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Abstract

The skin microbiota is intimately coupled with cutaneous health and disease. Interactions between 

commensal microbiota and the multiple cell types involved in cutaneous wound healing regulate 

the immune response and promote barrier restoration. This dialog between host cells and the 

microbiome is dysregulated in chronic wounds. In this review, we first describe how advances in 

sequencing approaches and analysis have been used to study the chronic wound microbiota, and 

how these findings underscored the complexity of microbial communities and their association 

with clinical outcomes in patients with chronic wound disorders. We also discuss the mechanistic 

insights gathered from multiple animal models of polymicrobial wound infections. In addition to 

the well-described role of bacteria residing in polymicrobial biofilms, we also discuss the role of 

the intracellular bacterial niche in wound healing. We describe how, in contrast to pathogenic 

species capable of subverting skin immunity, commensals are essential for the regulation of the 

cutaneous immune system and provide protection from intracellular pathogens through modulation 

of the antimicrobial molecule, Perforin-2. Despite recent advances, more research is needed to 

shed light on host-microbiome crosstalk in both healing and nonhealing chronic wounds to 

appropriately guide therapeutic developments.
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1 Introduction

Chronic wounds, the most common of which are diabetic foot ulcers, pressure ulcers, venous 

leg ulcers, and nonhealing surgical wounds, are a major healthcare problem. Chronic 

wounds usually occur in older individuals with underlying conditions such as diabetes 

mellitus, vascular disease, and obesity [1]. Compromised immune and nutritional status, and 

chronic mechanical stress have also been shown to contribute to poor wound healing [2, 3]. 

Chronic wounds are associated with alarmingly high mortality: the 5-year mortality rates of 

ischemic (55%), neuropathic (45%), and neuroischemic (18%) diabetic foot ulcers [4] are 

higher than or similar to those associated with breast cancer and prostate cancer (18% and 

8%, respectively) [5]. Chronic wounds are also associated with high healthcare costs: in the 

USA, total spending estimates for chronic nonhealing wounds ranged from US$28.1 to US

$96.8 billion in 2014 according to a retrospective analysis of the Medicare 5% Limited Data 

Set [6]. Despite the alarming prevalence and high costs of care, efficient treatments are still 

lacking [2].

Cutaneous wound healing is a complex and very organized process, tightly controlled by 

several cell types through the secretion of growth factors, cytokines, and chemokines as 

illustrated in Fig. 1 [2]. Disruption of this process prevents the skin barrier from being 

properly restored; thus, the wound does not heal and becomes chronic. Higher rates of 

keratinocyte proliferation, an absence of migration, and fibrosis have all been observed in 

chronic wounds, regardless of their type. In contrast to the normal process of wound healing, 

angiogenesis, stem cell recruitment and activation, and extracellular matrix remodeling have 

all been shown to be impaired in chronic wounds, whereas inflammation has been found to 

be persistent and unresolved [2, 7–11]. Although the pathology of wound healing is now 

well characterized, the cellular and molecular mechanisms of impaired wound healing are 

still being studied. In particular, the role of microorganisms in chronic wound pathology is 

not fully understood and the importance of topical antimicrobial agents in their treatment is 

continuously debated.

Wounds provide an opportunity for microorganisms from the skin surface that constitute the 

skin microbiota, coupled with those from the environment, to gain entry to the underlying 

tissues and find optimal conditions for colonization and growth [12, 13]. Interaction of 

commensal microorganisms with the skin cells during the normal cutaneous wound healing 

process is thought to be beneficial in modulating the innate immune response [12, 14, 15]. 

Conversely, pathogenic microorganisms are suspected to play a substantial role in delayed 

wound healing [2, 16]. Thus, analyzing skin microbiota composition in both the normal 

acute and impaired wound healing processes is indispensable for the identification of novel 

therapeutic strategies for patients with chronic wounds [2, 17].

