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Excessive M1 macrophage polarization
Excessive tissue destruction
Reduced blood flow to the wound
Restriction of leukocyte chemotaxis

Kraakman et al., 2014;
Hsu et al., 2014;
Rogers et al., 2011;
Gillitzer and Goebeler, 2001

Proliferation

Decreased keratinocyte proliferation and migration
Decreased fibroblast ECM production
Diminished angiogenesis
Impaired endothelial progenitor cell mobilization

Lan et al., 2008;
Law et al., 2012;
Galiano et al., 2004;
Liu and Velazquez, 2008

Maturation

Defective remodeling of ECM by fibroblasts
Increased levels of host and bacterial MMPs promote ECM degradation

Maione et al., 2016;
McCarty et al., 2012
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FIGURE 3 | Schematic overview of the evolution of a skin lesion toward a regular remission and closure (left scheme – normal wound healing) and toward chronicity
(right scheme – diabetic foot ulceration) in a diabetic patient. The influence of underlying conditions and microbial bioburden is briefly schematized to help visualize
their role in wound evolution toward ulceration, as well as their non-impairing presence when regular closure of the wound occurs.
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Fig. 3. The cellular and molecular differences between acute healing wounds and chronic non-healing wounds. The healing of acute wounds (left)
initiates with a transient inflammatory response as granulation tissue is formed, which provides an environment suitable for the re-epithelialisation required to
complete repair. Chronic non-healing wounds (right) are often infected and exhibit persistent inflammation. By definition, re-epithelialisation has stalled but is
hyper-proliferative. Granulation tissue is sub-optimal with elevated matrix metalloproteinases (MMPs) present together with poor fibroblast and blood vessel
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ulture-based methods

Optimal management of DFIs requires identiﬁcation of bacteria and
ntibiotic-susceptibility testing in order to adjust the antibiotic treatment. Traditional culture-dependent methods are usually performed in

and selection of culture media.
Molecular-based methods
Molecular microbiological technologies have brought to

one (5%) was DNA positive for a mono-microbial infection (P02 e
Staphylococcus aureus) and ﬁve (25%) contained up to two major
organisms (P01 e Serratia sp. Enterobacteriaceae, P08 e Streptococcus sp., Pseudomonas sp., P11 e Corynebacterium sp., Staphylococcus aureus, P13 e Finegoldia sp., Enterobacteriaceae, P20 Streptococcus
sp., Pseudomonas sp.). The remaining 14 samples
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Figure 2. Strain-Level Resolution of DFU Microbiota

(A) Mean relative abundance of genera detected in >0.5% of samples from wounds with different healing rates.
(B) Most abundant bacterial species detected in >0.5% mean relative abundance from all samples of top genera.
(C) Most abundant bacterial strains detected in >0.5% mean relative abundance in all samples of top genera. Circle colo
circle size represents mean relative abundance.

fluid from ulcers every 2 weeks over a period of 26 weeks (n = 46 subjects).
etion prior to whole shotgun metagenome sequencing (n = 195 samples).

Int. J. Mol. Sci. 2018, 19, 2699

Table 1. Skin commensals have varying effects on host cutaneous tissue and are associated with a variety of cell signaling pathways.
Bacteria

Positive Effects

Negative Effects

Associated Signaling Pathw

Staphylococcus epidermidis

Stimulates keratinocyte production of host AMPs
(hBD3, RNase7) [22,74,75,88]
Induces CD8+ T and IL-17A+ T cells [79]
Enhances innate barrier immunity and limits pathogen
invasion in absence of inflammation [6,74,80,89]

Occasionally pathogenic
Implicated in production of biofilms [79,90–93]

NF-B [74,76,89]
TRAF1 [7]
TLR2/CD36/CD14-p38, MAPK
EGFR
TRAP [70]

Staphylococcus aureus

At a local level, super antigen production results in less
skin inflammation and purulence due to decreased
production of exotoxins and neutrophilic chemotactic
factors [81]
Amplifies innate immune response of skin via production
of AMPs (hBD-3, hBD2, LL-37, RNAse7) [78,79]

