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ABSTRACT

Macrophages have recently been characterized
as having an M1 or M2 phenotype based on re-
ceptor expression, mechanism of activation and
function. The effects of macrophage phenotype
upon tissue remodeling following implantation
of an acellular dermal matrix (ADM) is largely
unknown. The purpose of this study was to
compare the macrophage phenotype and tissue
remodeling elicited by four different ADMs
(DermaMatrix®, AlloDerm®, Integra® and Der-
mACELL®). ADM samples were wrapped around
the inferior epigastric vessels of a rat and were
harvested on 7, 14, 21 and 42 days post-im-
plantation. Immunohistologic methods were
used to identify macrophage surface markers
CD68 (pan-macrophage), CCR7 (M1 profile), and
CD206 (M2 profile). All human derived ADMs
showed a bell shaped curve for distribution of
CD68+ macrophages with peaks for DermaMa-
trix® and DermACELL® occurring at day 14 and
peak influx for AlloDerm® occurring on day 21.
In contrast, bovine derived Integra® showed an
increasing trend of macrophages with time.
DermACELL® had the highest influx of macro-
phages while Integra® had the lowest. A quanti-
tative analysis of phenotype of macrophages in
AlloDerm® showed that the cells were predomi-
nantly M1 at 7, 14, 21 and 42 days post implant-
tation. In contrast, Integra® showed a mixed
M1/M2 population of macrophages at all time-
points. The histopathologic evaluation showed
that a predominantly M1 macrophage response
was associated with a more inflamematory type
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tissue remodeling outcome in AlloDerm® while a
mixed M1/M2 macrophage response was asso-
ciated with a more constructive tissue remodel-
ing response seen in the other substrates.

Keywords: Acellular Dermal Matrix; Derma Matrix;
AlloDerm; Integra; Derm Acell

1. INTRODUCTION

There are many biologic scaffold materials currently
available for clinical use, including AlloDerm® (Lifecell
Corporation, Branchburg, NJ), DermaMatrix® (Synthes
CMF, West Chester, PA), DermACELL" (LifeNet Heal-
th, Virginia Beach, VA) and Integra Dermal Regeneration
Template”™ (Integra LifeSciences Corporation, Plainsboro,
NJ). These products are all composed of extracellular ma-
trix (ECM) but differ in species of origin, tissue source,
processing methods and/or extent of chemical cross-
linking. They have been used for a number of applica-
tions, first with burns [1,2], but more recently with cos-
metic [3,4] and reconstructive procedures [5,6], notably
breast reconstruction [7,8].

Typically, the host inflammatory response to an im-
planted biomaterial follows a predictable sequence of
events, with downstream consequences including for-
eign-body giant-cell formation and fibrosis at the host-
implant interface [9]. In a recent study of biologic scaf-
folds, an intense mononuclear macrophage response in
the early post-implantation period was noted for all pro-
ducts. However, long term evaluation revealed that some
materials remodeled with the formation of organized, site
appropriate tissue while others were associated with
chronic inflammation, fibrosis, scarring, and encapsula-
tion [10]. Recently, phenotypic and functional polariza-
tion of mononuclear/phagocyte cell populations has been
described [11-13]. Macrophages, classically activated by
interferon (IFN)y and/or microbial products, display an
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M1 phenotype that is characterized by high expression of
interleukin (IL)-12, inducible nitric oxide synthase (iNOS),
tumour necrosis factor (TNF)a and CD86. This promotes
pathogen killing and is associated with the classic signs
of inflammation, especially chronic [14]. In contrast, M2
macrophages include various forms of alternatively acti-
vated macrophages exposed to IL-4, IL-10, IL-13, im-
mune complexes or glucocorticoid [15] and are charac-
terized as high in arginase (Arg)-1 but low in iNOS and
IL-12 production. This encourages immunoregulation,
tissue repair and constructive tissue remodeling [16].
Although morphologically indistinguishable using rou-
tine methods of examination, mononuclear macrophages
from these two pathways can be identified and distin-
guished according to their cell surface markers and/or
gene expression profiles [11,13].

