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Macrophages are thought to play important roles dur-
ing wound healing, but definition of these roles has
been hampered by our technical inability to specifi-
cally eliminate macrophages during wound repair.
The purpose of this study was to test the hypothesis
that specific depletion of macrophages after exci-
sional skin wounding would detrimentally affect heal-
ing by reducing the production of growth factors im-
portant in the repair process. We used transgenic
mice that express the human diphtheria toxin (DT)
receptor under the control of the CD11b promoter
(DTR mice) to specifically ablate macrophages during
wound healing. Mice without the transgene are rela-
tively insensitive to DT, and administration of DT to
wild-type mice does not alter macrophage or other in-
flammatory cell accumulation after injury and does not
influence wound healing. In contrast, treatment of DTR
mice with DT prevented macrophage accumulation in
healing wounds but did not affect the accumulation of
neutrophils or monocytes. Such macrophage deple-
tion resulted in delayed re-epithelialization, reduced
collagen deposition, impaired angiogenesis, and de-
creased cell proliferation in the healing wounds.
These adverse changes were associated with increased
levels of tumor necrosis factor-a and reduced levels of
transforming growth factor-B1 and vascular endothe-
lial growth factor in the wound. In summary, macro-
phages seem to promote both wound closure and
dermal healing, in part by regulating the cytokine
environment of the healing wound. (4mJ Patbol 2009,
175:2454-2462; DOI: 10.2353/ajpath.2009.090248)

Tissue repair requires the coordinated response of a
variety of cell types and many different molecular mes-
sengers and pathways. The healing process consists of
overlapping phases of inflammation, tissue formation,
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and remodeling, which are common to repair of most
tissues. '3 During the inflammatory phase of skin repair,
neutrophils and macrophages infiltrate the wound and
are thought to help to clear the wound of damaged tissue
and produce cytokines to help regulate the repair pro-
cess. In the tissue formation phase, epithelial cells pro-
liferate and migrate to cover the wound, endothelial cells
participate in angiogenesis, and fibroblasts contribute to
the process of dermal healing. Finally, the remodeling
phase consists of regression of capillaries and the reor-
ganization of connective tissue into a scar.

Although the inflammatory process is thought to be
important in normal wound healing, inflammatory cells
are also thought to contribute to scar formation in adult
animals®* and are associated with chronic wounds in
diabetic patients."® Specifically, macrophages are thought
to play significant roles in each process. In their classic
study, Leibovich and Ross® demonstrated that antimac-
rophage serum combined with hydrocortisone reduced
macrophage accumulation in healing skin wounds of
adult guinea pigs, impaired removal of damaged tissue
and provisional matrix, reduced fibroblast accumulation,
and delayed healing. A significant limitation of this study
was the use of hydrocortisone, which probably influ-
enced other cells in addition to macrophages, leaving
open the possibility that effects on other cells contributed
to the impairments observed. Although other studies
have provided supportive evidence that macrophages
may promote both wound closure and dermal healing
after skin injury,”'° no study to date has examined the
effect of macrophage depletion that is temporally selec-
tive and cell type-specific during wound healing.

In contrast to studies indicating a positive role for
macrophages in wound healing, evidence also suggests
that inflammatory cells may promote scar formation and
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that excessive and/or prolonged inflammation may impair
healing. Skin wounding in embryonic mice results in a
reduced inflammatory response compared with that in
adult mice and subsequent healing without scar forma-
tion.*™" In addition, mice deficient in the transcription
factor PU.1 lack neutrophils and macrophages, and
wounds in neonatal mice of this strain heal without scar-
ring.'? Experiments have not been performed with adult
mice of this transgenic line because PU.1-null mice die
within 48 hours after birth without antibiotic treatment.
Furthermore, slow-healing wounds in mice, and chronic
wounds in humans are associated with prolonged inflam-
mation, including macrophage accumulation.’® Whether
macrophages play causal roles in scar formation and/or
development of chronic wounds remains to be deter-
mined. Nonetheless, the role of macrophages in wound
healing is probably multifaceted and much remains to be
learned about the role of macrophages in different as-
pects of the healing process.

