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ABSTRACT

Tissue macrophages can display different functional phenotypes. M1 macrophages 
have an increased expression of CD40 and exhibit antimicrobial properties releasing 
of in!ammatory mediators including tumor necrosis factor (TNF)-D and interleukin 
(IL)-12. M2 macrophages produce transforming growth factor (TGF)-ß and IL-10 
and express both mannose receptor (CD206) and haemoglobin scavenger receptor 
(CD163). The M2 phenotype has been linked to "brosis. The aim of this study was to 
determine the macrophage in!ux and phenotype associated with normotrophic and 
hypertrophic scar formation in time, up to 52 weeks after surgery. Human presternal 
wound healing after cardiothoracic surgery through a sternotomy incision was 
investigated in a standardized manner. Skin biopsies were collected at consecutive 
time points, i.e., during surgery and 2, 4, 6, 12, and 52 weeks postoperatively. The 
number and distribution of CD45+, CD68+, CD40+, CD163+ and CD206+ cells were 
evaluated. The expression levels of type I collagen, type III collagen, TNF-D, IL-12, 
TGF-ß1 and IL-10 were measured by real-time reverse transcription-polymerase 
chain reaction. Hypertrophic scars had an increased collagen type III production 52 
weeks after surgery. In the hypertrophic group, an increased number of CD68+ cells 
was seen 4 and 6 weeks after injury, and both CD40+ and CD163+ where present 
in higher number after 6 weeks, compared with the normotrophic group. When 
comparing the hypertrophic group and normotrophic group at these time points, 
no signi"cant differences in expression levels of TNF-D, and IL-12, TGF-ß1 and IL-10 
were found. In conclusion, scars developing towards hypertrophic scars display an 
increased number of macrophages 4 and 6 weeks after injury. These macrophages 
have an increased expression of CD163 and CD40. More knowledge of the role of 
macrophages in human cutaneous would healing is necessary, in order to establish 
their functional phenotype in vivo in the different phases of wound repair and in 
different pathological conditions.
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INTRODUCTION

The formation of scars is a natural part of cutaneous wound healing in humans. In 
many individuals, however, the wound healing process can lead to the production of 
overabundant extracellular matrix (ECM), resulting in hypertrophic scars1. These scars 
are raised, red, in!exible and responsible for serious functional and cosmetic problems.

The exact underlying mechanism of hypertrophic scar formation is unknown. It is 
becoming increasingly clear, however, that the in!ammatory phase of wound healing, 
besides being essential for preventing infection, plays an important role in "brogenesis 
at sites of tissue repair1. Macrophages are considered key players in wound healing, 
as they serve as a source for cytokines and chemokines essential for orchestrating the 
wound healing process and ECM production. Since the role of macrophage phenotype 
has been highlighted in "brosis in several studies, while other studies underline the 
importance of macrophages in wound healing, the interest in macrophage function in 
wound repair is rapidly increasing.

Tissue macrophages, arisen from monocytes, can display different functional 
phenotypes. Mediators that stimulate macrophages to differentiate into different 
functional phenotypes are typically derived from activated T helper cells2. The 
currently most widely used classi"cation scheme for the activation of macrophages 
de"nes classically activated as M1, and the group of non-classically activated (or 
alternatively activated) as M23. In the classical activation of macrophages, interferon 
(IFN)-J converts resting macrophages into so-called M1 macrophages that have an 
increased expression of CD40 and exhibit antimicrobial properties by release of 
in!ammatory mediators including tumor necrosis factor (TNF)-D, nitric oxide (NO) and 
interleukin (IL)-6 and IL-124,5. On the other hand, macrophages activated by IL-4 and 
IL-13 develop into M2 macrophages5, which produce TGF-ß and IL-10 and express 
both mannose receptor (CD206) and haemoglobin scavenger receptor (CD163) in 
humans6-8. T helper 2 (Th2) responses, associated with a high production of IL-4 and 
IL-13, are essential for the defense against parasitic infections, but also contribute 
to allergy, asthma and "brosis4,9,10. And more speci"cally, a relatively high expression 
of cytokines such as TGF-ß and IL-4, associated with an M2 and Th2 phenotype, 
respectively, is associated with hypertrophic scar formation11-15.

