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We studied the mechanisms underlying the severely

impaired wound healing associated with human leuko-

cyte-adhesion deficiency syndrome-1 (LAD1) using a

murine disease model. In CD18�/� mice, healing of full-

thickness wounds was severely delayed during granulation-

tissue contraction, a phase where myofibroblasts play a

major role. Interestingly, expression levels of myofibroblast

markers a-smooth muscle actin and ED-A fibronectin were

substantially reduced in wounds of CD18�/� mice, suggest-

ing an impaired myofibroblast differentiation. TGF-b signal-

ling was clearly involved since TGF-b1 and TGF-b receptor

type-II protein levels were decreased, while TGF-b1 injec-

tions into wound margins fully re-established wound

closure. Since, in CD18�/� mice, defective migration leads

to a severe reduction of neutrophils in wounds, infiltrating

macrophages might not phagocytose apoptotic CD18�/�

neutrophils. Macrophages would thus be lacking their

main stimulus to secrete TGF-b1. Indeed, in neutrophil–

macrophage cocultures, lack of CD18 on either cell type

leads to dramatically reduced TGF-b1 release by macro-

phages due to defective adhesion to, and subsequent

impaired phagocytic clearance of, neutrophils. Our data

demonstrates that the paracrine secretion of growth factors

is essential for cellular differentiation in wound healing.

The EMBO Journal (2005) 24, 3400–3410. doi:10.1038/

sj.emboj.7600809; Published online 8 September 2005

Subject Categories: cell & tissue architecture; molecular

biology of disease

Keywords: cellular differentiation; growth factors; integrins;

myofibroblast; wound healing

Introduction

Normal tissue repair follows a sequence of events involving

clotting, inflammation, remodelling and re-epithelialisation

(reviewed in: Martin, 1997; Singer and Clark, 1999). Within a

few hours after injury, first polymorphonuclear neutrophils

(PMN) and later macrophages (Mf) invade the wound site.

They produce proteinases and reactive oxygen species to

combat contaminating microorganisms and phagocytose cel-

lular debris. In addition, inflammatory cells are an important

source of growth factors and cytokines, which initiate myofi-

broblast-dependent wound contraction (Martin, 1997; Hinz

et al, 2001a) and other tissue-repair regulatory functions.

Myofibroblasts are generally characterised by the expression

of a-smooth muscle actin (a-SMA) (Tomasek et al, 2002), the

actin isoform characteristic of vascular smooth muscle cells

(Skalli et al, 1986; Serini and Gabbiani, 1999), which confers

a high contractile activity to these cells (Hinz et al, 2001a).

TGF-b1 is the major cytokine inducing a-SMA expression,

myofibroblast differentiation (Desmoulière et al, 1993) and

subsequent wound contraction (Montesano and Orci, 1988).

This action of TGF-b1 depends on the presence of the fibro-

nectin (FN) splice variant ED-A FN in the extracellular matrix

(Serini et al, 1998). TGF-b1 is released by different cell types,

among them Mf (for a review, see Werner and Grose, 2003).

These complex interrelated processes depend on a well-

regulated influx of distinct blood-derived inflammatory cells

at the wound site. A large number of leukocyte and endo-

thelial adhesion molecules play a role in leukocyte trafficking

during this inflammatory phase of wound healing (Springer

and Anderson, 1986). The integrins CD11a/CD18 (LFA-1),

CD11b/CD18 (Mac-1), CD11c/CD18 (gp150,95) and CD11d/

CD18 are constitutively expressed on the surface of leuko-

cytes; these heterodimers consist of a common b2 subunit

(CD18) and a variable a subunit (CD11a, CD11b, CD11c,

CD11d) (Arnaout, 1990). LFA-1 and Mac-1 support the firm

adhesion to ICAM-1 and -2 (Dustin and Springer, 1988;

Staunton et al, 1989; Diamond et al, 1990), which is a

prerequisite for leukocyte emigration from the blood vessels

to the interstitial connective tissue.

CD18 expression is defective in patients who suffer from

leukocyte-adhesion deficiency-1 (LAD1), a recessively inher-

ited disorder in which deletions, truncations, substitutions or

frameshift mutations impair b2-integrin function. This leads

to a severely reduced PMN recruitment to sites of infection

and tissue damage, while monocyte emigration is largely

normal (Bowen et al, 1982; Anderson et al, 1984; Kuijpers

et al, 1997). LAD1 patients are typically subject to recurrent

bacterial or fungal infections, severe periodontitis, peripheral

leukocytosis and impaired wound healing (Anderson and

Smith, 2001). The lack of PMN emigration explains recurrent

infections in these patients; however, the cause for impaired

tissue repair is less clear.

To carefully dissect the role of PMN in cutaneous wound

healing, here we used our previously generated CD18�/�
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mice that share the essential characteristics of LAD1 patients

(Mizgerd et al, 1997; Scharffetter-Kochanek et al, 1998;

Walzog et al, 1999b; Kess et al, 2003), such as complete

CD18-expression deficiency and virtually no recruitment

of PMN to sites of toxic or allergic dermatitis (Mizgerd

et al, 1997; Scharffetter-Kochanek et al, 1998; Grabbe et al,

2002). We show that wounds of CD18�/� mice remain almost

devoid of PMN, whereas infiltration by Mf is normal.

Moreover, CD18�/� mice show delayed wound closure and

impaired myofibroblast differentiation, which is charac-

terised by reduced expression of a-SMA, ED-A FN and TGF-

b receptor type II (TGF-bRII) in the granulation tissue.

Immunohistological staining of CD18�/� wounds for TGF-b1

and TGF-b1-specific ELISAs of wound lysates suggest that

impaired myofibroblast differentiation is caused by the

deficient release of active TGF-b1 by Mf. In fact, CD18�/�

as well as WT Mf secrete substantially less TGF-b1 when

cultured alone, or when cocultured with CD18�/� PMN, as

compared to cocultures with WT PMN. This is linked to

decreased adhesion between PMN and Mf, a prerequisite

for the phagocytic clearance of CD18�/� PMN in vitro.