The purpose of this study was to test the hypothesis
that depletion of macrophages, in a manner that is se-
lective in time and specific with regard to cell type, would
be detrimental to wound healing in adult mice by reduc-
ing the production of growth factors important in the
repair process. To overcome limitations of previous stud-
ies in targeting macrophages, we used transgenic mice
that express the human diphtheria toxin (DT) receptor
under the control of the CD11b promoter to specifically
ablate macrophages during wound healing. Previous
studies used these mice to selectively and specifically
ablate macrophages and study their role in other models
of tissue repair and inflammation.'® ' Our data show that
macrophage depletion resulted in delayed re-epithelial-
ization, decreased collagen deposition, impaired angio-
genesis, and reduced cell proliferation associated with
increased production of tumor necrosis factor (TNF)-«
and decreased production of transforming growth factor
(TGF)-B1 and vascular endothelial growth factor (VEGF).

Materials and Methods
Mice

Transgenic mice expressing the human DT receptor
(DTR) under the control of the CD11b promoter have
been described previously,'®'* and these DTR mice
were used in the present experiments for ablation of
macrophages during wound healing. The mouse DTR
binds DT poorly, and thus wild-type FVB mice are rela-
tively insensitive to DT. In addition, in the absence of DT,
DTR mice do not exhibit any overt phenotypic differences
compared with their wild-type strain. DTR transgenic
mice and their FVB wild-type controls were obtained from
The Jackson Laboratory (Bar Harbor, ME). Mice were
housed in groups of three to five at 22 to 24°C on a
12:12-hour light-dark cycle. Food and water were pro-
vided ad libitum. All experiments were performed on 10-
to 12-week-old male mice and were approved by the
Animal Care Committee of the University of lllinois.
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Wound Model and Tissue Preparation

DTR transgenic mice and FVB wild-type mice were anes-
thetized with an i.p. injection of ketamine (100 mg/kg) and
xylazine (5 mg/kg). After the dorsum of each mouse was
shaved, six full-thickness excisional wounds of 3-mm
diameter were made with a standard biopsy punch (Acu-
derm, Ft. Lauderdale, FL). DT was administered by i.p.
injection (25 ng/g b.wt.) immediately before injury and at
48 hours after injury. This protocol has been used to
deplete macrophages during peritoneal inflammation
and liver healing.'™®' At 1, 3, 5, 7, and 10 days after
injury, mice were euthanized by cervical dislocation while
anesthetized, and the wound and surrounding tissue
were removed from the pelt with a 5-mm biopsy punch.
For analysis of cell proliferation, mice received 30 mg/kg
5-bromo-2’-deoxyuridine (BrdU) by i.p. injection 1 hour
before tissue collection. Wounds were either mounted in
tissue freezing medium and frozen in isopentane chilled
with dry ice for histological analysis or flash-frozen in
liquid nitrogen for RNA or protein analysis. For histologi-
cal analysis, wounds were sectioned from one edge to
well past the center, and then sections were selected
from the center of the wound by microscopic assess-
ment. Two 10-um sections judged to be at the actual
center of the wound were used for re-epithelialization
measurements and adjacent 10-um sections were used
for inflammatory cell staining, trichrome staining, CD31
staining, and BrdU staining.

Re-Epithelialization

Wound re-epithelialization was measured by morphomet-
ric analysis of wound sections as described previously.'®
In brief, sections taken from the center of the wound were
stained with H&E. The distance between the wound
edges, defined by the distance between the first hair
follicle encountered at each end of the wound, and the
distance that the epithelium had traversed into the
wound, were measured using image analysis software.
The percentage of re-epithelialization [(distance traversed
by epithelium)/(distance between wound edges) X 100]
was calculated for two sections per wound and was aver-
aged over sections to provide a representative value for
each wound.

Inflammatory Cell Accumulation

Immunohistochemical analysis was performed on cryo-
sections essentially as described.’® Sections were air-
dried, fixed in cold acetone, washed with PBS, quenched
with 0.3% hydrogen peroxide, and washed with PBS.
Sections were blocked with buffer containing 3% bovine
serum albumin and then incubated with F4/80 antibody to
label macrophages (1:50, Serotec, Oxford, UK), Ly6C
antibody to label monocytes and neutrophils (1:400, Se-
rotec), or Ly6G antibody to label neutrophils (1:100, BD
Pharmingen, San Diego, CA). Sections were then washed
with PBS and incubated with biotinylated anti-rat second-
ary antibody (1:200, Vector Laboratories, Burlingame,
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Table 1. PCR Primers
Gene product Forward Reverse
GAPDH 5'-ACCACAGTCCATGCCATCAC-3' 5'-TCCACCACCCTGTTGCTGGTA-3'
TNF-a 5'-TTCCAGATTCTTCCCTGAGGT-3’ 5'-TAAGCAAAAGAGGAGGCAACA-3’
VEGF 5'-CTGTGCAGGCTGCTGTAACG-3' 5'-GTTCCCGAAACCCTGAGGAG-3'
TGF-B1 5'-CCCCACTGATACGCCTGAGT-3’ 5'-AGCCCTGTATTCCGTCTCCTT-3’

GAPDH, glyceraldehyde-3-phosphate dehydrogenase.