In this review, we first discuss the undoubted benefits of the advances that have enabled 

analysis of the skin microbiota and highlight the challenges of applying such research to the 

field of wound healing. After describing the results obtained so far and presenting a 

forthcoming clinical application in patients with chronic wounds, we then provide updated 

information on the mechanisms by which the bacteria identified in these studies may 

contribute to delayed wound healing.
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1.1 Skin Microbiota Analysis in Chronic Wounds: Advances and Challenges

Culture-based techniques have been used since the late 1800s as the method of choice to 

identify bacteria constituting the skin microbiota. Although these techniques were useful, 

they only allowed identification of microorganisms that grew under usual laboratory 

conditions, which were not necessarily the most prominent microorganisms [17]. Moreover, 

the culture of anaerobic bacteria is fastidious and usually challenging [17, 18]. Biases 

associated with culture-based approaches appear to have been overcome with the recent 

development of next-generation sequencing targeting the species-specific small subunit 

ribosomal RNA (16S rRNA) gene, a method that is now widely accessible [17, 18]. This 

culture-independent molecular technique allows characterization of the wound microbiota 

according to all three of the dimensions considered as essential for understanding its role in 

wound healing: microbial load, microbial diversity, and the presence of pathogens [17]. The 

16S rRNA sequencing method has shown high sensitivity in wound microbiota analyses, 

revealing greater bacterial diversity and load than traditional culture-based methods [17–19]. 

In a study of the microbiome of diabetic foot ulcers, culture-based techniques 

underestimated bacterial load by 2.34 logs on average and by > 6 logs in some cases, and 

also failed to identify an average of at least 26 bacterial species per diabetic foot ulcer when 

compared with 16S rRNA sequencing [18]. Likewise, in another study of chronic wounds of 

various etiologies, 17 different bacterial taxa were identified with aerobic cultures, whereas 

338 different bacterial taxa were identified in the same samples with 16S rRNA sequencing 

[19]. Of note, nine of the 20 most prominent bacteria identified with 16S rRNA sequencing 

in this study were anaerobes and would therefore not have been identified if aerobic cultures 

had been the only identification method used [19].

Although 16S rRNA sequencing addresses many of the limitations of culture-based 

approaches, it has its own limitations. Indeed, many bacteria can be identified using 

molecular-based techniques, but the active contribution of these bacteria to wound outcomes 

is unknown [17, 18, 20]. Furthermore, although sequencing may allow differences between 

“healing-capable” and “healing-impaired” individuals to be identified, the issue of 

correlation vs causation still remains. Gathering longitudinal data across multiple timepoints 

or assessing skin microbiota composition before disease manifestation or at the initial onset 

of a wound may help to find causative links [21]. Moreover, complementary approaches, 

including metagenomic analyses, should be incorporated into studies of wound healing 

because 16S rRNA sequencing cannot identify nonbacterial microorganisms (e.g., fungi and 

viruses), which also constitute the skin microbiota and may influence wound healing 

outcomes [17, 18, 22]. The metagenomic approach (shotgun DNA sequencing) not only 

allows profiling of all microbial genomes in a sample, it also allows functional and 

metabolic pathway analyses based on the sequences of DNA fragments throughout the 

genomes. Unlike 16S rRNA sequencing, the metagenomic approach provides identification 

of microbiome compositions at the strain-level resolution [21].

Beyond the methods used to investigate skin microbiota composition, further factors should 

be considered to achieve high-quality, standardized skin microbiome research and enable 

reproducibility and comparisons between studies. Two recent studies [21, 23] identified 

potential pitfalls related to skin microbiome research, and established guidelines for 
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conducting and reporting such investigations that encouraged consideration of the study 

design, skin sample collection/storage, sample processing, sequencing approaches, required 

controls, analysis pipelines, and data deposition.