Although there are a variety of ADMs to choose from
there is scant literature that provides direct comparative
analysis between products. The objective of this study
was to examine the association between macrophage phe-
notype response and tissue remodeling in four different
ADMs using and to determine the effect of the proprie-
tary ECM processing methods, upon macrophage polari-
zation.

2. MATERIALS AND METHODS

2.1. Implantation of ADMs around a
Vascular Pedicle

Forty-eight adult retired breeder Sprague Dawley rats
(Charles River Laboratories, Inc., Wilmington, MA) were
randomly assigned for implantation with different matri-
ces. After induction, the surgical site was shaved and
prepped in a sterile fashion. Bilateral inguinal incisions
were made and microscopic dissection was performed to
identify and isolate the inferior epigastric pedicle. Next,
the pedicle was circumferentially wrapped with a 10 x 10
mm piece of designated matrix (Figure 1). Each animal
had the same type of matrix implanted bilaterally. The
four groups consisted of animals receiving a) 1.04 - 2.28
mm thick implantable Alloderm™; b) implantable 0.8 -
1.7 mm thick DermaMatrix®; ¢) implantable 0.76 - 1.25
mm thick DermaACELL"; or d) Integra®. The dermal
side of each product faced the pedicle. The construct was
then wrapped by a larger piece of 0.15 mm-thick Sil-Tec
silicone sheeting (Technical Products, Inc., Lawrence-
ville, GA) and secured with 6 - 0 nylon interrupted su-
tures. This prevented the in-growth of cells from the
surrounding environment and maintained the pedicle as
the only source of host in-growth. The outer sheet of
Sil-Tec sheeting was added to all groups except for In-
tegra” which is supplied with a silicone backing.

A total of 96 procedures were performed on 48 ani-
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Figure 1. Design of an inferior epigastric
artery-based implant/construct. Gross pho-
tograph of the groin incision used to harvest
the superficial inferior epigastric artery flap.
The pedicle was wrapped with a 10 x 10
mm piece of matrix followed by a silicone
sheeting.

mals by a single surgeon in an identical fashion. Three
animals from each group were randomly designated for
analysis at each of four time points (7, 14, 28, and 42
days), yielding six specimens of a given product for each
evaluation point.

2.2. Harvesting and Processing of Tissues

At the predetermined time points, animals were eutha-
nized per institutional guidelines. An infusion of 10%
formalin was used intravascularly to fix the tissue con-
structs that were subsequently excised in toto and placed
into formalin for one day. Each construct was bisected at
its midpoint perpendicular to the axis of the pedicle ves-
sels, and 5 micron paraffin embedded sections were pre-
pared from this cut edge toward the respective ends.

2.3. Histology and Immunohistochemistry

The tissue sections were stained with Hematoxylin and
Eosin and Masson’s Trichrome. For immunohisto chemi-
cal staining a heat mediated antigen retrieval technique
that included a 20 minute boil in 0.01 M citrate buffer,
pH 6.0 was used. Sections were incubated in 2% normal
horse serum in PBS for 30 minute at room temperature in
a humidified chamber. Following incubation in blocking
serum, the sections were incubated in primary antibody
in a humidified chamber at 4°C overnight. Each tissue spe-
cimen was exposed to a pan-macrophage marker (CD68),
an M1 phenotype marker (CCR7), and an M2 phenotype
marker (CD206).

The primary antibodies used were mouse anti-rat
CD68 (Serotec, Raleigh, NC) at a dilution of 1:500, rab-
bit anti-CCR7 (Epitomics, Burlingame, CA) at a dilution
of 1:2000, and goat anti-CD206 (Santa Cruz Biotechno-
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logy Inc., CA) at a dilution of 1:50. CCR7 is a surface
marker for M1 phenotype [16] and CD206 (Macrophage
Mannose Receptor: 1) is a widely accepted marker for
M2 phenotype [17,18]. The secondary antibodies used
were Alexa Fluor 488 donkey anti-mouse, Alexa Fluor
555 donkey anti-rabbit and Alexa Fluor 647 donkey anti-
goat (Invitrogen, CA) at a dilution of 1:100. All antibod-
ies were diluted in PBS containing 2% horse serum
(Sigma) and 0.1% bovine serum albumin (Sigma). For-
malin-fixed rat spleen and lymph node served as positive
control tissue for all immunohistochemical procedures.