CA). After a wash with PBS, sections were incubated with
avidin D-horseradish peroxidase (1:1000) and developed
with a 3-amino-9-ethylcarbazole kit (Vector Laboratories).
The number of labeled cells in the entire wound bed
was counted at X20 magnification (Labphot-2, Nikon,
Melville, NY) and then normalized to the volume of the
wound bed = section thickness X area of wound bed
(SPOT software, Diagnostic Instruments, Inc., Sterling
Heights, MI). The wound bed was defined as the area
demarcated by the first hair follicle on each end of the
wound, the superficial surface of the wound, and the
muscle layer deep to the wound.

Collagen Deposition and Angiogenesis

Dermal healing was assessed using Masson’s trichrome
stain for collagen deposition and immunohistochemical
staining for platelet-derived endothelial cell adhesion
molecule-1 (also called CD31) for angiogenesis. For
trichrome analysis, staining was performed according to
the manufacturer’s directions (IMEB, San Marcos, CA),
and image analysis software (Scion Image, Scion, Fred-
erick, MD) was used to quantify the percentage of blue
collagen-stained area relative to the total area of the
wound bed. For angiogenesis, an antibody against CD31
(BD Pharmingen) was used in conjunction with proce-
dures identical to those for inflammatory cells, and image
analysis software was used to quantify the percentage of
CD31-stained area relative to the total area of the wound
bed. For each assay, digital images covering the majority
of the wound bed (usually two to three images at xX20
magnification) were first obtained. The percent area
stained in each image was then quantified by counting
the number of pixels staining above a threshold intensity
and normalizing to the total number of pixels. Threshold
intensity was set such that only clearly stained pixels
were counted. The software allowed the observer to ex-
clude staining identified as artifact, large vessels, and
areas deemed to be outside the wound bed. For both
trichrome and CD31 staining, two sections per wound
were analyzed, and data were averaged over sections to
provide a representative value for each wound.

Cell Proliferation

Cell proliferation was assessed by staining for BrdU,
which is incorporated into newly synthesized DNA. Sec-
tions from wounds collected at 5 days postinjury were
air-dried, fixed in cold acetone, washed with PBS, incu-
bated in 2 N HCI, and washed with basic (pH 8.5) and
neutral PBS (pH 7.6). Sections were then incubated in

0.1% IGEPAL and in blocking buffer containing 3% bo-
vine serum albumin. Proliferating cells were labeled with
a BrdU antibody (1:10, Roche Diagnostics, Indianapolis,
IN) for 1 hour. Sections were washed with PBS and incu-
bated with fluorescein-isothiocyanate-conjugated anti-
mouse secondary antibody (1:200, Jackson ImmunoRe-
search Laboratories, Inc., West Grove, PA). The number
of labeled cells was counted in the wound bed of two
sections per wound, normalized to the volume of the
wound bed sampled, and then averaged over sections to
provide a representative value for each wound.

RNA Analysis

Total RNA was isolated from wounds collected at 5 days
postinjury using an RNeasy kit (Qiagen, Valencia, CA)
according to the manufacturer’s instructions. RNA quan-
tity was determined by UV absorption at 260 nm, and
quality was verified by the 260/280 nm ratio and formal-
dehyde-agarose gel electrophoresis. RNA (2 ng) was
reverse transcribed using a Thermoscript RT-PCR kit (In-
vitrogen, Carlsbad, CA), and semiquantitative PCR was
performed for glyceraldehyde-3-phosphate dehydroge-
nase, TNF-a, TGF-B1, and VEGF with the primers de-
scribed in Table 1. Cycling conditions were optimized to
ensure that each target was within its linear range. Im-
ages of ethidium bromide-stained gels were analyzed by
densitometry.