Finally, reduced wound healing was fully rescued by repeat-

edly injecting recombinant TGF-b1 into the wound margins of

CD18�/� mice.

As cutaneous wound healing in mice is comparable to that

in humans (Fahey et al, 1991; Kondo and Ohshima, 1996), the

results reported herein may have implications for the treat-

ment of impaired healing of wounds in LAD1 patients.

Results

CD18�/� mice display delayed wound healing

with absent PMN, but normal M/ recruitment

to the wound site

Full-thickness 5-mm punch biopsies were produced on both

sites of the shaved back of CD18�/� mice and WT controls,

and wound sizes were monitored. Wound closure in CD18�/�

mice was significantly impaired between 5 and 14 days after

wounding (Figure 1) as compared to WT.

H&E and immunostainings with a PMN-specific monoclo-

nal antibody (mAb) (GR1) revealed virtually no PMN in the

interstitial tissue at wound sites in CD18�/� mice (Figure 2A);

PMN remained entrapped in vessels (Figure 2C), whereas a

strong extravasation and recruitment of PMN to wound sites

24 h after wounding of WT (Figure 2B and D) were found.

Immunostaining of day 5 wounds with an mAb directed

against Mf (F4/80) did not show any difference in Mf
recruitment to the wound sites between CD18�/� and WT

mice (Figure 2E and F). These data were confirmed using a

time-course analysis, counting PMN and Mf, which egressed

from the vessel into the interstitial tissue of the wound bed.

Compared to high numbers of egressed PMN in WT wounds

at 24 and 48 h, almost no PMN were detected in the granula-

tion tissue of CD18�/� wounds at any time point (Figure 2G).

However, no differences in the numbers of egressed Mf at

the wound sites of WT and CD18�/� mice were observed

(Figure 2H).

Wounds of CD18�/� mice exhibit reduced numbers

of myofibroblasts

Since differences in wound size between WT and CD18�/�

mice were most significant in the phase between day 5 and 7

post-wounding, which is characterised by myofibroblast-

mediated wound contraction, we investigated expression

of myofibroblast markers in CD18�/� and WT granulation

tissue by immunohistochemistry. In 5-day-old wounds,

a-SMA was abundant at the wound edges and less strongly

expressed in the wound bed of WT animals, whereas it was

virtually absent in the wounds of CD18�/� mice (Figure 3A).

After 7 days, expression of a-SMA was increased throughout

the wound and, in particular, beneath the hyperproliferative

epidermis of wound edges in WT controls (Figure 3A).

However, only a faint staining for a-SMA was detected

at the edges of CD18�/� wounds (Figure 3A). To further

characterise myofibroblast differentiation in vivo, in addition
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Figure 1 Wound closure of full-thickness wounds is delayed in
CD18�/� mice. Full-thickness (including the panniculus carnosus)
excisional wounds were punched at two sites in the middle of the
dorsum using 5-mm biopsy round knives. Each wound region
was digitally photographed at the indicated time points, and
wound areas were calculated using Adobe Photoshops software.
(A) Macroscopic observation of wounds in CD18�/� and WT mice.
Representative results of six wounds in each cohort are shown.
(B) Wound sizes at any given time point after wounding were
expressed as percentage of initial (day 0) wound area for CD18�/�

and WT mice. Results are expressed as the mean7s.d. (n¼ 6).
*Po0.05.
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to a-SMA, we also assessed the expression of other myo-

fibroblast markers such as ED-A FN and TGF-bRII at different

stages of wound healing by semiquantitative Western blot-

ting. Densitometric assessment of Western blots revealed

lower expression levels of all myofibroblast markers in

wounds of CD18�/� compared with those WT mice at any

time point (Figure 3B and C). Vimentin served as a house-

keeping protein to equilibrate loading for similar numbers

of fibroblastic cells. These results suggested that lower
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Figure 2 Impaired migration of PMN, but not Mf, to wound beds
of CD18�/� mice. H&E stainings (A, B) and immunostainings with
a PMN-specific mAb (GR1) (C, D), as well as with an Mf-specific
mAb (F4/80) (E, F), were prepared from paraffin-embedded sec-
tions of CD18�/� (A, C, E) and WT mice (B, D, F) at 24 h (A–D)
and 5 days (E, F) after full-thickness wounding. Arrows point
at endothelial cells lining the vascular lumina. Subsequently, num-
bers of extravasated (G) GR1þ PMN and (H) F4/80þ Mf within the
dermis of the wound margins were counted in five high-power
fields (HPF) at � 40 magnification using a light microscope. Results
are given as the mean7s.d. (n¼ 4). *Po0.05.
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Figure 3 Reduced expression of myofibroblast-differentiation
markers in wounds of CD18�/� mice. To detect key markers for
myofibroblast differentiation and wound contraction, (A) paraffin-
embedded granulation tissue of CD18�/� and WT mice was stained
immunohistochemically for a-SMA, 5 (a, b) and 7 (c, d) days
after wounding. The bar indicates 200 mm; de, adjacent dermis;
gt, granulation tissue; arrows indicate epidermal leading edges.
(B) Snap-frozen wound tissue was analysed by Western blotting,
equilibrated to vimentin expression levels from Coomassie gels, to
measure expression of myofibroblast markers including a-SMA, ED-
A FN and TGFb-RII at different time points. Panel B was assembled
from separately performed blots for each indicated protein, using
the same complete series of wound samples with identical loading
between lanes (15mg). (C) Semiquantitative balance analyses of
Western blots were performed by densitometry of digitised Western
blots. Data is given as the mean7s.d. **Po0.005.
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numbers of myofibroblasts resided in wound beds of CD18�/�

compared to WT mice.

