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ABSTRACT The present paper presents a hypothesis aimed at explaining why venous leg ulcers, pressure ulcers, and diabetic foot ulcers develop into a chronic state. We propose that the lack of proper wound healing is at least in part caused by inefﬁcient eradication of infecting, opportunistic pathogens, a situation reminiscent of chronic Pseudomonas aeruginosa infections found in patients suffering from cystic ﬁbrosis (CF). We have analyzed sections from chronic wounds by ﬂuorescence in situ hybridization and found distinct microcolonies—the basal structures of bacterial bioﬁlms. Several researchers have previously reported that another important hallmark of bioﬁlm formation is development of increased tolerance to various antimicrobial measures and treatments. Furthermore, the immune response to infecting bacteria in the cystic ﬁbrosis lung is dominated by polymorphonuclear neutrophils (PMNs), and we have recently shown that in vitro bioﬁlms of P. aeruginosa produce a shielding mechanism that offers protection from the phagocytic activity of PMNs.1,2 We hypothesize that the presence of P. aeruginosa in bioﬁlms, and the lack of concomitant elimination by attended PMNs, are the main causes of inefﬁcient eradication by antibiotic treatment and antimicrobial activity of the innate immune system, respectively.



The epidemic increase in obese humans worldwide is followed by a similar increase in diabetes and cardiovascular diseases. Such patients are particularly prone to the development of chronic wounds, which become colonized by a number of bacterial species. Gjdsbl et al.3 investigated the bacterial proﬁle of chronic venous leg ulcers and found Staphylococcus aureus (in 93.5% of the investigated ulcers), Enterococcus faecalis (71.7%), Pseudomonas aeruginosa (52.2%), coagulase-negative staphylococci (45.7%), Proteus species (41.3%), and anaerobic bacteria (39.1%). In Denmark and in the USA, it has been estimated that 1–2% of the populations, respectively, are experiencing a nonhealing wound.4 Consequently, this has become a burden to the health care systems and the patients experience suffering, lost employment, and reduced quality of life. Bacterial infections are generally considered to be treatable by administration of antibiotics; however, this is not always true. Contributing to the lack of successful antibiotic treatment is the ability of colonizing bacteria to establish themselves and proliferate in a bioﬁlm. Current estimates assume that 99.9% of the total microbial biomass on earth exists as a bioﬁlm.5,6 The clinical implications of bacterial bioﬁlms are particularly pronounced in chronic infections.7 It has been estimated by the National Institutes of Health (United States) that more than 80% of persistent bacterial infections are likely to involve bioﬁlms.8 Numerous studies of in vitro bioﬁlms have revealed a characteristic series of events that include attachment to an available surface, followed by growth and proliferation into a characteristic architecture of microcolonies embedded c 2007 by the Wound Healing Society Wound Rep Reg (2007) ]] 1–9 



in a self-made matrix of biopolymers (exopolymeric substances or EPS) that offers structural stability and protection.9–11 In this composite state, the bacteria resist the action of a variety of antimicrobial measures (for recent reviews, see Donlan and Costerton12 and Drenkard13). Although medically relevant bioﬁlms develop commonly on inert surfaces such as medical devices or on dead tissue such as sequestra of dead bone,14 they can also form on living tissues, as in the case of endocarditis. Tissue samples taken from patients with dental caries, periodontitis, otitis media, biliary tract infections, and bacterial prostatitis (i.e., nondevice-related chronic infections) also show the presence of bacterial microcolonies surrounded by an exopolymeric matrix.15 Among hospitalized patients, 8–10% are susceptible to infection by opportunistic pathogenic bacteria such as P. aeruginosa and S. aureus, which are notorious for forming chronic, bioﬁlm-based infections in their hosts. At present, there exists some controversy as to the impact of opportunistic pathogens on wound healing. Although the deep dermal tissues of all chronic wounds harbor multiple species, Gjdsbl et al.3 found that more than half of the chronic wounds investigated in their study were colonized with P. aeruginosa. Furthermore, the P. aeruginosa-infected wounds appeared signiﬁcantly larger in terms of area than wounds that did not contain P. aeruginosa.3,16,17 The presence of P. aeruginosa also seems to delay or even prevent the healing process.18 Even now, the bioﬁlm mode of bacterial growth has not yet been satisfactorily identiﬁed in chronic wounds; however, the clinical signs are similar to other bioﬁlm-based infections. With regard to antibiotic 1
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therapy, there is a lack of evidence concerning optimal regimes or clinical hallmarks for efﬁcient treatment and additionally, bioﬁlm infections are characterized by resistance to the host defenses.2,19,20 If this is also true for infected chronic wounds, it explains why the only proﬁcient treatment has proven to be surgical removal, which, in severe cases involves amputation of the extremities.21