Protein Analysis

Wounds collected at 5 days postinjury were homoge-
nized in 500 ul of cold PBS supplemented with pro-
tease inhibitors (1 mmol/L phenylmethylsulfonyl fluo-
ride, 1 umol/L leupeptin, and 0.3 umol/L aprotinin) using
a Dounce homogenizer. Samples were then sonicated
and centrifuged at 10,000 X g, and the resulting super-
natant was stored at —80°C. TNF-«, TGF-B1, and VEGF
protein levels were measured using enzyme-linked im-
munosorbent assay kits (eBioscience, San Diego, CA;
R&D Systems, Minneapolis, MN), according to the man-
ufacturer’s directions.

Statistics

Values are reported as means * SE. For comparisons
of inflammatory cell accumulation, re-epithelialization,
trichrome staining, and CD31 staining, data were com-
pared across treatment groups and time points using
two-way analysis of variance. The Student-Newman-



Keuls post hoc test was used when analyses of variance
demonstrated significance. For groups that did not pass
tests of normality and equal variance, the nonparametric
Kruskal-Wallis analysis of variance on ranks was used
with Dunn’s post hoc method. Comparisons of cell pro-
liferation, RNA, and protein levels were made between
treatment groups using t-tests. Differences between
groups were considered significant if P = 0.05.

Results

Macrophage Ablation during Wound Healing

DTR transgenic mice have been used previously to study
the effects of specific macrophage ablation on peritoneal
inflammation and liver injury and repair.'®' In the
present study, we used these mice to determine the
effects of macrophage depletion during healing of exci-
sional skin wounds. We first assessed the accumulation
of inflammatory cells in wild-type FVB and DTR trans-
genic mice without DT treatment, using antibodies
against the Ly6G, Ly6C, and F4/80 antigens to identify
neutrophils, monocytes, and mature macrophages, re-
spectively. We did not observe any Ly6G™* or Ly6C™* cells
in uninjured control skin, and very few F4/80" cells
(100 = 80 cells/mm?). After skin wounding, immunohis-
tochemical analysis indicated that that Ly6G™ and Ly6C™
cells accumulated in large numbers at 1 day postinjury
and then progressively decreased toward control levels
at 10 days postinjury (Figure 1). F4/80™" cells started to
accumulate at 1 day postinjury, increased to peak at 3 to
5 days postinjury, then decreased to control levels by 10
days postinjury (Figure 1). This time course of inflamma-
tory cell accumulation is typical of what would be ex-
pected for neutrophils, monocytes, and macrophages,
respectively, and to the extent that we could determine,
were nearly identical between wild-type and transgenic
mice. These data indicate that the presence of the trans-
gene did not affect the inflammatory process.

The administration of DT to DTR mice prevented mac-
rophage accumulation without affecting the accumulation
of other inflammatory cells (Figure 1). The number of
F4/80* cells was significantly reduced at each time point
after injury in DTR mice treated with DT compared with
wild-type FVB and untreated DTR mice. In contrast, DT
administration did not alter the number of Ly6C™ or
Ly6G™ cells in healing wounds (Figure 1), indicating that
monocyte and neutrophil accumulation was not affected
by DT administration. In addition, DT treatment of wild-
type FVB mice did not influence the accumulation of
F4/80" cells (4429 + 860 cells/mm® untreated versus
5099 =+ 505 cells/mm?® treated), Ly6C™" cells (8707 =+
1996 cells/mm?® untreated versus 7564 + 1472 cells/mm?
treated), or Ly6G™ cells (12,050 + 1564 cells/mm? un-
treated versus 12,900 + 2498 cells/mm? treated) at 3
days postinjury, indicating that inflammatory cells in wild-
type mice were insensitive to DT.
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Figure 1. Macrophage ablation during wound healing. DTR transgenic mice
and FVB wild-type mice were subjected to excisional wounding and either
left untreated (NT) or treated with DT to induce macrophage depletion.
Cryosections of wounds collected on days 1 to 10 postinjury were stained
with antibodies against F4/80 (top), LyocC (middle), and Ly6G (bottom) as
markers for macrophages, monocytes, and neutrophils, respectively. The
number of labeled cells was counted using a X20 objective and normalized
to volume of the wound bed. Data are presented as means = SE; 7 = 4 to 6
mice/time point. *P < 0.05 when compared to nontreated controls.