2 Microbiota Composition of Chronic Wounds

2.1 Individuals at Risk of Chronic Wound Development

Diabetic foot ulcers, a common complication of diabetes, are a widespread type of chronic 

wound [2, 24]. To investigate whether changes in composition were present in the skin 

microbiome of individuals at risk of developing these lesions, Redel et al. [25] conducted a 

case-control observational study using high-throughput 16S rRNA sequencing technology to 

analyze the skin microbiota from the arms and feet of diabetic men without any previous 

history of diabetic foot ulcers and from those of matched nondiabetic men as controls. 

Although microbiota composition and total bacterial counts were similar in the arm samples 

of both groups, higher bacterial diversity was observed in the plantar foot samples of 

diabetic men compared to nondiabetic men. The relative abundance of Firmicutes was lower 

in diabetic men after adjustment for the false discovery rate, whereas the abundance of 

Actinobacteria was found to be higher. Moreover, the plantar foot samples of diabetic men 

displayed a lower relative abundance of Staphylococcus species overall than those of 

nondiabetic men. However, a higher quantity of more virulent forms of Staphylococcus 
aureus characterized the foot microbiota in diabetic patients [25]. These skin microbiota 

differences between diabetic and nondiabetic individuals may be linked to the risk of future 

diabetic foot ulcer development [25]. Similar studies are needed to investigate potential 

changes in the cutaneous microbiome in at risk populations, e.g., patients with venous 

insufficiency at risk of venous leg ulcer development and patients with spinal cord injury at 

risk of pressure ulcer development.

2.2 Individuals with Chronic Wounds

Initial studies examining microbiota in chronic wounds using 16S rRNA sequencing did not 

investigate correlations between microbiota composition and wound outcomes. Based on a 

review of five microbiome studies, Misic et al. [17] found most bacteria colonizing chronic 

wound tissue belonged to 21 families, among which Staphylococcaceae and 

Pseudomonadaceae were predominant regardless of the etiology of the wound and the type 

of sampling [18, 26–29]. Moreover, a large-scale retrospective study [20] of the microbiota 

from 2963 samples from chronic wounds of various etiologies showed that Staphylococcus 
and Pseudomonas were the most common genera, identified in 63% and 25% of the wounds, 

respectively. Staphylococcus aureus and S. epidermidis were the predominant species, and 

methicillin-resistant Staphylococcus species were identified in about 25% of the chronic 

wounds [20]. Of note, commensal bacteria including Corynebacterium and 

Propionibacterium species, as well as anaerobic bacteria, were highly prevalent in the 

analyzed chronic wound samples [20]; however, the microbiota of chronic wounds is distinct 

from the surrounding healthy skin microbiota. No significant differences in microbiota 

composition were observed across wound types [20]. Additional smaller scale studies also 

identified S. aureus as the most common species in chronic wounds of various etiologies 

[19] and in neuropathic diabetic foot ulcers [18, 24]. In the study by Gardner et al. [18], 
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associations between microbiota composition and clinical factors were identified: high 

microbial diversity, as well as increases in the relative abundance of anaerobic bacteria and 

Gram-negative Proteobacteria, were observed in deep ulcers and in those of long duration, 

whereas a great abundance of Staphylococcus, mainly S. aureus, was found in superficial 

ulcers and in those of short duration. The same group evaluated the temporal dynamics of 

the microbiota colonizing diabetic foot ulcers and found that rapid and dynamic changes in 

the microbiota were associated with faster healing and better outcomes [24]. Using shotgun 

metagenomics, Kalan et al. [16] identified strain-specific differences in the microbiome of 

diabetic foot ulcers that correlated with clinical outcomes of healing. Two clinical S. aureus 
isolates were found to be associated with nonhealing wounds, SA10757 and SA7372, and 

healing inhibition was confirmed in mouse models. In contrast, wounds infected with 

Alcaligenes faecalis, a common environmental bacterium, healed at rates similar to controls 

[16]. Further investigation revealed that A. faecalis was associated with high levels of 

interleukin-8 and other cytokines that enhance wound healing [16]. These studies indicate 

that functional level differences between microbiota species, or even between specific 

microbiota strains, may play an important role in determining the clinical outcomes of 

chronic wounds.