The above-mentioned macrophage phenotypes are actually extremes of a 
continuum of macrophage function and have not been determined in pure form in 
vivo4,16. The observed phenotype may vary depending on the complex mixture of 
cytokines and other ligands in the microenvironment, and wound macrophages may 
even exhibit a complex progression of phenotypes17,18. Furthermore, discrepancies are 
found between mouse and human models of alternative activation of macrophages2. 
The current literature lacks in vivo characterization of the receptor expression and 
cytokine production kinetics by macrophages during cutaneous wound healing in 
humans19. Thus, whether the proposed phenotypes actually represent macrophage 
populations in the human host, and how these phenotypes are represented in the 
human wound during normotrophic and hypertrophic scar formation is currently 
unknown.
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Despite new insights in molecular and cellular abnormalities associated with 
hypertrophic scar formation, a high-quality therapy to prevent hypertrophic scar formation 
is still lacking. This may be a consequence of poor extrapolation of observations in in 
vitro cell systems and animal models to the wound in a patient. In studies investigating 
human wound healing, and especially the in!ammatory response, interactions in wound 
and scar tissue, both via cell-cell contact and via secreted products, are spatiotemporally 
controlled and dif"cult to mimic in in vitro cell systems. Hence, studying cell (dys)function 
in the complex microenvironment of the human wound remains a prerequisite.

The aim of this study was to determine the macrophage in!ux and phenotype 
associated with normotrophic and hypertrophic scar formation in time. Human 
presternal wound healing after cardiothoracic surgery through a sternotomy incision 
was investigated in a standardized manner. Skin/scar biopsies were collected at six 
time points; during surgery (control sample), 2, 4, 6, 12, and 52 weeks postoperatively. 
The number and distribution of CD45+, CD68+, CD40+, CD163+ and CD206+ cells were 
evaluated. Expression levels of the genes associated with clasically- and alternatively-
activated macrophages were investigated. 

MATERIALS AND METHODS

Patients and tissue samples
Human presternal wound healing was investigated in a standardized manner as 
previously described20. Patients older than 18 years undergoing cardiothoracic surgery 
through a median sternotomy incision were assessed for eligibility of participation in 
the study. Ultimately, a total of 42 patients were included. Approval of the medical 
ethics committee of the University Medical Center Groningen was obtained and all the 
participants gave written consent.

All operations were performed at the Department of Cardiac Surgery of the 
University Medical Center Groningen. During surgery, from all patients a skin tissue 
sample of the caudal part of the sternotomy incision was collected (control sample). 
Evaluations took place under standardized conditions 2, 4, 6, 12 and 52 weeks after 
surgery, and were performed by the same observer. During all evaluations the same 
presternal scar was evaluated at 8 cm from the cranial and the caudal border and 
scored as normotrophic or hypertrophic. Hypertrophic was de"ned as raised above 
skin level (> 1 mm) while remaining within the borders of the original lesion21. 
Normotrophic was de"ned as not raised above skin level. The height and width of the 
scar were measured 12 and 52 weeks postoperatively using a slide caliper and a 7.5 
MHz ultrasound probe (SSD-680 EX/STD, Aloka Co., Ltd., Tokyo, Japan). These data 
have been described in detail previously20. Patients were classi"ed as hypertrophic or 
normotrophic when the presternal scar was hypertrophic or normotrophic respectively 
12 and 52 weeks postoperatively. 