Macrophage Ablation Results in Delayed
Re-Epithelialization

After excisional wounding, wild-type and untreated DTR
mice showed progressive increases in percent re-epithe-
lialization in H&E-stained sections, with most wounds
closed by day 5 and all wounds closed by day 7 (Figure
2). No differences were observed between wild-type and
untreated DTR mice. In contrast, DTR mice treated with
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Figure 2. Macrophage ablation results in delayed re-epithelialization. DTR
transgenic mice and FVB wild-type mice were subjected to excisional
wounding and either left untreated (NT) or treated with DT. Cryosections of
wounds collected on days 1 to 10 postinjury were stained with H&E. Rep-
resentative sections of wounds on day 5 postinjury showing delayed re-
epithelialization in DTR-DT mice (middle) compared with DTR-NT mice
(top) (images obtained with a X5 objective). Arrows indicate ends of the
migrating epithelial tongues. ep, epithelium; gt, granulation tissue; ml, sub-
cutaneous muscle layer. Dashed line indicates the border between granula-
tion tissue and subcutaneous muscle layer. Scale bar = 0.2 mm. Bottom: the
percentage of re-epithelialization [(distance traversed by epithelium)/(dis-
tance between wound edges) X 100] was measured in each section by image
analysis. Data are presented as means * SE; 7 = 4 to 6 mice/time point. *P <
0.05 when compared to nontreated controls.

DT showed significantly delayed closure with day 5
wounds showing mean re-epithelialization values that
were less than one-half of those in wild-type or untreated
DTR mice. At this time point, three of five wild-type and
untreated DTR mice showed completely closed wounds,
whereas none of the DT-treated DTR mice had com-
pletely closed wounds. DT treatment did not influence
re-epithelialization in wild-type mice (33.5 = 7.3% un-
treated versus 31.7 = 5.6% treated), confirming that the
wild-type mice were insensitive to DT treatment. An esti-
mate of wound contraction was made from measure-
ments of wound length, which was defined as the dis-
tance between the first hair follicle at either end of the
wound bed. In nontreated mice, wound length was re-
duced from 3.1 = 0.2 mm at 1 day postinjury to 2.0 = 0.2

mm at 7 days postinjury, indicating that wound contrac-
tion did occur. In macrophage-depleted mice, wound
length measurements were 3.0 = 0.3 mm at 1 day postin-
jury and 2.0 = 0.1 mm at 7 days postinjury and were not
significantly different from the measurements in the non-
treated mice. These data indicate that macrophage de-
pletion results in delayed wound closure but does not
seem to affect wound contraction.

Macrophage Ablation Results in Reduced
Granulation Tissue Formation and Subsequent
Collagen Deposition

In H&E-stained sections, granulation tissue was abun-
dant in wounds of untreated DTR mice, whereas granu-
lation tissue formation was noticeably reduced in treated
mice (Figure 2). This result was also evident during
wound harvest, as subcutaneous tissue had to be re-
moved with the pelt in treated mice to maintain wound
integrity. Trichrome staining of wound sections revealed
that, after excisional wounding in untreated DTR mice,
collagen deposition increased progressively from day 3
to day 10 postinjury, such that collagen staining was near
noninjured control levels on day 10 after injury (Figure 3);
the dermis of noninjured control tissue was >98% posi-
tive for blue trichrome staining. On the other hand, DTR
mice treated with DT showed significantly reduced col-
lagen deposition assessed by trichrome staining on days
7 and 10 after injury. At 7 days postinjury, the area of the
wound bed was 1.8 = 0.3 mm? in nontreated mice and
1.1 = 0.2 mm? in macrophage-depleted mice, indicating
that wound bed area was smaller in macrophage-depleted
mice. When combined with the lack of difference in wound
contraction, the smaller wound bed area in the macroph-
age-depleted mice seemed to be due primarily to a reduc-
tion in granulation tissue formation in the wound bed.

Macrophage Ablation Results in Impaired
Angiogenesis

Analysis of angiogenesis in untreated DTR mice using
CD31 labeling of wound sections indicated an increase in
vessel density from days 3 to 7 postinjury (Figure 4).
Treatment of DTR mice with DT significantly reduced
vessel density on days 5, 7, and 10 postinjury. Taken
together, the trichrome and CD31 data indicate that mac-
rophage ablation results in impaired dermal healing in-
volving reduced collagen deposition and impaired vessel
formation.