3 Structural Organization of the Skin Microbiota in Chronic Wounds: The 

Biofilm

3.1 Biofilm Description and Characteristics in Wounds

Microorganisms constituting the chronic wound microbiota have been shown to be mainly 

organized in biofilms, i.e., a complex microbial community containing bacteria and fungi 

surrounded by a polymeric matrix composed of polysaccharides, lipids, proteins, and nucleic 

acids [30, 31]. Using light and scanning electron microscopy techniques, James et al. [32] 

identified biofilms in 60% of chronic wounds but in only 6% of acute wounds. In a 

systematic review and meta-analysis gathering data from eight prospective cohort studies 

including 185 chronic wounds and one case report series [33], the prevalence of biofilms in 

nonhealing human chronic wounds assessed by microcopy—associated in some cases with 

molecular methods—was 78.2%, varying between 60 and 100%. Therefore, biofilms are 

suspected to contribute to chronic wound pathology and impaired wound healing.

3.2 Can Biofilms in Chronic Wounds be Used for Diagnostic Purposes?

Because of the predominance of biofilms in chronic wounds and the role of bacteria able to 

form biofilms in impaired wound healing (see Sect. 4.1), a device or a method that could 

quickly detect the presence of biofilms in a wound would be useful for developing effective 

treatment options and for monitoring treatment progress [31]. Schultz and Sampson [34] 

described one method for detecting biofilms based on staining with ruthenium red or Alcian 

blue to reveal the mucopolysaccharides of the biofilm matrix [34]. In a prospective 

observational study testing the clinical applicability of this noninvasive method, Nakagami et 

al. [35] found that it could be used to predict changes in wound slough (biofilm) 

development in patients with pressure ulcers who had undergone sharp wound debridement 

and wound washing before biofilm detection. In a more recent retrospective observational 
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study [36], the same group demonstrated that this biofilm detection method could be used to 

monitor the effect of biofilm elimination by sharp debridement: 1 week after blotting, the 

percentage decrease in wound area was significantly higher in the biofilm-eliminated group 

than in the biofilm-remaining group, and the presence of remaining biofilms was an 

independent predictive factor for lower percentage decreases in the wound area [36]. These 

results showed that biofilm removal using sharp debridement improved pressure ulcer 

healing. This quick and noninvasive method could therefore be useful for helping clinicians 

eliminate entire biofilms by detecting and mapping their distribution on the wound. A larger 

clinical trial is needed to validate this method for clinical use.

4 Mechanisms by Which the Skin Microbiota Contribute to Delayed Wound 

Healing: Findings from Experimental Models

4.1 Extracellular Bacteria Found in Biofilms

Biofilms can develop from a single bacterial or fungal species, can be polymicrobial (i.e., 

consist of several species), or can even span kingdoms by being composed of interacting 

bacteria and fungi [31]. Several studies have reported that most chronic nonhealing wounds 

are polymicrobial in nature, including a large-scale retrospective analysis conducted by 

Wolcott et al. [20] in which 93% (n = 2963) of samples from wounds of various etiologies 

were polymicrobial. Thus, investigating crosstalk among species is essential for 

understanding the regulation of wound healing. With this aim, our group used a well-

established porcine wound model to study the interactions between two of the most 

prevalent bacterial species identified in both acute and chronic wounds of various etiologies: 

S. aureus and Pseudomonas aeruginosa [13]. Using methicillin-resistant S. aureus (MRSA) 

USA300–0114 and a P. aeruginosa clinical wound isolate, we showed that both species co-

existed in porcine cutaneous wounds in vivo [13]. We also found that MRSA did not affect 

the growth of P. aeruginosa, but that P. aeruginosa reduced MRSA growth in the mixed-

species biofilms both in vivo and in vitro, with a lower effect observed in vivo than in vitro 

[13]. Moreover, the presence of P. aeruginosa in the co-infected wounds led to higher 

expression of two MRSA virulence factors: Panton-Valentine leukocidin (pvl) at 2 and 4 

days post-wounding, and α-hemolysin (Hla) at 4 days post-wounding [13]. Finally, we 

showed that in comparison with uninfected wounds and wounds infected with single-species 

biofilms, wounds co-infected with P. aeruginosa and MRSA showed delayed 

epithelialization through down-regulation of keratinocyte growth factor 1 expression [13]. 