Local injection of TGF-b1 restores myofibroblast

differentiation and wound contraction in CD18�/�

mice, but not PMN recruitment

TGF-b1 is the major growth factor inducing myofibroblast

(Desmoulière et al, 1993) and vascular smooth muscle-cell

differentiation (Majesky et al, 1991) during wound healing.

To assess TGF-b1 levels in the wound tissue of CD18�/�

versus WT mice, we performed immunostaining for TGF-b1

on sections of day 5 and day 7 wounds. A strong staining

of the epidermis and hair follicles was noted in both CD18�/�

and WT mice. These results fit with a previous report

describing the TGF-b1 expression pattern during cutaneous

tissue repair (Cowin et al, 2001). There was, however,

distinctly less staining in the newly formed granulation tissue

at day 5 after wounding in CD18�/� mice as compared

to wounds of the WT (Figure 4A). Similar findings were

made at day 7 after wounding (data not shown). This data

was confirmed by measuring the levels of active TGF-b1 in

wound tissue lysates using an ELISA specific for active

TGF-b1 (Figure 4B). Our results suggest that reduced amounts

of TGF-b1 may account for the decreased numbers of a-SMA-

positive myofibroblasts and the impaired wound contraction

in CD18�/� mice.

In an attempt to provide evidence for a causal role for

TGF-b1 deficiency in reduced wound closure, we injected

recombinant human TGF-b1 subcutaneously (s.c.) at four

sites around the wound (Ashcroft et al, 2003); mock injec-

tions of solvent NaCl 0.9% only were taken as controls. Gross

evaluation (Figure 5A) and digital measurement (Figure 5B)

of wound sizes at days 5 and 7 demonstrated that impaired

wound healing was fully restored in CD18�/� mice by local

injection of recombinant TGF-b1. In contrast to wounds of

mock-treated CD18�/� mice that did not show significant

expression of myofibroblast markers in immunofluorescence,

wounds that had received TGF-b1 injections showed high

a-SMA expression levels, comparable to wounds from mock-

treated WT mice (Figure 5C). Thus, in the absence of CD18,

injection of TGF-b1 during the wound-healing process was

sufficient to rescue myofibroblast differentiation and wound

contraction. These data depict a causal role for the reduced

secretion of active TGF-b1 in the retarded differentiation of

myofibroblasts at wound sites of CD18�/� mice. As TGF-b1

has earlier been shown to stimulate PMN recruitment (Fava

et al, 1991; Drake and Issekutz, 1993), a finding also con-

firmed by our experiments in CD18 WT mice (Supplementary

data S1), we were interested whether TGF-b1 injection could

stimulate PMN recruitment also in CD18�/� mice. In fact, this

was not the case, suggesting that TGF-b1-induced recruitment

of PMN depends on CD18 and does not activate alternate

emigration pathways (Supplementary data S1).

Impaired release of TGF-b1 is due to an impaired

adhesion with a subsequent defective phagocytic

clearance of apoptotic PMN by M/ in CD18�/� mice

After cleaning a wound from microbial contamination and

debris, PMN undergo apoptosis in normal tissue repair.

Apoptotic PMN are then cleared by Mf by adhesion-depen-

dent phagocytic engulfment, which stimulates them to re-

lease TGF-b1 in large amounts (Fadok et al, 1998; McDonald

et al, 1999). To study whether TGF-b1 release and/or adhe-

sion-mediated phagocytosis of apoptotic PMN by Mf in

CD18�/� mice differed from the WT controls, we rendered

isolated CD18�/� and WT PMN apoptotic. Apoptotic CD18�/�

or WT PMN were then cocultured with CD18�/� or WT Mf at

371C. After the indicated incubation times, supernatants were

analysed by ELISA for TGF-b1. IL-1a, -1b and -6 have been

shown to antagonise TGF-b1 in wound healing (Angele et al,

1999; Werner and Grose, 2003), and were also determined

from Mf-culture supernatants after stimulation with LPS.

Whereas IL-1a, -1b and -6 were highly increased in the

supernatants of CD18�/� Mf when compared to WT

(Supplementary data S2), only low amounts of active

TGF-b1 were found in the supernatants from cocultures of

viable PMN with either genotype of Mf (data not shown). By

contrast, a time-dependent (up to 20-fold) increase in active

TGF-b1 release, with a maximum at 24 h, was observed in

cocultures of WT apoptotic PMN and Mf (Figure 6A). Only

a minor (up to five-fold) increase in active TGF-b1 release was

detected in supernatants from cocultures of WT PMN and

CD18�/� Mf. Interestingly, TGF-b1 release did not exceed

control levels after 24 h in cocultures of CD18�/� PMN with

WT Mf. The same was true for cultures of CD18�/� Mf with

CD18�/� PMN. This coculture set-up most closely reflects the

situation in our murine LAD1 model, where both PMN and

Mf are CD18 deficient. After 3 h of coculture, significantly

elevated TGF-b1 levels were only observed in WT PMN–Mf
cocultures; in contrast, significant TGF-b1 release after 48 h

occurred when at least PMN were WT. These results indicate
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Figure 4 Reduced TGF-b1 in the granulation tissue of CD18�/�

mice. (A) Paraffin-embedded sections of wound sites obtained
from CD18�/� and WT mice at day 5 after injury were stained
immunohistochemically for TGF-b1 (brown). Whereas the typical
staining pattern for TGF-b1 was observed in WT wounds that apart
from an epidermal staining gave a strong signal in the wound bed-
replenishing granulation tissue, CD18�/� wounds showed only
weak staining in the granulation tissue located directly underneath
the wound. The bar indicates 200mm; de, adjacent dermis; gt,
granulation tissue; arrows indicate epidermal leading edges.
(B) Lysates of snap-frozen wound tissues from CD18�/� and WT
mice obtained at the indicated time points after wounding were
also prepared and subjected to ELISA to detect active TGF-b1.
Data is given as the mean7s.d. *Po0.05.
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that maximal release of TGF-b1 is dependent upon

CD11/CD18 heterodimer expression on both PMN and Mf.