Macrophage Ablation Results in Reduced Cell
Proliferation during Wound Healing

Incorporation of BrdU into newly synthesized DNA was
used to assess cell proliferation on day 5 postinjury. In
untreated DTR mice, a substantial number of BrdU-pos-
itive cells/mm? were observed in the wound bed, indicat-
ing an abundance of proliferating cells (Figure 5). Treat-
ment of DTR mice with DT significantly reduced the
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Figure 3. Macrophage ablation results in reduced collagen deposition. DTR
transgenic mice were subjected to excisional wounding and either left un-
treated (NT) or treated with DT. Cryosections of wounds collected on days 3
to 10 postinjury were stained with Masson’s trichrome. Representative sec-
tions of wounds on day 7 postinjury show reduced collagen deposition,
indicated by less blue staining, in DTR-DT mice (middle) compared with
DTR-NT mice (top) (images obtained with a X5 objective). Scale bar = 0.2
mm. Bottom: the area stained blue in each section was measured by image
analysis and normalized to the area of the wound bed. Data are presented as
means * SE; n = 4 to 6 mice/time point. *P < 0.05 when compared to
nontreated controls.

number of BrdU-positive cells/mm? by ~40%. The lower
concentration of BrdU-positive cells and smaller wound
bed areas in macrophage-depleted mice indicate that
the number of BrdU-positive cells was smaller both in
absolute numbers and in the numbers per unit area in
these mice.

Macrophage Ablation Results in Altered
Cytokine Expression
Macrophages have the capacity to produce a variety of

cytokines,' including TNF-a, VEGF, and TGF-g1. We
used PCR and enzyme-linked immunosorbent assay to
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Figure 4. Macrophage ablation results in impaired angiogenesis. DTR trans-
genic mice were subjected to excisional wounding and either left untreated (NT)
or treated with DT. Cryosections of wounds collected on days 3 to 10 postinjury
were stained with an antibody against the endothelial cell marker CD31 to assess
angiogenesis. Representative sections of wounds on day 5 postinjury showing
impaired vessel formation in DTR-DT mice (middle) compared with DTR-NT
mice (top) (images obtained with a X5 objective). Arrows indicate the wound
edges. ep, epithelium, gt, granulation tissue, ml, muscle layer. Dashed line
indicates border between granulation tissue and subcutaneous muscle
layer. Scale bar = 0.2 mm. Bottom: the stained area in the granulation
tissue of each section was measured by image analysis and normalized to
the area of the wound bed sampled. Data are presented as means * SE;
n = 4 to 6 mice/time point. *P < 0.05 when compared to nontreated
controls.

determine whether macrophage depletion resulted in
changes of expression of these growth factors in the
healing wound (Figure 6). Although TNF-a mRNA levels
were not different between untreated and DTR mice
treated with DT, protein levels were markedly higher in
DT-treated mice at 5 days postinjury. In addition, both
VEGF and TGF-B1 mRNA and protein levels were signif-
icantly reduced in DT-treated compared with untreated
DTR mice. Thus, impaired healing with DT treatment was
associated with an altered cytokine environment, which
seems to be more pro-inflammatory and less conducive
to wound cell proliferation, compared with that in non-
treated mice.

Discussion

Macrophages are thought to play important roles in host
defense, clearance of damaged tissue, and formation of
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Figure 5. Macrophage ablation results in reduced cell proliferation during
wound healing. DTR transgenic mice were subjected to excisional wounding
and either left untreated (NT) or treated with diphtheria toxin (DT). BrdU was
injected into mice 1 hour before tissue collection, and cryosections of
wounds collected on day 7 postinjury were stained with an antibody against
BrdU. Representative sections of wounds on day 7 postinjury showing
reduced proliferation in DTR-DT mice (middle) compared with DTR-NT
mice (top; images obtained with a X5 objective). Arrows indicate wound
edges. Scale bar = 0.2 mm. Bottom: the number of labeled cells in each
section was counted and normalized to area of the wound bed. Data are
presented as means * SE; 7 = 6 mice/group. *P < 0.05 when compared to
nontreated controls.