During the evaluations, a 3 mm punch biopsy was collected from the caudal 
segment of the scar after local anesthesia with 5 mL of lidocaine hydrochloride (10 
mg/mL) combined with epinephrine (0.01 mg/mL), consecutively at 3, 4, 5, 6, and 7 
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cm from the caudal con!ne of the scar. After collection, all samples were snap frozen 
on liquid nitrogen and stored at -80°C until further processing. For real-time reverse 
transcription-polymerase chain reaction (RT-PCR), to quantify gene expression, and 
immunohistochemistry to localize protein expression, the same tissue specimens were 
used. After the !nal evaluation of the last participant, a control group consisting of 
patients who had developed a complete normotrophic presternal scar in both the 
cranial and caudal segment 12 and 52 weeks postoperatively was matched to the 
hypertrophic group with respect to age, sex and body-mass index, and was de!ned 
as the normotrophic group.

Real-time RT-PCR
Total RNA was isolated from all samples and prepared for real time RT-PCR as previously 
described22. Exons overlapping primers and minor groove binder probes for real-time 
PCR were purchased as Assay-on-Demand from Applied Biosystems (Nieuwekerk a/d 
IJssel, The Netherlands): GAPDH (assay ID Hs99999905_m1), COL1A2 (Hs00164099_
m1), COL3A1 (Hs00164103_m1), TGF-ß1 (Hs00998133_m1), IL10 (Hs00961622_m1), 
IL12A (Hs01073447_m1), IL12B (Hs01011518_m1), and TNF (Hs00174128_m1). 
TaqMan real-time PCR was performed in an ABI PRISM 7900HT Sequence Detector 
(Applied Biosystems). Duplicate real-time PCR analyses were executed for each 
sample, and the threshold cycle (Ct) values obtained were averaged. Gene expression 
was normalized to the expression of the housekeeping gene GAPDH. Relative mRNA 
expression is presented as the percentage relative to the mRNA expression in the 
control sample (t=0) +/- SD.

Immunohistochemistry and immuno!uorescence
The frozen biopsy samples were oriented on edge with the line of visible epidermal 
scar tissue perpendicular to the plane of section and processed for 5 μm cryostat 
sections. After !xation in acetone, sections were incubated with primary antibodies 
for 60 minutes. All primary antibodies and concentrations used are summarized in 
Table 1. For immuno#uorescence, the appropriate Alexa Fluor® 555 nm-conjugated 
secondary antibodies (Invitrogen, Paisley, UK) were applied. Immunohistochemical 
detection was performed using two-stage alkaline phosphatase (AP) EnVision (Dako, 
Glostrup, Denmark) according to the protocol of the manufacturer. The sections 
were counterstained with Mayer haematoxylin and mounted in Glycergel (Dako). As 
controls, sections were stained as described using the appropriate isotype-matched 
negative control antibodies, and were always devoid of color development.

Positive cells were scored quantitatively by computerized scoring of the percentage 
of positive staining in !ve randomly chosen high-powered !elds (HPF = visual !eld at 
×100 magni!cation). The !nal score for each biopsy is the average score of the !ve HPF.

Statistical analysis
Differences between groups regarding gene expression (relative to the expression of 
GAPDH) were tested using the Wilcoxon (for paired data) and the Mann-Whitney (for 
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unpaired data) tests. To adjust for multiple testing when testing for differences in gene 
expression patterns between groups, the Benjamini-Hochberg method23 was applied 
to control the false discovery rate. Only those results whose P-values yielded a false 
discovery rate below 0.10 and a P-value below 0.05 were considered to be signi!cant. 
The same procedure was applied to relative gene expression data, which were obtained 
by subtracting the gene expression at 0 weeks (control sample) from the gene expression 
at 2, 4, 6, 12 and 52 weeks, to remove the inter-patient variation24. Data analysis was 
performed using S-plus statistical software (Insightful Corp., Seattle).

RESULTS

Hypertrophic scar formation in the study group
A total of 76 patients were included, of which 42 were able to complete the follow up 
of 52 weeks. Other patients discontinued participation due to their medical condition 
in the period between two and four weeks after surgery. One patient underwent 
surgery for cardiac valve replacement, two for a heart defect and 39 for coronary artery 
bypass surgery (see Table 2 for patient characteristics). 