CD11/CD18 expression on apoptotic PMN in particular seems

to be of great importance for sustained TGF-b1 release by Mf.

To investigate whether the observed deficiency in TGF-b1

release coincided with reduced phagocytic clearance of apop-

totic PMN by Mf, apoptotic PMN were cocultured with

Mf in all possible combinations of WT or CD18�/� cells. To

assess the adhesion of PMN to Mf occurring prior to phago-

cytosis, Mf–PMN conjugates were counted after 15 min

and, to determine phagocytosis, Mf phagocytosing PMN

were detected after 45 min by flow cytometry (Figure

6B–D). Microscopic evaluation of adhesion versus phago-

cytosis was also performed to confirm flow-cytometric data

(Figure 6E). Additional control experiments were also

carried out using surface Ly-6G staining of adherent PMN

(Supplementary data S7A) and lysosomal fluorescence track-

ing (Supplementary data S7B) to precisely distinguish

between surface adhesion and completed engulfment of

PMN. As shown by Figure 6B, after a 45-min period of

coculturing, phagocytosis was severely impaired when either

Mf or PMN, or both, were CD18�/�.

Firm adhesion of target cells to phagocytes markedly

contributes to phagocytic efficacy (Fallman et al, 1993;

Mevorach et al, 1998; Rosenkranz et al, 1998). We provide

direct evidence that the defective phagocytosis and a reduced
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Figure 5 Injection of TGF-b1 in wound margins rescues wound closure and myofibroblast differentiation in CD18�/� mice. Recombinant
human TGF-b1 (‘TGF’) was injected s.c. at four sites around the wound, allowing to infiltrate the wound margins, at a total dose of 0.45 mg per
wound. Mock injections were made using only the solvent NaCl 0.9%. First injections were carried out on day 1 after wounding, followed by
further injections every second day until wounds were harvested. (A) Macroscopic observation of wounds in CD18�/�, WT mice with or
without injection of TGF-b1. (B) Wound sizes were assessed at the indicated time points after wounding as previously. Bars depict the median
of each cohort. **Po0.005. (C) Paraffin-embedded granulation tissue of CD18�/� and WT mice was stained immunohistochemically for
a-SMA 5 days after wounding. The bar indicates 100 mm; de, adjacent dermis; gt, granulation tissue; arrows indicate the newly formed
epidermal leading edges.
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secretion of TGF-b1 in the absence of CD18 are, at least in

part, caused by an impaired ‘physical’ attachment of apopto-

tic PMN to Mf (Figure 6C). Similar data concerning decrease

in adhesion, phagocytosis and subsequent TGF-b1 release

were found in coculture assays with human cells using

either CD18-blocking mAb, or with monocyte-derived

Mf from CD18-deficient human LAD1 patients (Figure 7).

The phagocytic machinery itself, as assessed by engulfment

of latex beads, was functional (Supplementary data

S3A). Furthermore, the intracellular pathway leading to

TGF-b1 release following engulfment was functional, since

latex beads engulfment also leads to TGF-b1 release

(Supplementary data S3B). Although the absence of CD18

resulted in a reduction of active TGF-b1 and phagocytosis/

adhesion, we could mostly rule out that this was due

to a major impact of CD18 deficiency on maturation

and differentiation of bone marrow (BM)-derived Mf
(Supplementary data S4).

Collectively, the observed defects in adhesion with sub-

sequently impaired phagocytosis and TGF-b1 release seem
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Figure 6 Impaired in-vitro adhesion/phagocytosis of apoptotic
PMN and concurrent deficiency of TGF-b1 release by Mf under
CD18-deficient conditions. To measure the uptake of apoptotic PMN
by Mf and TGF-b1 release that physiologically accompanies pha-
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PMN in an in vitro setting. As a control (C), Mf and apoptotic PMN
(not shown) were also incubated separately. (A) At the indicated
time points, supernatants of cocultures were subjected to ELISA to
detect active TGF-b1. Data is given as the mean7s.d. *,#Po0.05,
**Po0.005. *,**Comparing CD18�/� and WT Mf, #comparing
CD18�/� and WT PMN. (B) In an identical setting, Mf and PMN
were coincubated, only for a shorter time. After 45 min, cells
were collected from the well bottoms, stained and analysed by
flow cytometry (for details, see Materials and methods in
Supplementary data). Phagocytosis was assessed by calculating
the percentage of Mf phagocytosing PMN among the total Mf
counted (PMN-ingesting Mf� 100/total number of Mf). Bars
indicate the median of each cohort. *Po0.05, **Po0.005.
(C) Adhesion of apoptotic PMN preceding phagocytosis by Mf
depends on CD18. To investigate whether impaired phagocytosis
in the absence of CD18 was due to an insufficient or absent
adhesion between Mf and PMN, we performed adhesion assays
in which CD18�/� or WT Mf were cocultured with apoptotic
CD18�/� or WT PMN for 15 min. FACS-counted events were identi-
fied as single (i.e. nonadhering) apoptotic PMN (CMRAþ annexin-
Vþ ), single (nonadhering) Mf (F4/80þ ) or as PMN–Mf cell
conjugates (CMRAþ F4/80þ ), stable enough to resist capillary
shear forces during flow cytometry. The latter events were counted
as Mf-binding PMN (i.e. adhesion conjugates of Mf with PMN),
and were expressed as percentage of the total Mf count (PMN-
binding Mf� 100/total number of Mf). Each symbol indicates
the median of a triplet analysis. *Po0.05, **Po0.005.
(D) Representative flow-cytometric raw data of the adhesion
and phagocytosis assays presented in (B, C) is provided. Mf were
stained using F4/80 FITC mAb; apoptotic PMN were loaded with
CMRA prior to coculturing (for details see Materials and methods in
Supplementary data). Cells appearing in the upper right quadrant of
dot plots stain positive for both markers, thus representing either
PMN adhering to Mf after 15 min (‘Adhesion’) or Mf phagocytos-
ing PMN after 45 min (‘Phagocytosis’), as also monitored by
fluorescence microscopy. (E) Accordingly, Mf phagocytosis of
apoptotic PMN was assessed by immunofluorescence microscopy.
For this purpose, coculturing of apoptotic PMN (labelled with
CMRA, red/orange-fluorescing) with Mf was performed using
WT (left panel) and CD18�/� (right panel) PMN on Lab-Tek
chamber slides (Nunc) for 15 min to detect adhesion, or for
45 min to assess phagocytosis. After cocultures, nonadherent
PMN were washed away and microscopic pictures recorded
digitally overlaying the differential interference contrast (DIC,
using Nomarsky optics) with fluorescence pictures. The bars
represent 40 mm.
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to be causally related to a disturbed cell–cell contact/signal-