new tissue during normal wound healing but have also
been implicated in scar formation and the development
of chronic wounds.'® Definition of the roles of macro-
phages in wound healing has been hampered by diffi-
culties in specifically targeting these inflammatory cells.
In the present study, transgenic mice expressing the
human DTR under the control of the CD11b promoter
were used to specifically ablate macrophages and test
the hypothesis that macrophages are required for effi-
cient skin wound healing in adult animals. The major
findings of this study were that macrophage depletion
resulted in delayed re-epithelialization, reduced collagen
deposition, and impaired angiogenesis. These impair-
ments in wound healing were associated with increased
production of TNF-a and reduced production of VEGF
and TGF-B1. Thus, macrophages regulate both wound
closure and dermal healing, in part by regulating the
cytokine environment of the healing wound.
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Figure 6. Macrophage ablation results in altered cytokine expression. DTR
transgenic mice were subjected to excisional wounding and either left un-
treated (NT) or treated with DT. Wounds collected on day 5 postinjury were
processed for either RNA or protein analysis and levels of TNF-a, TGF-B1,
and VEGF mRNA and protein were assessed by RT-PCR and enzyme-linked
immunosorbent assay, respectively. Top: densitometric values for target
mRNA levels were normalized to those for glyceraldehyde-3-phosphate de-
hydrogenase (GAPDH) mRNA levels and then to similarly normalized values
for noninjured control samples. Bottom: protein levels expressed as pico-
grams of protein in the total wound homogenate. Data are presented as
means * SE; n = 4 mice/group. *P < 0.05 when compared to nontreated
controls.

DT administration to DTR transgenic mice prevented
the accumulation of F4/80™" cells without influencing the
accumulation of Ly6C™ or Ly6G* cells in healing
wounds. F4/80 expression is limited to cells of the mac-
rophage lineage and is increased during differentiation of
monocytes to macrophages.'®'® Thus, our data show
that DT treatment prevented accumulation of mature
macrophages during wound healing. In addition to mac-
rophages, neutrophils express CD11b, and DTR trans-
genic mice might be expected to exhibit neutrophil de-
pletion with DT treatment. However, our data indicate no
effect of DT treatment on numbers of Ly6G™ cells, a
widely used marker for neutrophils,®® suggesting that
neutrophil accumulation was not influenced by DT treat-
ment. These findings are consistent with those of previ-
ous studies showing that DT treatment depleted macro-
phages without affecting granulocyte or lymphocyte
numbers in the circulation or during peritoneal inflamma-
tion.”™'* Finally, Ly6C is expressed on monocytes, and
its expression is down-regulated during monocyte differ-
entiation to macrophages.?’?? Ly6C can also be ex-
pressed on granulocytes and endothelial cells. However,
the time course of Ly6C™ staining was substantially dif-
ferent from that of the widely used endothelial marker
CD31; thus, the Ly6C™ cells were probably not endothe-
lial cells. Ly6C™ cell number was similar to Ly6G™ cell
number early after injury, but Ly6C™ cells decreased



more slowly over time. These data indicate that Ly6C™
cells probably represent monocytes as well as neutro-
phils. The observation that Ly6C™ cell accumulation was
not affected by DT treatment may reflect the increase in
CD11b expression during monocyte/macrophage matu-
ration,?®2* rendering mature macrophages more sus-
ceptible to DT-induced depletion. We plan to character-
ize the phenotype and function of the Ly6C™ cells during
wound healing in future studies.

Our data showing that macrophage depletion is detri-
mental to wound healing are consistent with those of
Leibovich and Ross.® These investigators prevented
macrophage accumulation during healing of linear inci-
sions in adult guinea pigs using local administration of
antimacrophage serum combined with systemic treat-
ment with hydrocortisone. Their antimacrophage treat-
ment impaired removal of fibrin and miscellaneous de-
bris, delayed re-epithelialization, and reduced fibroblast
accumulation and collagen deposition. A significant lim-
itation of this study was the use of hydrocortisone, which
probably influenced a variety of other cells involved in the
healing process. Our findings are also consistent with
other studies showing that interfering with selectin, inte-
grin, or chemokine receptor binding reduces accumula-
tion of neutrophils and macrophages and impairs wound
healing.”'° All of these studies were limited by the lack of
specificity in targeting macrophages, leaving open the
possibility that other cells contributed to the impairments
observed. Our data demonstrate that temporally selec-
tive and cell type-specific depletion of macrophages is
detrimental both to wound closure and dermal healing.