2.4. Analysis

An investigator blinded to the identity of tissue speci-
men conducted quantitative analysis while a blinded pa-
thologist performed qualitative analysis of sections. The
immunostained slides were imaged using a confocal
Nikon Eclipse TE 2000-E2 (Nikon, Melville, NY) mi-
croscope equipped with x60 Nikon oil immersion objec-
tive. Immunopositive cells were counted for each speci-
men in 3 matched microscope fields at 600x magnifica-
tion, for a total of 18 fields per graft type. The sutured
sites were avoided in the histological evaluation.

The presence of CD68 surface marker indicated a pan-
macrophage phenotype. The cells co-stained with CD68
and CCR7 indicated M1 phenotype while those co-
stained with CD68 and CD206 were representative of
M2 phenotype. The mean value of cells showing M1 and
M2 phenotype was calculated by obtaining the average
of 18 fields per graft type and an M1/M2 ratio was cal-
culated for each graft type at each time point.

2.5. Statistical Analysis

The factors analyzed were devices with four levels (Derma
Matrix®, AlloDerm®, Integra® and DermACELL®), time in
days with four levels (7, 14, 21 and 42) and macrophage
type (pan-macrophage, M1 and M2 phenotype). Com-
parisons were made between all four constructs at each
time-point with respective macrophage type, making a
total of six comparisons per time-point for each macro-
phage subtype. Tukey’s multiple comparison method
with p < 0.05 was considered significant. SPSS 19.0 was
used for analysis.

3. RESULTS

All of the animals in this study survived the surgical
procedure and post-operative period without any com-
plications.

3.1. Histopathologic Findings

Based on the blinded evaluation of Hematoxylin and
Eosin and Masson’s Trichrome stained sections by a
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Board Certified Pathologist, the following histological
observations were recorded.

The host response to DermaMatrix” at day 7 was cha-
racterized by cellular infiltrate of predominantly macro-
phages, some lymphocytes and spindle shaped fibro-
blasts. By day 14, the cells increased in number and in-
vaded further into the graft. The collagen at interface was
degraded and some endothelial cells forming luminal
structures could be identified. By day 21, the inflamma-
tory cells decreased in numbers and some foreign-body
giant cells were identified at sutured sites. On day 42,
lymphocytes increased in numbers while the numbers of
fibroblasts and macrophages declined. Finely remodeled
collagen was identified at the host-graft interface and
some foreign body giant cells were seen (Figures 2 and
3(A)).

The host response to AlloDerm® on day 7 was com-
prised mainly of mononuclear cells with some neutron-
phils, activated fibroblasts and neo-vessels. By day 14,
the cells infiltrated deeper into the graft and the collagen
at interface was remodeled to finer collagen—which ex-
tended further on day 21 and was associated with early
granuloma formation. By day 42, well-formed granulo-
mas with multinucleate giant cells were identified. There
were also areas of coagulative necrosis from breakdown
of inflammatory cells (Figures 2 and 3(B)).

The host response to Integra” on day 7 was predomi-
nantly lymphocytes and fibroblasts with some RBCs,
neutrophils and macrophages. Although day 7 specimens
were associated with sectioning artefact, by day 14, the
collagen strands were fairly uniform but finer than hu-
man collagen. By day 21, the macrophage population in-
creased and many multi-nucleate giant cells were seen
without evidence of granuloma formation. By day 42, the
giant cell response grew even further and there was evi-
dence of collagen destruction at the host-graft interface,
which was visualized as scattered broken fibres, in the
process of remodeling (Figures 2 and 3(C)).

DermACELL® had the highest influx of inflammatory
cells. Even by day 7, mononuclear cells (both monocytes
and lymphocytes) had infiltrated the entire thickness of
the graft. Some neutrophils and activated fibroblasts were
also seen. By day 14, the cellular infiltrate reached its
peak with a predominant macrophage population and
evidence of early granuloma formation was seen. The
host-graft interface had finely remodeled collagen. By
day 21, well-formed granuloma in response to the tissue
graft was seen with numerous fibroblasts at the tissue
interface. By day 42, there was ischemic breakdown of
inflammatory cells at the furthest rim of implant invasion,
visible as necrotic debris (Figures 2 and (3D)).