Usually pathogenic
Implicated in production of biofilms and delayed wound
healing in chronic wounds [91,92] Super antigen
production elicits robust activation of immune system [81]

TRAP [70,94]
phosphatidylinositol 3-kinase/
NF/kB
ERK
TLR-2 [9]

Group A streptococcus (GAS)

Stimulates production of AMPs, promote epithelial
differentiation [95]
Activates plasminogen which promotes Keratinocyte
chemotaxis and potential re-epithelization of wounds [95]

Usually pathogenic
Express proteases which prevent neutrophil
recruitment [79,96,97]
Produces hyaluronidase which allows bacteria migration
through host Extracellular matrix [7]
Common cause of superficial and deep skin infections i.e.,
impetigo, erysipelas, cellulitis [6]

NF-B/p65 [80]

Pseudomonas aeruginosa

Accelerates epithelialization and neovascularization in
acute wounds
Suppresses staphylococcal pathogens in polymicrobial
wounds [84]

Usually pathogenic
Implicated in production of biofilms and delayed wound
healing in chronic wounds [90–93]

Nod2 [87]
TAK1/MKK/p38 [85]

Corynebacterium jeikeium

Manganese acquisition and production of superoxide
dismutase result in host epidermal protection from free
radical oxygen species (ROS) [5]

Occasionally pathogenic
Common cause of nosocomial skin infections [95]

N/A

Propionibacteria

Production of bacteriocins protect sebaceous ducts from
other pathogenic inhabitants [77]
induces expression of TLR2 and TLR4 in keratinocytes71

Occasionally pathogenic
Overabundance associated with development of Acne [5]

N/A

Johnson, Int J Mol Sci 2018
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Figure 1. Distinct Dysbiosis in Human Diabetic Foot Ulcers is Associated with Poor Wound
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Metagenomic shotgun sequencing of serial cutaneous swabs from human diabetic foot ulcer patients
revealed a distinct clinical-outcome-associated dysbiosis and showed microbial hallmarks of microbial
ria such as Anaeroco

§ « Agrégats de microorganismes dans lesquels les cellules sont enrobées dans une

matrice autoproduite de substances polymèriques extracellulaires (EPS),
adhérentes les unes aux autres et/ou à une surface » Vert, Pure Appl Chem 2012

§ À l’intérieur du biofilm, les bactéries :
§ peuvent résister à la réponse immunitaire de l’hôte
§ sont moins sensibles aux antibiotiques et aux désinfectants que les bactéries
planctoniques
§ La capacité à former un biofilm reconnue comme une caractéristique propre à de

nombreux microorganismes.

§ La présence de biofilms lors d’infections demande de nouvelles méthodes
§ de prévention
§ de diagnostic
§ de traitement
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1 | The&
extracellular
polymeric
Flemming
Wingender,
Nat Revsubstances
Microbiolmatrix
2010at different dimensions. a | A model of a bacterial biofilm
attached to a solid surface. Biofilm formation starts with the attachment of a cell to a surface. CVijgZGZk^ZlhqB^XgdW^dad\n
A microcolony forms
through division of the bacterium, and production of the biofilm matrix is initiated. Other bacteria can then be recruited
as the biofilm expands owing to cell division and the further production of matrix components. b | The major matrix
components — polysaccharides, proteins and DNA — are distributed between the cells in a non-homogeneous pattern,
setting up differences between regions of the matrix. c | The classes of weak physicochemical interactions and the
47. d | A molecular modelling simulation
entanglement of biopolymers that dominate the stability of the EPS matrix47
of the interaction between the exopolysaccharide alginate (right) and the extracellular enzyme lipase (left) of
Pseudomonas aeruginosa in aqueous solution. The starting structure for the simulation of the lipase protein was obtained
117. The coloured spheres represent 1,2-dioctylcarbamoyl-glycero-3-O-octylphosphonate in
from the Protein Data Bank117
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been confirmed in vivo by several biomarkers (see
below).
Activated PMNs may also decrease extracellular
pH (38, 39) and secrete lactate (40), and acidic
Trends in Microbiology January 2015,
conditions of pH < 6.2 have been measured in
endobronchial mucus (41) and in freshly
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Persisters =