The caudal segment of the presternal scars was most susceptible to hypertrophic 
scar formation. In 5 patients this scar segment was hypertrophic at 12 and 52 weeks 
postoperatively. Of the 27 patients who had developed normotrophic scars in both the 
cranial and the caudal segment 12 and 52 weeks postoperatively, six were matched 
with the patients in the hypertrophic group with respect to age, sex and body-mass 
index, and considered the normotrophic group (Table 2).

Table 1. Antibodies used in immunohistochemistry.

Antibody Isotype Dilution* Company Code number

Mouse anti-CD45 
(MEM-28)

IgG1 1/50 IQ Products, Groningen, 
the Netherlands

IQP-549P

Mouse anti-CD68 
(EBM11)

IgG1 1/100 Dako, Glostrup, Denmark M0718

Mouse anti-CD40 
(LOB7/6)

IgG2a 1/100 AbD Serotec, Oxford, UK MCA1590

Mouse anti-CD163 
(EDHu-1)

IgG1 1/100 AbD Serotec, Düsseldorf, 
Germany

MCA1853

Mouse anti-CD206 
(19.2)

IgG1 1/100 BD Pharmingen 555953

Goat anti-mouse Alexa 
Fluor 555

IgG 1/800 Invitrogen, Paisley, UK A-21424

Streptavidin, Alexa Fluor 
555 Conjugate

- 1/800 Invitrogen, Paisley, UK S-32355

* Diluted in 1% BSA/PBS.
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Collagen mRNA expression was upregulated in hypertrophic scars up 
to 12 months postoperative
To study whether the hypertrophic scars were associated with a higher collagen 
synthesis, we examined the mRNA expression of both type I and type III collagen. The 
relative mRNA levels in both groups are summarized in Figure 1. The mRNA expression 
of type I and type III collagen signi!cantly increased 12 weeks postoperatively in 
both the hypertrophic and the normotrophic group. The mean (SD) type I collagen 
expression in the normotrophic and hypertrophic group increased by 862% (171%) and 
828% (720%), respectively (P < 0.001), while the type III collagen expression increased 
by 1393% (416%) and 1180% (892%), respectively (P < 0.001). In the hypertrophic 
group, however, the mRNA levels of type III collagen continued to increase between 
12 and 52 weeks postoperatively, while in the normotrophic group levels declined. 
This resulted in a signi!cantly higher mean (SD) type III collagen expression in the 
hypertrophic group versus the normotrophic group (1732% [443%] versus 527% 
[402%]; P < 0.01) 52 weeks postoperatively.

Table 2. Patient characteristics of the study group.

Characteristic Study group Hypertrophic group Normotrophic group

Gender, male/female, No. 36/6 5/0 5/1

Age, mean (range), y 58 (37-76) 49 (40-55) 56 (46-63)

Weight, mean (range), kg 83.6 (56-124) 93 (56-108) 82 (58-124)

Length, mean, m 1.77 1.82 1.82

BMI, mean 26.6 27.9 24.8

Smoking, No. (%) 12 (27) 2 (40) 3 (50)
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Figure 1. Time course of mRNA expression of Type I and Type III collagen in the hypertrophic 
and normotrophic group. Relative mRNA expression is presented as the percentage relative to 
the mRNA expression in the control sample (t=0) ± SD. *P < 0.05.
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Hypertrophic scar formation was preceded by a higher in!ux of 
CD163+ and CD40+ macrophages
Quanti!cation of CD45+ cells is shown in Figure 2 and revealed that there was a higher 
number of in"ammatory cells present in the skin during hypertrophic scar formation 
compared with normotrophic scar formation (P < 0.001). To determine whether this 
represented a difference in the number of macrophages, we scored the cells positive 
for CD68, a pan-macrophage marker. The scoring of CD68-stained sections is shown 
in Figure 2. The number of CD68-positive cells in the skin was increased 2 weeks 
postoperatively compared with the control sample (collected during surgery) in both 
groups (P = 0.02). In the hypertrophic group, the percentage of CD68-positive cells 
continued to increase thereafter, yielding a signi!cantly higher mean CD68 score in 
the hypertrophic group 6 weeks postoperatively compared with the normotrophic 
group (P = 0.03). The number of macrophages was increased both in the perivascular 
regions and between collagen bundles (Figure 3).