In contrast to the positive effect of macrophages on
wound healing suggested by the present study, macro-
phages may also cause detrimental effects by promoting
scar formation. Some have argued that evolution has
optimized wound repair for fighting infection and rapid
healing and that scar formation with its inferior structural
properties is the result of such optimization.?®> Mice defi-
cient in the transcription factor PU.1 lack neutrophils and
macrophages, and wounds in neonatal mice of this strain
heal without scarring.’? In addition, wounds of fetal mice
show reduced inflammatory cell accumulation and ex-
hibit scarless healing, associated with reduced levels of
TGF-B1.* Macrophages are known to produce a variety
of factors that affect scarring, including TGF-g1,"” and
our data indicate that macrophage depletion results in
reduced levels of TGF-B1 and reduced deposition of
collagen. One could speculate that macrophage deple-
tion results in delayed healing but may lead to long-term
improvement in tissue structure and function; however,
further experiments are needed to investigate such
speculation.

Our findings that macrophage depletion resulted in
impaired angiogenesis associated with reduced VEGF
levels are consistent with previous studies linking macro-
phages to angiogenesis during wound healing. Macro-
phages were found to secrete proangiogenic factor(s)
when cultured under hypoxic conditions,?® and inflam-
matory cells isolated from wounds in rabbits stimulated
angiogenesis when transplanted to the cornea, an effect
thought to be mediated by macrophages.?” Macro-
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phages are known to produce VEGF, a proangiogenic
factor, and this production is regulated in part by the
transcription factor hypoxia-inducible factor-1a.222° The
expression of hypoxia-inducible factor-1e, in turn, may
be regulated by cytokines as well as by hypoxia during
wound healing.®° However, much remains to be learned
about the regulation of VEGF production by macro-
phages and other cells during wound healing.

Macrophage function is strongly influenced by the mi-
croenvironment in which macrophages are immersed in
the healing wound, and such plasticity probably plays
important roles in wound repair. Macrophages were clas-
sically viewed as having an inflammatory, pathogen-kill-
ing phenotype associated with production of high levels
of inflammatory cytokines, inducible nitric oxide syn-
thase, and reactive oxygen and nitrogen species. How-
ever, a broad spectrum of macrophage phenotypes has
been described more recently, depending in part on
environmental conditions.®"2* Our findings demon-
strated that macrophage depletion resulted in decreased
VEGF levels, indicating that macrophages either pro-
duced VEGF or induced other cells in the wound to
produce this factor. In addition, macrophage depletion
resulted in increased TNF-a levels and decreased
TGF-B1 levels in the wound at 5 days postinjury. Because
“alternative activation” of macrophages is known to in-
duce an anti-inflammatory phenotype with increased
TGF-B1 expression,®' 22 these data indicate the pres-
ence of anti-inflammatory macrophages in the wound at
this time point. Finally, macrophage depletion resulted in
reduced cell proliferation in the wound bed. Interestingly,
stimulation of cultured macrophages with interleukin-4,
resulting in the alternatively activated phenotype, in-
duced these cells to produce an unknown factor that
stimulated fibroblast proliferation.®* Whether a similar
process occurs in the healing wound remains to be de-
termined. Overall, the actual macrophage phenotypes
involved in wound healing and how these are regulated
and contribute to healing remain to be elucidated.

While this article was in revision, Goren et al®® reported
another model of macrophage depletion during wound
healing, using mice that expressed the DT receptor un-
der the control of the lysozyme M promoter. In that study,
macrophage depletion resulted in delayed closure and
impaired angiogenesis, associated with increased ex-
pression of inflammatory mediators and reduced expres-
sion of VEGF at 5 days postinjury; these data are consis-
tent with those of the present study. In contrast, though,
Goren et al reported a prolonged increase in neutrophil
accumulation with macrophage ablation and a reduction
in wound contraction, whereas we found no evidence of
differences in the time course of neutrophil accumulation
or in wound contraction. Differences between the studies
may be explained by differences in the background
strains of the transgenic mice (FVB for our study,
C57BL/6 for Goren et al) or by differences in transgenic
construct (CD11b-DTR transgene for our study and the
Cre-lox double transgenic approach for Goren et al).

In summary, our data show that specific macrophage
depletion at the time of wounding results in delayed re-
epithelialization, reduced collagen deposition, impaired an-
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giogenesis, and decreased cell proliferation. These impair-
ments in wound healing were associated with increased
expression of TNF-a and reduced expression of VEGF
and TGF-B1. These data indicate that macrophages pro-
mote normal adult wound healing and regulate the cyto-
kine environment in these wounds. In chronic wounds,
the wound environment becomes dysregulated, and we
speculate that impairments in macrophage function may
contribute to the development of this pathological state.
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