3.2. Immunohistochemistry (Figure 4)
All human derived ADMs showed a bell shaped curve
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DermACELL®

]

Figure 2. Histologic appearance of the ADM grafts at days 7
and 42 post implantation. The vascular pedicle is towards the
left and the graft is represented towards the right (area of de-
marcation shown by arrows). The graft appears minimally de-
graded at day 7 post surgery (red staining, arrows) and finely
remodeled collagen (red staining, brackets) was seen on day 42.
(Hematoxylin and Eosin, 400x).

42 post-implantation showing numerous foreign body giant
cells (arrows and asterix) at sutured sites, confirmed with po-
larizing microscopy; (B) AlloDerm® at day 42 post surgery
showing coagulative necrosis (lightly stained areas without any
nuclei, shown by arrows); (C) Integra® at day 42 post surgery
showing multinucleate giant cells (arrows) without evidence of
granuloma formation; and (D) DermACELL® on day 21 post
surgery showing granulomatous response (arrows) with nu-
merous mononuclear cells, macrophages and multinucleate
giant cells. (Hematoxylin and Eosin, 200%).

CD 68 CD68/CCR7 CD68/CD206 Merged NegativeControl

Figure 4. Immunofluorescence images of DermACELL® at day

7 demonstrating (A) Pan-macrophage marker CD68 (Alexa 488)
(green); (B) Co-staining of CD68 (Alexa 488) (green) with M1

phenotype marker CCR7 (Alexa 555) (red); (C) Co-staining of
CD68 (Alexa 488) (green) with M2 phenotype marker CD206

(Alexa 647) (blue); (D) Co-staining of CD68 (Alexa 488)

(green) with CCR7 (Alexa 555) (red) and CD206 (Alexa 647)

(blue); and (E) Negative controlSecondary antibodies alone in

DermACELL® (Alexa 488, Alexa 555 and Alexa 647). Rat

lymph node was used as positive control. Scale bar: 20 um.
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for distribution of CD68+ macrophages with peaks for
DermaMatrix” and DermACELL" occurring at day 14,
while for AlloDerm” the peak influx occurred at 21 days.
Conversely, bovine derived Integra® showed an increase-
ing trend of macrophages with time. DermACELL" had
the highest influx of macrophages while Integra® had the
lowest (Table 1 and Figure 5). A quantitative analysis of
phenotype of macrophages in AlloDerm” showed that
the cells were predominantly M1 at 7, 14, 21 and 42 days
post implantation (» < 0.01). In contrast, Integra®
showed a mixed M1/M2 population of macrophages at
all time-points with no significant difference among
these cells. The trend for M1:M2 ratio in Integra® was
skewed towards M2 on day 7, towards M1 on days 14 to
21 and again towards M2 on day 42. The macrophages
present in DermaMatrix” were observed to be predomi-
nantly M1 at 7 and 14 days post implantation, with a
mixed M1/M2 population at 21 and 42 days. Interest-
ingly, the M1:M2 ratio for this scaffold progressively
changed from M1 towards M2 phenotype over time.

Table 1. CD 68 immunopositive cells.

Mean =+ Standard Error

7 Days 14 Days 21 Days 42 Days
s 40.1 = 1032+ 538+ 529+
DermaMatrix 22 12.1 7.0 5.4
N 77.6 £ 90.3 + 1042+ 907
AlloDerm 68" 36 04" 95"
Inteara® 10.8 + 23.8+ 44.7 + 59.1 +
g 2.7% 4.0 4.9 9.4*
® 67.7 + 1308+ 784+ 28.5 +
DermACELL 5.9% 9 418 7.3 3 438