CHARACTERISTICS OF CHRONIC WOUNDS Healing of an acute or surgical wound follows a process that has been divided into four stages: coagulation, inﬂammation, cell proliferation and repair of the matrix, and epithelialization and remodeling. Chronic wounds all have unique origins. Similarities in pathogenesis have made it feasible to divide these into various groups such as venous leg ulcers, diabetic foot ulcers, and pressure ulcers. Each group has their principles for treatment based on current knowledge of pathogenesis. Venous leg ulcers are precipitated by malfunction of venous valves causing venous hypertension in the crural veins, increased pressure in capillaries, and edema. Venous pressure exceeding 45 mmHg inevitably leads to development of a leg ulcer. The treatment of the venous leg ulcer is compression, which often heals the ulcer. The diabetic foot ulcer is caused by repetitive load on the neurophatic and often ischemic foot and treatment is ofﬂoading and restoration of circulation. Pressure ulcers are caused by sustained or repetitive load on often vulnerable areas such as the sciatic tuberculum, sacral region, heels, and shoulders in the immobilized patient. Treatment is pressure relief with ofﬂoading mattresses, cushion seats, and ambulation of the patient. Despite relevant and correct treatment, some of these wounds will not heal or heal very slowly. The causes of delayed healing in some patients also include dysfunction in the diabetic ﬁbroblasts,22 immunological defects due to inborn defects or cancer, malnutrition, obesity, drug abuse, alcoholism, and smoking. All these factors acts as brakes on the healing process and deteriorate the wound. Even though different wound types do not share origin or cause, they do share characteristics with respect to increased levels of cytokines, matrix metalloproteases (MMPs), and cellular activity when they have progressed to the chronic state. We acknowledge that chronic wounds might show individual combinations of causes, each contributing to its nonhealing status that makes it unlikely to ﬁnd a common cure for all patients. Chronic wounds seem to be stuck in the inﬂammatory stage characterized by a continuing inﬂux of neutrophils (polymorphonuclear neutrophils [PMNs])23 that release cytotoxic enzymes, free oxygen radicals, and inﬂammatory mediators that cause extensive collateral damage to the host tissue.24 We put forward that within a chronic wound, healing and destructive processes are out of balance and consequently, by manipulating and counterbalancing these processes, the chronic wound might start to heal.



THE HOST RESPONSE Both cellular and humoral responses take part in the inﬂammatory process of chronic wounds. Similar to any other infection, PMNs are detected in high amounts in 2
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chronic wounds as described by Lobmann et al.25 The humoral response involves MMPs, growth factors, and cytokines. In the present context, excess amounts of MMPs are interesting. MMPs belong to a family of zincdependent endoproteinases that are involved in the degradation of extracellular matrix (ECM) components. They are produced by several different cells, for example ﬁbroblasts, macrophages, eosinophils, but in particular the PMNs. MMP production is stimulated by cytokines, growth factors, and cell–cell contact. The MMPs participate in the ﬁrst phase of the wound-healing process, by removing devitalized tissue, and are therefore believed to play an important role in normal wound healing and remodeling.26 As for the repair phase, MMPs are necessary for angiogenesis, wound matrix contraction, migration of ﬁbroblasts and keratinocytes, and epithelialization. However, several papers suggest that elevated levels of active MMPs impair wound healing.25,27,28 Consequently, wound care products have been developed that aim at relieving the supposedly negative effects of elevated MMPs in order to promote healing.29 In particular, infections with P. aeruginosa show altered levels of MMPs and MMP-regulating cytokines.27,30 Additionally, there are scarcely any reports on antibody development against P. aeruginosa, with particular reference to chronic wounds.31,32



THE BACTERIAL HOST-INFECTION VS. COLONIZATION The term ‘‘a colonized wound’’ implies that a limited number of bacteria are present without affecting the healing process. Many studies of the bacteriology of chronic wounds are likely to be biased because sampling is based on biopsies or swabs. However, our initial investigations indicate that the bacteria are assembled in microcolonybased structures found in bacterial bioﬁlms and are far from evenly distributed within the wound (Figure 1). The implications are that cultures from a biopsy or swab are not likely to be representative for the total bacteriological load in the wound. The sample might be lacking the correct information of the colonizing organisms. The classic signs of an infected wound are: tumor, rubor, dolor, calor, and functio laesa. Other criteria have been proposed, such as low transcutaneous oxygen tension (TcPO2), presence of necrotic tissue, foul odor, pain, wound breakdown, or simply lack of healing.33,34 This suggests that bacteria might slow down the wound-healing process without sign of invasive growth. An objective, clinically useful endpoint for infection has been proposed: if 
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