To explore the phenotype of the CD68-positive population in more detail, we 
examined and quanti!ed the expression of CD40, CD163 and CD206 (Figure 2). In 
the normotrophic group, the expression of CD40, a cell surface marker associated 
with classical activation of macrophages (M1), and CD163 (haemoglobin scavenger 
receptor) associated with alternative activation (M2), followed the trend of the 
expression of CD68. In the normotrophic group, both CD40 and CD163 were 
expressed at peak level 2 weeks postoperatively, before returning to baseline level 
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Figure 2. Time course of the expression of CD45, CD68, CD163, CD206 and CD40 in the 
hypertrophic and normotrophic group. Positive cells were scored quantitatively by computerized 
scoring of the percentage of positive staining in !ve randomly chosen high-powered !elds (HPF 
= visual !eld at #100 magni!cation). The !nal score for each biopsy is the average score of the 
!ve HPF. Data is presented as the mean score ± SD. *P < 0.05.
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thereafter. In the samples in the hypertrophic group, in contrary, there was a peak 
expression of CD163 after 4 and 6 weeks, and of CD40 after 6 weeks postoperatively, 
which resulted in a signi!cantly higher expression of CD40 (P < 0.001) and CD163 (P < 
0.001) in the hypertrophic group 6 weeks postoperatively. CD40 was mainly expressed 
perivascularly (Figure 4). CD163 expression was upregulated among macrophages 
throughout the tissue samples (Figure 5). When comparing the CD206 expression 
in both groups, it followed a similar trend, with generally the highest expression 
between 2 and 6 weeks postoperatively (Figure 2). There was no signi!cant difference 
in expression between both groups.

M1- and M2-associated cytokines in hypertrophic versus 
normotrophic scar formation
To further analyze the macrophage phenotype in the skin samples, we analyzed the 
mRNA expression of cytokines typically (although not exclusively) expressed by M1 
macrophages (TNF-D, IL-12A and IL-12B) and M2 macrophages (IL-10, and TGF-E1). 
The time course of the mRNA expression of these genes in the skin samples of the 
normotrophic and hypertrophic group is shown in Figure 6. In the control skin samples, 
there was no signi!cant difference in mRNA expression of the above-mentioned genes 
between the hypertrophic and normotrophic group. 

From the M1-associated cytokines, only TNF-D was expressed differently 
between both groups. The mRNA expression of TNF-D was signi!cantly higher in de 
normotrophic group (P = 0.001) mainly due to the increased expression between 6 
and 52 weeks postoperatively, while in de hypertrophic group levels stayed on or 
below baseline level throughout the follow-up period. Regarding IL-12A and IL-12B, 
in both groups a similar pattern in mRNA expression was seen, and no evidence of a 
difference in expression of these cytokines between the groups was found. 

Figure 3. CD68-stained sections of hypertrophic and normotrophic presternal scars at all time 
points.
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Figure 4. CD40-stained sections of hypertrophic and normotrophic presternal scars at all time 
points.

Figure 5. CD163-stained sections of hypertrophic and normotrophic presternal scars at all time 
points.

Regarding the M2-associated cytokines, in both groups IL-10 expression was 
signi!cantly increased after 2 weeks compared with the control sample (P < 0.001), 
after which it started to decline to return to baseline level 52 weeks postoperatively. 
There was no signi!cantly different IL-10 expression in the hypertrophic compared 
with the normotrophic group. TGF-E1 mRNA was expressed at higher levels in 
the hypertrophic group 2 weeks postoperatively (P = 0.007), after which the mean 
expression was continuously higher in the hypertrophic group, although, due to high 
variation, not statistically signi!cantly different from the normotrophic group.