Values represent the mean + standard error of three microscope fields at
600x magnification for each specimen, for a total of 18 fields per graft type.
p <0.05, "DermaMatrix”® vs AlloDerm®, *DermaMatrix® vs Integra®, “Der-
maMatrix® vs DermACELL®, ‘AlloDerm® vs Integra®, fAlloDerm® vs
DermACELL®, §Integra® vs DermACELL®; statistical analysis according
to Tukey’s multiple comparison test, p < 0.05.
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Figure 5. Mean total CD 68+ macrophages for (A) DermaMa-
trix®, (B) AlloDerm®, (C) Integra®, and (D) DermACELL®
plotted against days 7, 14, 21 and 42 post implantation.
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Figure 6. Mean macrophage polarization for (A) DermaMatrix®; (B) AlloDerm®; (C) Integra®™; and (D) DermACELL®. M1 Pheno-
type represented by white bars and M2 with hatched bars. Values represent the mean =+ standard error of three microscope fields at
600x magnification for each specimen, for a total of 18 fields per graft type. Statistical analysis according to Tukey’s multiple com-
parison test p < 0.05, +DermaMatrix® vs AlloDerm®, ®DermaMatrix® vs Integra®, *DermaMatrix® vs DermACELL®, *AlloDerm® vs
Integra®, *AlloDerm® vs DermACELL®, *Integra® vs DermACELL®; Comparison between M1 and M2 phenotype at each time-point
according to Independent Samples t-test. “p < 0.05; ~"p < 0.01; ""p < 0.001.

Similarly, DermACELL" had predominantly M1 macro- then declined progressively to a M2 predominant re-
phages on day 21 but for other time points a mixture of sponse in day 42 (Figures 6 and 7).

both M1 and M2 phenotype of cells was identified. The A population of CD68+ macrophages were observed
MI1:M2 ratio saw an increase from day 7 to day 21 but within the matrices some of which co-expressed both M1

Copyright © 2012 SciRes. OPEN ACCESS



56 H. Agrawal et al. / Open Journal of Regenerative Medicine 1 (2012) 51-59

and M2 surface markers (represented by a positive value
in Figure 8) and some did not stain for either of the
markers (represented by a negative value in Figure 8).
AlloDerm®, Integra” and DermaMatrix” showed an in-
creasing trend of M1 + M2 co-expression over the time-
points whereas DermACELL® showed a high coexpres-
sion on day 7 followed by a decreasing trend.

4. DISCUSSION

Biologic scaffolds, commonly used for regeneration or
replacement of damaged tissues, are primarily composed
of ECM constituent molecules. The preparation of an
ECM scaffold (allogenic or xenogenic) involves decellu-
larization of the tissue or organ from which the ECM is
harvested [19]. The decellularization processes are pro-
prietary and differ significantly between products. In-
tegra” is the only de novo engineered substrate used in

this study, available as a bilayer membrane system. The
dermal replacement layer is made up of a cross-linked
bovine type I collagen-glycosaminoglycan matrix of a
random pore size and degradation rate.

A recent study showed that monocytes are required for
the degradation of SIS® (Restore) scaffolds and autolo-
gous tissue grafts. Constructive remodeling response re-
quire scaffold degradation to realize the optimal bene-
ficial effects, but carbodiimide crosslinking of SIS®
makes it resistant to macrophage mediated degradation
[20]. Further studies showed that carbodiimide cross-
linking of the SIS™ (Restore) resulted in a switch from an
M2 dominant profile to an M1 dominant profile and a
change in the long term (16 weeks) remodeling outcome
from constructive remodeling to chronic inflammation
[21].

When comparing human ADMs we found that Al-
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Figure 7. The ratios of M1:M2 macrophages are illustrated for each ADM: DermaMatrix®,
AlloDerm®, Integra®™ and DermACELL® for each time point after implantation.
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Figure 8. Mean of M1-M2 co-expression in macrophages illustrated for each ADM: Der-
maMatrix®, AlloDerm®, Integra® and DermACELL® for each time point after im- plantation.
Negative values represent no polarization to either M1 or M2 phenotype.
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loDerm® had predominantly M1 macrophages infiltrating
it on days 7, 14, 21 and 42. In contrast, DermaMatrix®
and DermACELL® had M1 predominant profile only
until day 14 but for later time-points both M1 and M2
macrophages were present in nearly equal numbers
(Figure 6). The M1:M2 ratio for DermaMatrix” linearly
changed from M1 towards M2 phenotype over time
while for DermACELL® there was an increase to M1
profile from day 7 to day 21 and then a progressive de-
cline to a M2 predominant response in day 42. None of
the above three products are cross-linked. However, In-
tegra® which is cross-linked bovine collagen, showed a
mixed M1/M2 population of macrophages at all time-
points with no significant difference among these cells.
The trend for M1:M2 ratio was skewed towards M2 on
day 7, towards M1 on days 14 to 21 and again towards
M2 on day 42 for Integra” (Figure 7). The total number
of macrophages (CD68+) for DermACELL" and Der-
maMatrix® peaked at 14 days while the counts for Al-
loDerm® peaked at 21 days. On the contrary, the number
of macrophages progressively increased in Integra® over
time and it was comparatively less than all other matrices
at all time-points except day 42 (Table 1 and Figure 5).

