antibody (C). Lastly, β2 blocking was performed on individual sheet monocyte co-cultures to evaluate 
the secretion of IL-1α on DDHAM (D).
Abbreviations: CB, CellBIND plates; COL, collagen type I-coated plates; DDHAM, decellularized, dehydrated human amniotic membrane; GM-CSF, granulocyte macrophage 
colony-stimulating factor; GRO, growth-regulated oncogene; IL, interleukin; RANTES, regulated on activation normal T cell expressed and secreted; TNF-α, tumor necrosis 
factor alpha
* p < 0.05, ** p < 0.01, *** p < 0.001, n.s. not significant.
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of this study was to characterize the effect of DDHAM on macrophage 
differentiation and activation from monocytes in vitro.

Results from this study show that DDHAM, a decellularized ECM-
based product, can enhance monocyte differentiation, which was 
demonstrated by greater increases in the size, granularity, and viability 
of cultured monocytes as well as macrophage gene expression and 
soluble factor secretion. In addition, this study found that DDHAM 
modulates the expression of cytokines, chemokines, and growth 
factors, involved in the wound healing process. More specifically, when 
cells are cultured on DDHAM, their expression of IL-8, IL-6, TNF-α, 
MCP-1, GRO, VEGF, and FGF-2 is increased, but not IL-1β. Notably, 
increased expression of VEGF and FGF-2 suggests that DDHAM 
may support wound healing through the stimulation of angiogenesis 
and epithelialization [43-46]. The lack of a significant change in the 
expression of IL-1β was not surprising given the relatively low amounts 
of IL-1β found in acute wound fluid [47]. In summary, these results 
suggest that DDHAM supported the release of cytokines, chemokines, 
and growth factors, required for successful wound healing.

Furthermore, this study also demonstrated that DDHAM is capable 
of mediating changes in monocytes characteristic of differentiation 
into macrophages. Culturing cells on DDHAM resulted in a transient 
upregulation of both inhibitors of cytokine signaling (i.e., A20, ABIN3, 
SOCS3, and HES1) and M1 genes (i.e., TNF, IL1β, IL8, IL6) to levels 
equal to or higher than macrophage differentiation factor GM-CSF. 
DDHAM also supported a more sustained increase in M2 genes (i.e., 
CD206, CCL22, and CCL18), which was comparable to or higher than 
that of GM-CSF. These findings suggest that DDHAM supported an 
initial pro-inflammatory (M1) response and sustained a regenerative 
(M2) response, which aligns with a timely transition from an M1 to an 
M2 phenotype, as is observed in acute wound healing.

In the setting of M1 differentiation (GM-CSF and LPS+ IFN-ɣ), 
DDHAM mediated suppression of pro-inflammatory cytokines (i.e., 
IL-12, IL1-α, IL-1β, TNF-α, and RANTES) in macrophages. These 
effects were not seen in monocytes differentiated in the presence of 
collagen type I. In addition, in the presence of GM-CSF, DDHAM 
supported significantly higher expression of cytokine inhibitors and 
sustained greater expression of ABIN3, an NF-κB inhibitor, previously 
implicated in the suppression of signaling downstream of TLR [34], than 
GM-CSF alone. These findings suggest that cells cultured on DDHAM 
displayed restricted monocyte differentiation into M1 macrophages by 
suppressing the production of proinflammatory cytokines. Of note, 
IFN-ɣ did not abrogate negative cytokine regulation of DDHAM, as 
previously described for other negative regulators of inflammatory 
cytokine expression [36, 48].