Mainly produced by fibroblasts during the acute wound healing process, keratinocyte growth 

factor 1 is known to play an important role in re-epithelialization by stimulating keratinocyte 

proliferation and migration in a paracrine manner [13]. In conclusion, we observed that 

interactions within mixed-species biofilms resulted in a decreased load but increased 

virulence of MRSA, and significantly delayed wound healing in comparison with uninfected 

wounds and wounds infected with single-species biofilms [13]. Similar findings from 

murine [37, 38] and rabbit [39] wound infection models underscore the contribution of 

polymicrobial wound environments to impaired host responses and inhibition of healing. 

Future studies utilizing metatranscriptomics (RNA transcript sequencing) with the ability to 

identify the full range of actively transcribed genes from both the host and the microbiome 

will enable in-depth analyses of host–microbe interactions in the wound environment.
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4.2 Intracellular Bacterial Niche

Although biofilms play an important role in the recurrent infections observed in patients 

with chronic wounds, other factors are involved in chronic wound infections. We 

hypothesized that, in addition to extracellular bacteria, the intracellular microbial niche 

contributes to the impairment of wound healing. Keratinocytes constitute the first cellular 

barrier to infection at the skin level. Like innate immune cells, they were recently shown to 

constitutively express Perforin-2 (P-2) in both mice and humans [40]. Perforin-2 is an 

ancient innate immune protein that is highly conserved from sponges to humans [40, 41]. 

Perforin-2 is located within the membranes of endosomal vesicles, which traffic to and fuse 

with bacteria-containing phagosomes thus enabling elimination of intracellular bacteria [40, 

42, 43]. Perforin-2 has been shown to be critical for the clearance of a variety of Gram-

positive and Gram-negative pathogens, highlighting its pivotal role in the host’s innate 

antimicrobial response [17].

To determine the bactericidal role of P-2 against MRSA in vivo, our group studied the effect 

of infecting P-2 deficient mice, heterozygous mice, and wild-type mice with a traditionally 

sub-lethal load of MRSA after tape stripping [17]. Twelve days after MRSA epicutaneous 

infection, MRSA could only be recovered from the internal organs of a few heterozygous 

mice, whereas wild-type mice only had recoverable colony-forming units in the skin. 

However, bacterial colony-forming units were recovered from the blood, spleen, and kidney 

of all P-2-deficient mice. These animals failed to eliminate the MRSA and eventually 

succumbed to infection. We have also investigated P-2 expression and cellular distribution in 

human skin [44]. Using an amplified fluorescence in situ hybridization coupled with cell 

sorting (FISH-Flow) technique, we found that P-2 transcripts were detected in gamma delta 

T cells, endothelial cells, keratinocytes, and fibroblasts, confirming P-2 expression by both 

professional and nonprofessional immune cells (Fig. 2). In addition, we showed that a 

keratinocyte cell line overexpressing a P-2-GFP fusion protein cleared intracellular S. aureus 
infection more efficiently than control cells, supporting our findings of the importance of 

P-2 in bacterial clearance in the skin [44]. We also used an ex vivo human wound model to 

evaluate P-2 expression during wound healing and to determine how levels change in 

response to the most common skin and wound pathogen, S. aureus. We found that although 

P-2 expression was induced during wound healing, S. aureus infection inhibited P-2 

expression in both hematopoietic and nonhematopoietic cells resulting in inhibition of 

wound closure (Fig. 2) [44].