cellules insensibles aux biocides donnant naissance à une

Figure 1. Factors stimulating VBNC cell and persister formation. (1) Persister and
population sensible après élimination de la substance toxique
VBNC cells form stochastically owing to random fluctuations in gene expression.
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low/high pH changes, and oxidative stress induce cells to become VBNC or
persistent. (3) Microenvironments within mature biofilms lead to phenotypic
heterogeneity, which includes the formation of VBNC cells and persisters in areas
of a biofilm that are most stressful (low oxygen, nutrients, high concentration of
waste).
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factors that stimulate the formation of VBNC and persister
cells. These concepts warrant in-depth research into the
role of biofilms on the VBNC state and persistence because
biofilms play a significant role in the ecology and sometimes pathogenesis of many bacterial species.
For dormancy to be an effective survival strategy, cells
must be able to recover in a process known as resuscitation.
(A)

of cells that stochastically revert to a growing state (resuscitating) in the presence of antibiotics and which are
therefore killed [17]. Interestingly, assessing the viability
of cells during induction of the VBNC state produces a
similar killing curve (Figure 2B). In addition, resuscitation
from the VBNC state may involve a similar stochastic
switch [5], a phenomenon known as the ‘scout hypothesis’
[42].
(B)
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Figure 2. Dormancy dynamics of bacterial persistence and the VBNC state. (A) Persister cells are isolated by applying a lethal dose of antibiotics to a growing culture. This
produces a characteristic biphasic killing curve in which the slope of the initial phase of killing (green line) represents the rapid death of the sensitive population and the slope of
the second phase (red line) represents the much slower death of persisters. After removal of antibiotic (black arrow), persisters can regrow and give rise to antibiotic-sensitive
cells that are genetically identical to the original population. Redrawn from [17]. (B) VBNC cells are isolated by applying a lethal stress (e.g., cold temperature) to a growing
culture. During this process, cells become undetectable on nutrient media (green line); however, a proportion of the population remains viable (red curve) as can be determined
by a variety of viability assays. When the inducing stress is removed the population becomes culturable after a resuscitation period (broken arrow). When cells are provided with
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accumulation of toxic metal ions20–23, which notably
include the radioactive actinides as well as other radionuclides24. An understanding of metal toxicity in biofilms
is crucial to the successful design of bioreactors that are
used for bio-mining25, as well as those reactors that
are used for biodegrading organic contaminants that are
frequently intermingled with metals21. Moreover, this
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collect biofilm cells (0 CFU/peg on plate counts).
All of these parameters explore the activity of antibiotics on
mature biofilms, which means that the biofilm has been
established; however, in the case of CF patients, for instance,
the early stage of colonization is when P. aeruginosa can be
effectively eradicated with appropriate antibiotic therapy. In this
sense, the biofilm-prevention concentration (BPC) is an interesting parameter that could be used with the aim of reducing the
cell density to prevent biofilm formation. BPC determination
involves a modification of the MBIC assay, consisting of
incubating peg lids with the planktonic inoculum at the time of
exposure to different antibiotic concentrations [89].

more than one two-fold dilution increase in the MBIC vs. MIC
or MBEC/BBC vs. MBC. Only the macrolide azithromycin,
which is not active in standard in vitro susceptibility tests,
showed bactericidal activity on biofilms (Table 3). However, in
another in vitro study, using the flow cell model, it was found
that, despite this good activity on biofilms, resistant mutants
were readily selected, particularly hypermutable strains [58].
The resistance mechanism selected, overexpression of MexCD–OprJ, was found to confer resistance to unrelated
antipseudomonal agents such as ciprofloxacin or cefepime,
but, in contrast, made the strains hypersusceptible to other
agents, such as aminoglycosides [58].