The histopathologic evaluation in our study confirmed
that a predominantly M1 macrophage response was as-
sociated with a more inflammatory type tissue remodel-
ing outcome in AlloDerm” (Figure 3(B)), while a mixed
M1/M2 response in other substrates was associated with
a more constructive tissue remodeling outcome (Figures
2 and 3). Thus, the phenotype of mononuclear macro-
phages that participate in the host response to implanted
biologic scaffold materials seems to play an important
role in determining the extent of a constructive remodel-
ing outcome versus destructive outcome.

Cole et al. [22] implanted AlloDerm®, DermaMatrix®,
Enduragen” and DuraMatrix® into dorsal subcutaneous
pockets of mice and harvested them at 3, 6, 9 and 12
months. They noted that AlloDerm®™ had the greatest
amount of host cell infiltration, DermaMatrix® and
DuraMatrix® had intermediate number of cell infiltration
followed by Enduragen® that had the least cell infiltra-
tion. They found a proportional relationship between the
amount of host cell infiltration and implant resorption.
However, their cellular density counts were based on
nucleated cells stained with Hematoxylin and Eosin and
specific cell types were not identified.

In the present study, a population of CD68+ macro-
phages was observed within the matrices, some of which
did not stain positive for either M1 or M2 surface mark-
ers and some stained positive for both the markers. These
CD 68+ cells that did not express any polarization mark-
ers may have only just arrived at the site of remodeling
and, thus, might not yet have been stimulated to undergo
activation or polarization towards an M1 or M2 pheno-
type. On the contrary, those CD68+ macrophages ex-
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pressing both M1 and M2 markers could be resolution
phase macrophages. Bystrom et al. [23] showed that
macrophages isolated from the “resolution phase” of
acute peritonitis possess a unique phenotype, expressing
both M1 and M2 markers. AlloDerm”, Integra® and
DermaMatrix”™ showed an increasing trend of M1/M2 co-
expression over the time-points whereas DermACELL"
showed a high co-expression on day 7 followed by a
decreasing trend (Figure 8).

There were several limitations in the present study.
First, the determination of M1 versus M2 phenotype was
based upon a limited number of cell surface markers.
Nevertheless, multiple studies have shown that CCR7 is
highly expressed on M1 polarized cells [16] and that
CD206 is indicative of M2 polarization [17,18]. In addi-
tion, it is reasonable to assume that cellular characteriza-
tion of dynamic processes such as inflammation and re-
modeling are subject to inherent limitations associated
with emerging paradigms and often-static nomenclature.
Recent literature already suggests the existence of yet
additional macrophage subtypes, adding expected di-
mensions and complexity to a heterogenic cell popula-
tion that is highly influenced by real-time, in vivo mi-
croenvironments [24]. Finally, the immune/inflammatory
response of rats may not accurately reflect that of hu-
mans—especially in response to human-derived tissues.
Despite these challenges and limitations, recent work in
our lab [25] takes the field a step closer to elucidating
quantifiable differences in host response to different ma-
trices on a cellular level, and provides an objective foun-
dation upon which to gather, compare and associate cli-
nical use and outcomes.

5. CONCLUSION

In short, this study demonstrates that different ADMs,
processed and manufactured using different methods,
elicit differing patterns and timeframes of macrophage
infiltration. Although direct cause and effect relation-
ships remain to be explored, there appears to be a strong
correlation between macrophage subtypes and remodel-
ing response. Further work to elucidate these findings
over longer periods of time and within the context of
clinical use and outcomes could lead to rational choices
in use of these materials for differing clinical applica-
tions.
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