ling between apoptotic PMN and Mf in the absence of CD18

in vivo.

Discussion

The LAD1 syndrome results from a mutation of the CD18

gene that leads to a deficiency in b2 integrin expression on

leukocytes. Patients with less than 1% residual expression of

b2 integrins suffer from the severe form of LAD1, and show

strongly impaired wound healing and atrophic scarring

(Bowen et al, 1982; Anderson et al, 1984; Kuijpers et al,

1997; Anderson and Smith, 2001). They frequently die from

septic complications due to reduced wound closure and the

inability to effectively combat invading microorganisms.

Using CD18�/� mice as a clinically relevant model for

human LAD1 (Mizgerd et al, 1997; Scharffetter-Kochanek

et al, 1998; Walzog et al, 1999b; Weinmann et al, 2003), we

identified a mechanism that is most likely central to this

complex pathophysiology. We demonstrate impaired PMN

extravasation in CD18�/� mice after wounding leading to a

decreased release of TGF-b1 by Mf, which is usually stimu-

lated by the engulfment of apoptotic PMN. Decreased TGF-b1

levels, in turn, result in reduced myofibroblast differentiation

and impaired wound contraction. Hence, b2 integrins are

essential for the coordinated cell–cell interactions and para-

crine regulation occurring during the inflammatory and

contraction phase of cutaneous wound healing.

In particular, around day 5–7 post-wounding, during the

phase of granulation tissue contraction, wounds were sig-

nificantly larger in CD18�/� mice as compared with WT.

Simultaneously reduced expression levels of a-SMA and ED-

A FN in CD18�/� granulation tissue suggest that decreased

wound closure in CD18�/� mice results from impaired myo-

fibroblast differentiation. Myofibroblast differentiation is

characterised by the de novo expression of a-SMA in stress

fibres, which mediates granulation tissue contraction in vivo

(Serini and Gabbiani, 1999) and in vitro (Arora and

McCulloch, 1994; Hinz et al, 2001b; Hinz et al, 2003).

TGF-b1 is considered to be the major growth factor inducing

a-SMA expression and myofibroblast differentiation

(Desmoulière et al, 1993) through the specific binding to

TGF-bRII (Derynck and Feng, 1997; Cowin et al, 2001). This

TGF-b1 effect depends on the presence of the FN splice

variant ED-A FN in the extracellular matrix (Serini et al,

1998). We could demonstrate that reduced levels of TGF-b1 in

granulation tissue of CD18�/� mice is the major patho-

genic event in impaired wound healing, since wound

contraction was fully re-established upon local injection of

recombinant TGF-b1.

Mf are well-established sources for TGF-b1 in inflamma-

tion and wound healing. Since TGF-b1 release by Mf is

stimulated by the engulfment of apoptotic PMN at wound

sites (Fadok et al, 1998; McDonald et al, 1999; Taylor et al,

2000), we assessed emigration patterns of both cell types

during the inflammatory phase of cutaneous tissue repair.

Emigration of PMN to the wound site was substantially

suppressed in CD18�/� compared to WT mice, whereas Mf
emigration appeared to be normal. These results are consis-

tent with the findings of previous studies in LAD1 patients

(Anderson and Smith, 2001) and our mouse model for toxic

dermatitis and thioglycolate-induced peritonitis (Mizgerd

et al, 1997; Scharffetter-Kochanek et al, 1998; Walzog et al,

1999a; Grabbe et al, 2002). PMN extravasation depends on

LFA-1 (CD11a/CD18), as shown in CD11b- (Mac-1) deficient

mice (Lu et al, 1997). Here, the almost complete absence of

b2-integrin-dependent PMN emigration from the vessels to

the wound site resulted in a near disappearance of the

induction of TGF-b1 release normally caused by PMN under-

going apoptosis at the wound site. In fact, very low numbers
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Figure 7 Ablation of CD18 function leads to an impaired adhesion
and phagocytosis of apoptotic human PMN with a reduced TGF-b1

release by Mf. To assess uptake of apoptotic PMN and TGF-b1

release by Mf in the human setting, monocytes were obtained from
LAD1 patients and healthy human donors and differentiated in vitro
to Mf. PMN were isolated from the peripheral blood of healthy
donors and rendered apoptotic by culturing for 20 h. To disrupt
function of CD18 on PMN surface, PMN were preincubated with
blocking mAbs against CD18 (clones IB4 or TS1/18) before they
were added to Mf, whereas control PMN with functional CD18
were left untreated. PMN were cocultured with Mf (A) for 24 h to
detect release of active TGF-b1, or (B) for 45 min to measure
phagocytosis. (C) Adhesion of human PMN to Mf was also
assessed performing identical cocultures, but only for 15 min.
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of PMN were found in the wounds of CD18�/� mice. These

few PMN that entered the wound bed most likely did so via

disrupted blood vessels, and the resulting microscopic bleed-

ing into the tissue after wounding or via a b1-integrin-

dependent emigration pathway (Sixt et al, 2001). TGF-b1

injection did not result in enhanced PMN recruitment into

the wound beds of CD18�/� mice, in contrast to WT mice

where increased PMN recruitment is seen, thus indicating

that TGF-b1-induced PMN recruitment depends on CD18, and

does not activate alternate emigration pathways.