114



MACROPHAGES IN HYPERTROPHIC SCAR FORMATION

DISCUSSION

The aim of this study was to determine the cellular in!ux and macrophage phenotype 
associated with both normotrophic and hypertrophic scar formation in humans in time, 
up to 52 weeks after surgery. For the "rst time we established that scars developing 
towards hypertrophic scars, that have an increased collagen type III production 52 
weeks after surgery, display an increased macrophage in!ux 4 and 6 weeks after injury. 
These macrophages express an increased level of CD163 and CD40. When comparing 
the hypertrophic group and normotrophic group at these speci"c time points, no 
signi"cant differences in expression levels of typical M1- or M2-associated cytokines 
were found. Therefore, an association between hypertrophic scar formation and a 
macrophage phenotype that "ts the current dogmas on macrophage activation and 
differentiation in vitro could not be established in vivo.

Numerous studies have demonstrated that cells belonging to the monocyte-
macrophage lineage represent a heterogeneous group of cells with distinct functional 
phenotypes, capable of secreting various pro"brotic cytokines. They are highly 
sensitive to microenvironment-controlled signals, which determine their differentiation 
into a particular functional phenotype. Two extremes of a continuum of possible 
differentiation routes have been identi"ed, but their actual presence in vivo is subject 
of discussion17. The M1 macrophages exhibit antimicrobial properties by release of 
in!ammatory mediators like TNF-D, NO, IL-6 and IL-12, while the M2 macrophages 
release TGF-E1 and IL-10, express both mannose receptor (CD206) and haemoglobin 
scavenger receptor (CD163) and are said to suppress the in!ammatory response and 
promote angiogenesis, tissue remodeling and repair. Ultimately, it seems that not the 
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Figure 6. Time course of mRNA expression of M1- and M2-associated cytokines in the 
hypertrophic and normotrophic group. Relative mRNA expression is presented as the percentage 
relative to the mRNA expression in the control sample (t=0) ± SD. *P < 0.05.
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in!ammatory response per se, but the actual phenotype of this in!ammatory response 
is decisive for the scar outcome.

Alternatively-activated macrophages have been linked to "brosis10, where they are 
thought to play a major role in the early stages of disease. Furthermore, modi"cation 
of the early in!ammatory response with glucocorticoids, which are known to stimulate 
the alternative activation of macrophages2, increase scar dimensions during the later 
stages of wound healing in patients that develop hypertrophic scars20. In light of 
these "ndings, we hypothesized that during wound healing associated with excessive 
scarring more macrophages are attracted to the wound bed, and that these attracted 
macrophages will display a more alternatively-activated M2 phenotype. Our data show 
that in scar tissue samples developing into hypertrophic scars an increased number of 
macrophages is present at the stage before the hypertrophic scar becomes present, 
i.c., 4 and 6 weeks postoperatively. These macrophages have an increased expression 
of CD163 and CD40, which are known to be markers for M1 and M2 macrophages, 
respectively. The expression of mannose receptor (CD206), another M2 marker6, 
was similar in both groups, with a slightly higher expression level 2, 4 and 6 weeks 
postoperatively compared with the control samples. The expression levels of typical 
M1- or M2-associated cytokines were not signi"cantly higher in the hypertrophic 
group at the time points at which we observed a higher number of CD163+ and CD40+ 
macrophages. Therefore, an association between hypertrophic scar formation and 
a macrophage phenotype that "ts the current dogmas on macrophage activation 
and differentiation could not be established in these human tissue samples. It 
should however be noted that TGF-E1 mRNA was expressed at higher level in the 
hypertrophic group 2 weeks postoperatively, which could be an effect attributed to 
the early in!ammatory phase. 

For the wound healing process to occur uncomplicated, macrophages are crucial 
mainly during the early in!ammatory response (1-4 days after injury) and during 
granulation tissue formation (4-10 days after injury)25. Depletion of macrophages 
after 10 days does not impair wound healing. We cannot attribute differences in scar 
outcome to a difference in macrophage function early in wound healing as we did not 
analyze samples collected earlier than two weeks after injury. Whether the presence 
of the higher number of macrophages in the hypertrophic group 4 and 6 weeks after 
injury has been in!uenced by differences in the phenotype of the early in!ammatory 
response remains a question that needs to be addressed in future studies, but seems 
likely14,20.