TABLEBiofilms
3. Comparison
and biofilm growth pharmacodynamic parameters
of antimicrobial
for
Dispositif
de Calgary ouactivity
MBEC described
assay®
deofP.planktonic
aeruginosa
Pseudomonas aeruginosa
Antibiotic
AZT
CAZ
MER
IMP
CIP
TOB
COL
AZM
CXA-101

MIC (mg/L)
4a
2a/1c/2d
≤1a/0.5c
2d/1e
0.5a/0.125c/1d
2a/2d
2d/2e
128f/128d
0.5c

MBIC (mg/L)
>128a
128a/128d
4a
64d/32e
1a/1d
4a/8d
16d/16e
2a/16d
–

MBC (mg/L)
8
2c/4d
1c
4d/4e
0.25c/1d
2d
1d/8e
>128d
0.5c

MBEC (mg/L)
>1024b
>1024b
–
1024e/>1024b
4b
2b
128e
–
–

BBC (mg/L)
–
16c/1024d
8c
256d
2c/64d
64d
64d
512d
0.5c

BPC (mg/L)
–
16d
–
32d
1d
4d
2d
8d
–

Biofilm model
Calgary
Calgary
Calgary
Calgary
Calgary
Calgary
Calgary
Calgary
Calgary

device
device
device
device
device
device
device
device
device

AZM, azithromycin; AZT, aztreonam; BBC, biofilm bactericidal concentration; BPC, biofilm-prevention concentration; CAZ, ceftazidime; CIP, ciprofloxacin; COL, colistin; IMP,
imipenem; MBC, minimal bactericidal concentration; MBEC, minimal biofilm-eradication concentration; MBIC, minimal biofilm inhibitory concentration; MER, meropenem; TOB,
tobramycin.
a
Obtained from [57]. Median values of a clinical collection.
b
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Obtained from [64]. Pseudomonas aeruginosa ATCC 27853 values.
c
Obtained from [88]. PAO1 values.
d
Obtained from [89]. Fifty per cent value of a clinical collection.
e
Obtained from [90]. PAO1 values.
f
Obtained from [58]. PAO1 values.

Scanning electron microscopy

Results

The morphological changes of the NTHi HI-202 strain biofilm
on 96 pins after exposure to AMPC and LVFX was evaluated
by scanning electron microscopy (SEM). Briefly, the samples
was treated with 2.5 % glutaraldehyde and 2 % osmium tetraoxide and dried by the t-butyl alcohol freeze-drying method.
Then, the samples were coated with NL-OPC80N osmium
plasma coater (JEOL, Tokyo, Japan) before viewing with a
JSM-6320F scanning electron microscope (JEOL).

Antimicrobial efficacies of b-lactams, fluoroquinolones,
and macrolides
The MIC50, MIC90, and range of MIC for AMPC were 4,
32, and 0.5–64 lg/ml, respectively; those for CDTR were
0.125, 0.25, and 0.031–16 lg/ml, respectively. The MBCs
of AMPC and CDTR were 2 fold to more than 512 fold
higher than their MICs. In contrast to antimicrobial

Souches de Haemophilus influenzae
isolées de paracentèses
chez des enfants avec OMA DTT
(n=12)

FQ et macrolides > ß-lactamines
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Fig. 1 Antimicrobial efficacies of b-lactams, fluoroquinolone, and
macrolides. a Minimal inhibitory concentration (MIC), minimum
bactericidal concentration (MBC), and minimal biofilm eradication
concentration (MBEC) of amoxicillin (AMPC). b MIC, MBC, and
MBEC of cefditoren (CDTR)-PI. c MIC, MBC, and MBEC of

123

levofloxacin (LVFX). d MIC, MBC, and MBEC of tosufloxacin
(TFLX). e MIC, MBC, and MBEC of clarithromycin (CAM). f MIC,
MBC, and MBEC of azithromycin (AZM). Closed squares MIC,
closed triangles MBC, closed circles MBEC