We further evaluated whether decreased PMN numbers at

the wound site may have resulted in reduced TGF-b1 release

by Mf, which is normally stimulated by phagocytic engulf-

ment of apoptotic PMN. Moreover, we tested whether

b2-integrin deficiency on PMN interfered with their release

of TGF-b1. So far, only the lack of b2 integrins on Mf had

been studied (Wahl et al, 1990; Fallman et al, 1993; Mevorach

et al, 1998; Ren et al, 2001). Since uptake of latex beads

was unaltered in CD18�/� Mf, the process of engulfment

mediated by membrane receptor-independent phagocytosis

appears to be normal. Nevertheless, phagocytosis of apopto-

tic PMN by Mf and the concomitant physiologic release of

TGF-b1 were significantly reduced in the absence of CD18 on

either Mf or PMN (or both). Since adhesion of target cells to

phagocytes prior to the engulfment contributes to the efficacy

of cell uptake (van Spriel et al, 2001), the observed impair-

ment in attachment between PMN and Mf may have

accounted for the disturbed phagocytosis in the absence of

CD18. In summary, CD18 is required for efficient cell–cell

contact formation and thus promotes engulfment of apoptotic

PMN by Mf. The absence of CD18 leads to inefficient

Mf–PMN attachment, lack of engulfment, and thus to a

failure to activate the downstream signalling pathway for

TGF-b1 release by Mf.

Furthermore, in a recent publication, we reported that

CD18�/� PMN are resistant to apoptosis-inducing signals

due to upregulation of antiapoptotic bcl-xL and downregula-

tion of proapoptotic bax-a, both of the bcl-2 family

(Weinmann et al, 2003). Impaired PMN recruitment into

the wound bed enhanced apoptotic resistance of PMN and

reduced release of TGF-b1 from Mf upon defective adhesion

between Mf and PMN, leading to impaired engulfment of

apoptotic PMN, collectively contribute to the observed defi-

ciency of TGF-b1 in wounds of CD18�/� mice. Similar data

with a reduced release of active TGF-b1, impaired adhesion

and phagocytosis were observed with CD18-deficient mono-

cyte-derived Mf from human LAD1 patients, indicating the

relevance of our CD18�/� mouse model for human LAD1.

TGF-b1 perpetuates and amplifies its response via an

autocrine mechanism with upregulation of TGF-bRII and

enhanced release of TGF-b1 from myofibroblasts and inflam-

matory bystander cells. Therefore, a deficiency in the release

of TGF-b1 by Mf during the initial phases of wound healing

will result in substantially amplified effects on subsequent

events during tissue repair, such as myofibroblast differentia-

tion. A human IL-8 orthologue (cCAF) has been demon-

strated to induce myofibroblast differentiation and to

participate in wound contraction in chicken (Feugate et al,

2002). Even though the murine homologues of human IL-8,

KC and MIP-2, were decreased in early phases of wound

healing in CD18�/� mice (Supplementary data S5B and D),

probably caused by a reduced release during apoptotic PMN

phagocytosis by Mf (Supplementary data S5A and C), we did

not find a major role of KC or MIP-2, neither for PMN

recruitment (data not shown) nor for wound contraction

(Supplementary data S5E) in the murine LAD1 model.

An alternative scenario where myofibroblasts may differ-

entiate from hematopoietic precursor cells which require

b2 integrins for being recruited to the wound site is less

convincing; in this case, injection of recombinant TGF-b1

would not have restored wound-contraction efficacy. Two

lines of evidence suggest that the normally occurring kick

start of TGF-b1 release from platelets during the clotting

phase of wound healing is not affected in CD18�/� mice.

First, platelet counts as well as subaquatic bleeding times do

not differ in CD18�/� versus WT mice (Supplementary data

S6). Second, TGF-b1 concentrations measured in the

serum post clotting did not show a significant difference

between both genotypes (data not shown). Emigration of

mast cells also depends on b2 integrins (Rosenkranz et al,

1998). As mast cells also contain and release TGF-b1 (Artuc

et al, 1999), a lack of mast cells in wounds may potentially

enhance the TGF-b1 deficiency in CD18�/� mice. However,

mast-cell emigration into the wound site occurs around

day 10, which is far later than the observed deficiency

herein in wound contraction, which is already noticeable

at around day 5.

Emigration from vessels to the interstitial tissue involves

the coordinated interaction of selectins with their glycosy-

lated sialyl Lewis x to slow down the velocity of PMN and Mf
in the process of rolling, thus preparing the adhesion between

b2 integrins and ICAMs for PMN, and VLA-4 and VCAM-1 for

Mf (Issekutz et al, 1995). Thus, it is not surprising that (a)

double P- and E-selectin-deficient mice (Subramaniam et al,

1997), (b) functional P- and E-selectin-deficient mice (mice

deficient in b-1,4-galactosyltransferase, which glycosylates

the P- and E-selectin ligands (Mori et al, 2004)) and (c)