Conversely, skin commensals, including S. epidermidis, have been found to promote healing 

and to induce expression of different antimicrobials [14]. Given the prevalence of S. aureus 
in chronic wounds, it seems likely that S. aureus suppression of P-2 promotes bacterial 

persistence at the wound site resulting in wound chronicity. Conversely, the presence of 

commensal bacteria may modify the skin and wound environment to prevent or resolve 

bacterial wound infections. Further studies on the mechanisms of P-2 action have the 

potential to provide major advances in our understanding of innate immunity in the skin, and 

the insights gained could be applied to diseases that compromise the skin barrier without 

causing chronic wounds, such as atopic dermatitis.
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5 Conclusions and Perspectives

Recent advances have enabled better characterization of bacteria in chronic wounds. More 

importantly, the latest studies did not only describe “what is there?”, but also established 

correlations with wound healing outcomes and provided insights on “what is it doing?”. This 

is the area of active investigation that continuously reveals new potential pathways for 

therapeutic intervention for patients with chronic wounds. Microorganisms constituting “the 

chronic wound microbiota” are mainly organized in the form of a polymicrobial biofilm. 

Interactions between different species within the polymicrobial environment have been 

shown to be dynamic and to modify bacterial behavior, resulting in increased virulence and 

delayed wound healing. It is necessary to further investigate such microbiomehost 

interactions to identify new potential treatments. Indeed, our own research showed that 

antibiotic-resistant bacteria can subvert P-2 to prevent them from being killed. 

Understanding how one of the most frequent wound colonizers, S. aureus, evades the 

antimicrobial activity of P-2, as well as how commensal bacteria may prevent or reverse the 

inhibitory effect of pathogens, will provide fundamental new insights into the intricate 

mechanisms by which commensal and pathogenic bacteria mediate crosstalk with the 

cutaneous immune system during wound healing. Understanding the mechanisms of P-2 

activation will enable the development of therapies to clear antibiotic-resistant chronic 

wound pathogens. It would also be interesting to assess whether molecular analyses of 

chronic wound microbiota could be used to determine treatment efficacy and enhance the 

development of new therapies. Because of the complexity and dynamics of the cutaneous 

wound healing process, the development of combination treatments—targeting both the host 

and the microbiome—could be necessary to augment healing and prevent and treat 

infections in wounds, skin, and soft tissues.
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Key Points

• A complex microbiome is a hallmark of chronic nonhealing wounds.

• Pathogenic bacteria are able to escape skin immunity and even reside inside 

host cells.

• Commensal bacteria can modulate the cutaneous immune response to prevent 

wound infections.
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Fig. 1. 
Cutaneous wound healing progression: overlapping phases of acute healing. Epidermal 

keratinocytes, neutrophils, and macrophages are major cell types involved in the 

inflammatory response that occurs concurrently with hemostasis in the early stages of 

wound healing. Colonization of wounds with commensal microbiota may promote wound 

healing through activation of the innate immune response. In the proliferation phase, 

keratinocytes multiply and migrate, fibroblasts migrate and deposit extracellular matrix, and 

angiogenesis occurs. Extracellular matrix remodeling results in scar formation and the 

ultimate restoration of the skin barrier. The most common growth factors and cytokines are 

shown. EGF epidermal growth factor, IL interleukin, TGFβ transforming growth factor-beta, 

TNFα tumor necrosis factor-alpha, VEGF vascular endothelial growth factor
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Fig. 2. 
Cutaneous immunity is differentially regulated by commensal and pathogenic 

microorganisms through modulation of Perforin-2. a Colonization of the wound with 

commensal bacteria may promote wound healing by inducing antimicrobial proteins such as 

Perforin-2, thus stimulating a protective immune response against pathogenic bacteria. b 
Wound infection with pathogenic bacteria results in Perforin-2 suppression in both 

hematopoietic and nonhematopoietic cells and inhibition of healing
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