For the "rst time, we investigated the time course of the in!ux of macrophages 
and the expression of different markers and cytokines associated with macrophage 
polarization and differentiation during the process of hypertrophic scar formation in 
the human wound. The investigation of sequentially collected scar tissue samples from 
the same scars in the same patients during the scar formation and remodeling process 
has provided valuable information regarding human hypertrophic scar formation 
without inter-patient variability. Nonetheless, our "ndings also have limitations. One 
of the reasons why we were not able to establish a macrophage phenotype and detect 
differences in expression of macrophage-associated cytokines between both groups 
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may lie in the fact that we were not able to collect tissue samples between surgery 
and 2 weeks after surgery, during which most in!ammatory processes take place, and 
which is believed to be the phase were the stage is set for the wound healing and 
scar formation process. Furthermore, we analyzed mRNA expression of cytokines 
using total RNA from the 3 mm specimen biopsies, by which we possibly missed local 
differences in gene expression, as compartmentalization of the different processes 
and cells is likely. As can be seen in immunohistochemical analysis, in!ammatory 
cells are often clustered together, and a difference in number of in!ammatory cells 
and cytokine levels may be in!uenced by the fact that an area of the specimen is 
analyzed that is not representative for the whole tissue sample. In the future, laser 
microdissection followed by genomic and proteomic analysis of macrophages from 
human wound biopsies might be helpful in determining the expression of cytokines 
produced by macrophages or macrophage subsets more speci"cally, and subsequently 
to determine the macrophage phenotype in vivo. This will hopefully provide us with 
a better understanding of the actual macrophage phenotype and function during 
normal human wound healing and wound healing associated with hypertrophic scar 
formation. 

In conclusion, we have shown that scars developing towards hypertrophic scars 
display an increased number of macrophages 4 and 6 weeks after injury. These 
macrophages have an increased expression of CD163 and CD40. Intervention in 
macrophage function during hypertrophic scar formation may eventually result in a 
better outcome. Before intervention in these complex processes is justi"ed, more 
knowledge of the role of macrophages in human cutaneous would healing is necessary, 
in order to establish their functional phenotype in vivo in the different phases of wound 
repair and in different pathological conditions.

ACKNOWLEDGEMENTS

We acknowledge Henk Moorlag and Nanne Paauw for their technical assistance, and 
Dr. M. van Egmond for her valuable advice and insightful comments. This investigation 
was supported by a grant from the Dutch Burns Foundation (09.104 FBN).

REFERENCES
1. van der Veer, W.M., et al. Potential cellular 

and molecular causes of hypertrophic scar 
formation. Burns 35, 15-29 (2009).

2. Martinez, F.O., Helming, L. & Gordon, S. 
Alternative activation of macrophages: 
an immunologic functional perspective. 
Annu Rev Immunol 27, 451-483 (2009).

3. Martinez, F.O., Sica, A., Mantovani, A. & 
Locati, M. Macrophage activation and 
polarization. Front Biosci 13, 453-461 
(2008).

4. Mosser, D.M. & Edwards, J.P. Exploring 
the full spectrum of macrophage activa-
tion. Nat Rev Immunol 8, 958-969 (2008).

5. Gordon, S. Alternative activation of 
macrophages. Nat Rev Immunol 3, 23-35 
(2003).

6. Martinez, F.O., Gordon, S., Locati, M. & 
Mantovani, A. Transcriptional pro"ling 
of the human monocyte-to-macrophage 
differentiation and polarization: new 
molecules and patterns of gene expres-
sion. J Immunol 177, 7303-7311 (2006).