genetically deficient LAD2 patients suffering from a glycosy-

lation deficiency due to the GDP–fucose transporter gene

(Luhn et al, 2001) show altered emigration of PMN and

Mf, and impaired wound healing. Also, ICAM-1�/� mice

lacking one of the multiple counter receptors of the b2

integrins reveal a subtle wound-healing defect (Nagaoka

et al, 2000). None of these studies have analysed wound

contraction. Similarly, myofibroblast differentiation and

wound contraction have not been studied in several mice

lines with genetic or functional deficiency for TGF-b1 (Crowe

et al, 2000; Koch et al, 2000). Our data provides evidence that

PMN play a central role in the induction of TGF-b1-dependent

myofibroblast differentiation and wound closure. At first

glance, our results are in contrast to the data by Simpson

and Ross (1972), who supported the view that PMN are not

necessary for an appropriate tissue repair. The obvious dis-

crepancy can be resolved when considering that Simpson and

Ross have studied an incisional model of injury in which

wound contraction and myofibroblast differentiation are not

absolutely mandatory for wound closure. As wound closure

in incisional wounds does rather depend on re-epithelialisa-

tion but not on myofibroblast-dependent wound contraction,

our results do not contradict Simpson’s and Ross’ findings.

Apparently, it is of utmost importance to precisely define the

parameter and wound model studied (primary versus sec-

ondary wound healing, re-epithelialisation versus wound

contraction) for studies on tissue and wound repair.
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Here, we demonstrated that the impairment in secondary

wound healing in CD18�/� mice results from sequentially

inter-related events starting with impaired PMN extravasa-

tion. Decreased numbers of PMN and the lack of adhesion of

CD18�/� Mf to CD18�/� PMN, as occurs in our LAD1 mouse

model, cause low TGF-b1 levels in the wounds. CD18 defi-

ciency has multiple effects on TGF-b1 availability: it reduces

the total number of available PMN in the wound bed, inhibits

PMN apoptosis and, in addition, by defective adhesion,

impairs the phagocytic process of apoptotic PMN by Mf,

thus, severely reducing the TGF-b1 release by Mf. The final

outcome is, in any scenario, a reduction in TGF-b1 leading to

reduced transition from fibroblasts to contractile myofibro-

blasts and thus impairing wound contraction. Given the fact

that the defence against microbial infection is impaired in

LAD1 patients, efficient wound closure is essential. Since

TGF-b1 appears to be the central element in CD18�/� wound-

healing deficiency, local injection of recombinant TGF-b1 may

be a modality to effectively treat the defective wound healing

in LAD1 patients.

Materials and methods

Mice
CD18�/� homozygotes (Scharffetter-Kochanek et al, 1998) and
CD18þ /þ WT controls were derived from heterozygote crosses on
a mixed 129Sv�C57BL/6 background and constantly maintained
under specific pathogen-free conditions. Wound-healing studies
were performed using mice in experimental cohorts only of
identical gender at an age of 8–12 weeks. All experiments were
carried out in compliance with the German Law for Welfare of
Laboratory Animals.

Wound-healing model
Prior to injury, mice were anaesthetised by intraperitoneal injection
of a ketamine (10 g/l)/xylazine (8 g/l) solution (10 ml/g body
weight). After shaving the dorsal hair and cleaning the exposed
skin with 70% ethanol, full-thickness (including the panniculus
carnosus) excisional wounds were punched at two sites in the
middle of the dorsum using 5-mm biopsy stamps (STIEFEL,
Offenbach, Germany). Each wound region was digitally photo-
graphed at indicated time points, and wound areas were calculated
using Photoshops software (version 7.0; Adobe Systems, San Jose,
CA). Wound sizes at any given time point after wounding were
expressed as percentage of initial (day 0) wound area. Wounds were
left uncovered and harvested with an 8-mm biopsy punch in mice
cohorts of n¼ 3 at indicated time points. For expression analyses,
two wounds from each animal were frozen in liquid nitrogen
immediately after excision.

Subcutaneous injection of TGF-b1 at wound sites of mice
To locally supply additional TGF-b1 in the wound vicinity, carrier-
free recombinant human TGF-b1 (R&D Systems, Wiesbaden,
Germany) was injected s.c. at four sites around the wound,
allowing to infiltrate the wound margins, at a total dose of 0.45mg
as described elsewhere (Ashcroft et al, 2003). Mock injections were
made using only the solvent NaCl 0.9%. First injections were made
on day 1 after wounding, followed by further injections every
second day until wounds were harvested for snap freezing or
paraffin-embedding at 5 or 7 days after wounding.

Immunohistochemistry
Wound granulation tissues were fixed in 4% neutral buffered
formalin and embedded in paraffin. Deparaffinised sections of 4 mm
were immersed in methanol containing 0.5% H2O2 for 10 min.
Sections were incubated with primary Ab either overnight at 41C
(anti-TGF-bRII, rbAb; Santa Cruz Biotechnology Inc., Heidelberg,
Germany) or for 60 min at room temperature (RT) (anti-TGF-b1;
rbAb, Santa Cruz), followed by 30-min incubation with a secondary
biotinylated goat anti-rabbit Ab (Dako, Hamburg, Germany).
a-SMA expression was probed with biotinylated anti-a-SM-1 (IgG2a

mAb, (Skalli et al, 1986) for 60 min at RT. PMN were detected using
biotinylated GR-1 (clone RB6-8C5; BD Pharmingen, Heidelberg,
Germany), Mf with biotinylated F4/80 (clone Cl:A3-1; Caltag,
Hamburg, Germany) for 60 min at RT. Biotinylated Ab were
detected by means of the streptavidin–biotin complex peroxidase
method (Dako) and peroxidase activity was visualised with
3-amino-9-ethylcarbazole (Sigma, Taufkirchen, Germany). Slides
were counterstained with haematoxylin and mounted in Eukit
(O Kindler, Ochsenfurt, Germany). Pictures were acquired using
a Zeiss Axiophot microscope (Carl Zeiss Inc., Oberkochen,
Germany), with a digital colour camera and corresponding software
(Axiocams, Zeiss). All images were processed for printing using
Adobe Photoshops software.