β1 and β2 integrins are the most highly expressed integrins in 
monocytes and are critical to innate and adaptive immune responses 
[49]. Interactions between β2 integrins and the ECM modulate 
cytokine and chemokine production [37-39], monocyte to macrophage 
differentiation [50-53], and inflammatory signaling via TLRs and 
interferon-α/β receptors (IFNAR) [48, 54-57], among other functions 
[49] (Figure 8). Previous research has implicated β2 integrins in the 
negative regulation of inflammatory signaling in myeloid cells [48]. To 
test whether β2 integrins are required for the effects of DDHAM on 
monocyte differentiation and pro-inflammatory cytokine regulation, 
an integrin β2 blocking study was performed by incubating monocytes 
with a β2 blocking antibody. These experiments demonstrated that the 
effects of DDHAM on monocyte differentiation and pro-inflammatory 
cytokine regulation are dependent on β2 integrins. While the 
underlying mechanisms were not examined in this study, previous 
data suggest that β2 integrin activation on monocytes in contact with 

DDHAM restricts their inflammatory potential through negative 
feedback loops [48] as well as through the induction of inhibitors of 
inflammatory cytokine expression, such as ABIN3.

Cells isolated from the human placenta possess desirable 
immunomodulatory properties [58], which has led to increasing 
research evaluating their application in regenerative medicine. A 
recent study by Magatti and colleagues demonstrated that human 
amniotic mesenchymal tissue cells (hAMTCs) and their conditioned 
medium benefit tissue repair by inducing the M1-to-M2 switch and 
enhancing the anti-inflammatory profile of M2 macrophage cells 
[59]. Furthermore, the study used a skin wound model in diabetic 
mice to evaluate whether conditioned media obtained from hAMTCs 
could accelerate wound closure and found a significant therapeutic 
effect [59]. As previously discussed, the present study found that 
monocytes cultured on DDHAM transiently increased expression of 
genes associated with M1 macrophages and displayed a more sustained 
expression of those associated with M2 macrophages. Moreover, 
DDHAM was found to restrict monocyte differentiation into M1 
macrophages by suppressing the expression of proinflammatory 
cytokines. Notably, when considered in combination with the present 
study, similarities are established between the effects of hAMTCs 
and DDHAM on monocytes. Both hAMTCs and human AM tissue, 
devoid of cells, mediate monocyte differentiation and promote a pro-
regenerative, anti-inflammatory M2 profile. An in vivo investigation 
is needed to determine whether DDHAM aids tissue repair, as was 
demonstrated for hAMTCs [59] and to understand the underlying 
mechanisms more fully through which hAMTCs and DDHAM exert 
their effects.

The study only evaluated the expression of IL12β. Future studies 
should also examine other M1 cytokines for a more comprehensive 
understanding of macrophage gene expression. The in vitro study 
design comes with inherent limitations as it is not able to mimic the 
complexity of in vivo macrophage activation with physiologic amounts 
of cytokines, growth factors, and interactions with other cells [30]. 
Thus, additional in vivo research is warranted to evaluate the clinical 
translation of these findings.

Figure 8: Beta 2 integrins are required for the effects of DDHAM on monocyte 
differentiation and proinflammatory cytokine regulation
β1 and β2 integrins are the most highly expressed beta integrins in monocytes and 
β2 integrins have been implicated in negative regulation of inflammatory signalling 
in myeloid cells [48].
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Conclusion
In conclusion, these experiments demonstrated that DDHAM 

enhanced monocyte differentiation in comparison with tissue culture 
plastic or collagen type I-coated plates as evident by increased cell size, 
viability, macrophage gene expression, and soluble factor secretion. 
Furthermore, macrophages differentiated on DDHAM and activated 
by inflammatory signals (LPS and IFN-ɣ) were impaired in their 
expression of a subset of LPS-inducible NF-kB target genes, with 
IL12β (coding for IL12p40 subunit of IL12/23) being the most down 
regulated. The effects of DDHAM on monocyte differentiation were 
found to be dependent upon β2 integrins. These results indicate that 
a natural DDHAM can modulate macrophage behavior in a manner 
that is consistent with tissue healing as evidenced by attenuation of the 
inflammatory response and stimulation of angiogenesis.
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