117



CHAPTER 7

7. Sulahian, T.H., et al. Human monocytes 
express CD163, which is upregulated by 
IL-10 and identical to p155. Cytokine 12, 
1312-1321 (2000).

8. Komohara, Y., et al. AM-3K, an anti-macro-
phage antibody, recognizes CD163, a 
molecule associated with an anti-in!am-
matory macrophage phenotype. J Histo-
chem Cytochem 54, 763-771 (2006).

9. Duf"eld, J.S. The in!ammatory macro-
phage: a story of Jekyll and Hyde. Clin Sci 
104, 27-38 (2003).

10. Wynn, T.A. & Barron, L. Macrophages: 
master regulators of in!ammation and 
"brosis. Semin Liver Dis 30, 245-257 (2010).

11. Zhang, K., Garner, W., Cohen, L., 
Rodriguez, J. & Phan, S. Increased types 
I and III collagen and transforming growth 
factor-beta 1 mRNA and protein in hyper-
trophic burn scar. J Invest Dermatol 104, 
750-754 (1995).

12. Schmid, P., Itin, P., Cherry, G., Bi, C. & 
Cox, D.A. Enhanced expression of trans-
forming growth factor-beta type I and 
type II receptors in wound granulation 
tissue and hypertrophic scar. Am J Pathol 
152, 485-493 (1998).

13. Wang, R., et al. Hypertrophic scar tissues 
and "broblasts produce more trans-
forming growth factor-beta1 mRNA and 
protein than normal skin and cells. Wound 
Repair Regen 8, 128-137 (2000).

14. Tredget, E.E., Yang, L., Delehanty, M., 
Shankowsky, H. & Scott, P.G. Polarized 
Th2 cytokine production in patients with 
hypertrophic scar following thermal injury. 
J Interferon Cytokine Res 26, 179-189 
(2006).

15. Wang, J., et al. Increased TGF-beta-
producing CD4+ T lymphocytes in 
postburn patients and their potential 
interaction with dermal "broblasts in 
hypertrophic scarring. Wound Repair 
Regen 15, 530-539 (2007).

16. Gordon, S. & Martinez, F.O. Alternative 
activation of macrophages: mechanism 
and functions. Immunity 32, 593-604 
(2010).

17. Stout, R.D. Editorial: macrophage func-
tional phenotypes: no alternatives in 
dermal wound healing? J Leukoc Biol 87, 
19-21 (2010).

18. Daley, J.M., Brancato, S.K., Thomay, A.A., 
Reichner, J.S. & Albina, J.E. The pheno-
type of murine wound macrophages. J 
Leukoc Biol 87, 59-67 (2010).

19. Rodero, M.P. & Khosrotehrani, K. Skin 
wound healing modulation by macro-
phages. Int J Clin Exp Pathol 3, 643-653 
(2010).

20. van der Veer, W.M., Ferreira, J.A., de 
Jong, E.H., Molema, G. & Niessen, F.B. 
Perioperative conditions affect long-term 
hypertrophic scar formation. Ann Plast 
Surg 65, 321-325 (2010).

21. Peacock, E.E., Madden, J.W. & Trier, W.C. 
Biologic basis for the treatment of keloids 
and hypertrophic scars. South Med J 63, 
755-760 (1970).

22. Zeng, W., et al. The angiogenic makeup of 
human hepatocellular carcinoma does not 
favor vascular endothelial growth factor/
angiopoietin-driven sprouting neovas-
cularization. Hepatology 48, 1517-1527 
(2008).

23. Benjamini, Y. & Hochberg, Y. Controlling 
the false discovery rate: a practical and 
powerful approach to multiple testing. J 
Roy Stat Soc B Met 57, 289-300 (1995).

24. Livak, K. & Schmittgen, T. Analysis of rela-
tive gene expression data using real-time 
quantitative PCR and the 2(T)(-Delta Delta 
C) method. Methods 25, 402-408 (2001).

25. Lucas, T., et al. Differential roles of macro-
phages in diverse phases of skin repair. J 
Immunol 184, 3964-3977 (2010).

118