Western blot analysis
Dissected tissues were frozen immediately in liquid nitrogen,
crushed and dissolved in sample buffer, sonicated, boiled for
3 min and protein concentration was determined according to
Bradford, as described previously (Hinz et al, 2001b). Equal
amounts of total protein (5–20mg) were loaded onto 10% SDS
minigels (Bio-Rad Laboratories AG, Glattbrugg, Switzerland),
separated by PAGE, and transferred to nitrocellulose membrane
(Protrans; Schleicher & Schuell, Dassel, Germany). Membranes
were then probed with primary Ab against a-SMA (anti-a-SM-1),
ED-A FN (IST-9, IgG1 mAb; a kind gift from Dr L Zardi, Genoa, Italy)
and TGF-bRII (Santa Cruz). Secondary goat anti-mouse and anti-
rabbit Ab, conjugated with horseradish-peroxidase (Jackson
ImmunoResearch, Cambridgeshire, UK), were used and signals
were detected by ECL chemiluminescence (Amersham, Freiburg,
Germany). Bands were digitised with a scanner (Arcus II; Agfa,
Cologne, Germany) and the ratio between all band densities of one
blot was calculated by commercial computer software (ImageQuant
V3.3; Molecular Dynamics, Sunnyvale, CA). Relative protein
expression was normalised to the respective values for vimentin,
obtained from scanned coomassie blue-stained gels. Samples from
four animals per experimental condition were tested and protein/
vimentin mean ratio was calculated from three scanned Western
blots per animal sample.

Isolation and culture of murine BM-derived M/
BM-derived Mf were obtained from femurs of CD18�/� and WT
mice, as described previously (Sunderkötter et al, 1993). Briefly, BM
was flushed through with DMEM (Biochrom, Berlin, Germany).
After osmotic shock, 3�106 cells/10 ml medium were grown in
DMEM supplemented with 10% heat-inactivated FCS (PAA Labora-
tories, Pasching, Austria), 10% conditioned supernatant from L929
cells, 2% L-glutamine, penicillin/streptomycin 100 U/100 mg/ml
and 1% nonessential amino acids (Biochrom, Berlin, Germany)
in Teflon-coated bags (Heraeus, Hanau, Germany) in a 7% CO2

atmosphere at 371C. After 6 days, cells were removed from Teflon
bags, seeded into 24-well cell-culture plates (Nunc, Roskilde,
Denmark) at a concentration of 2�105/well and cultured for an
additional 1 day before being subjected to phagocytosis assays.

In vitro adhesion and phagocytosis in the murine model
A modified phagocytic assay for quantification of uptake of
apoptotic PMN by Mf, which has been extensively described and
validated (Homburg et al, 1995; Fadok et al, 1998, 2001), was used
in these studies. BM cells were flushed from femurs and
granulocytes were separated by density gradient centrifugation
using Histopaque 1077 and 1119 (Sigma). After washing of isolated
PMN, apoptotic PMN were generated by 22-h incubation in
Isecove’s basal medium (Gibco, Karlsruhe, Germany) at 371C, 5%
CO2 in a humidified atmosphere as done elsewhere (Taylor et al,
2000). These conditions were tested optimal to obtain PMN
apoptosis 450% and necrosis o5%, as confirmed by flow
cytometry using annexin-V FITC and propidium iodide, respectively
(BD Pharmingen). Apoptotic PMN were added to Mf that had been
previously plated out from Teflon bags onto 24-well plates or glass
chamber slides, at a target/effector ratio of 410/1. After interaction
times of either 15 min for adhesion or 45 min for phagocytosis,
dishes were washed in cold (41C) 0.9% saline to remove
noningested PMN. Additional biological controls were also per-
formed, and are given along with the extensive staining and
assessment procedures for flow-cytometric and microscopic ana-
lyses of adhesion and phagocytosis in detail as Supplementary data.
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Assessment of cytokine release during phagocytosis
and from tissue lysates
Cocultures of CD18�/� and WT PMN and Mf were carried out as
described above. Supernatants were harvested at 3, 16, 24 h, and
additionally at 48 and 72 h after starting of cocultures to observe
time-shifted accumulation of cytokines. All supernatants were
frozen at �801C. To quantify TGF-b1 in wound tissues, lysates
were prepared from wound tissue snap-frozen in liquid nitrogen.
Frozen samples were ground using a micro-dismembrator (Braun
Biotech International, Göttingen, Germany), and resuspended in
homogenisation RIPA buffer (Boehringer, Mannheim, Germany) at
100 mg/ml. The homogenate was centrifuged at 14 000 r.p.m. for
20 min at 41C. The supernatants were collected and stored at �801C
until ELISA analysis. ELISAs for murine TGF-b1 were then
performed according to the manufacturer’s protocols (all R&D
Systems). Activation of the latent TGF-b complexes is an important
step that regulates TGF-b1 functions in vivo. To assess the total TGF-
b1 contained in the samples, acidification was carried out by adding
1 N HCl to cell culture supernatants, or 2.5 N acetic acid/10 M urea
to tissue lysates. After incubation for 10 min at RT, samples were
neutralised by adding 1.2 N NaOH/0.5 M HEPES or 2.7 N NaOH/1 M
HEPES, respectively. In order to detect TGF-b1 already released from
latent binding complexes and thus active at the time of sample
collection, measurements were made without prior acidification.

Statistical analysis
Quantitative results are presented as mean values7standard deviation
(s.d.). Mean values were tested by means of a two-tailed hetero-
scedastic Student’s t-test, or, in case of a non-Gaussian distribution,
Mann–Whitney U-test was used. Differences were considered to be
statistically significant at values of Po0.05. In column charts, P-values
o0.05 are indicated by *, or #, and Po0.005 by **, or ##.

Supplementary data
Supplementary data are available at The EMBO Journal Online.
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