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Propriétés immunomodulatrices découvertes dès les années 1970

ü Instillation intra-vésicale pour le traitement de tumeurs vésicales superficielles 
Morales, J Urol 1976

Mélanome métastatique 
inopérable

Et depuis …

Yang, Front Oncol 2017

FIGURE 1 | IL-BCG-induced tumor regression is associated with the presence of γδ T cells. (A) IL-BCG induces tumor regression. Scale bars represent 
1 cm. (B) Presence of γ9 γδ T cells in IL-BCG-injected tumors. Scale bars represent 100 µm. (C) Increased mRNA expression of Vγ9 transcripts in the injected 
tumor tissue by RNA sequencing [fragments per kilobase of exon per million fragments mapped (FPKM)]. EMC7 is a representative housekeeping gene control (41).
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treatment could attract γδ T cells to the injection sites through 
the CXCL9/10/11–CXCR3 chemotaxis axis. Consistent with the 
attraction of γδ T cells, IL-BCG also elicits a signi"cant elevation 
of signature cytokines from γδ T cells, including IFNγ (42, 43), 
TNFα, TNFβ, and IL-15 (44) (Figure 2C; Table 2).

IL-BCG Upregulates Local Expression of 
Molecules That May Present Antigens  
to γδ T Cells, and BCG Stimulation 
Preferentially Activates and Expands  
Vγ9 T Cells
Unlike αβ T cells that recognize peptide fragments restricted on 
MHC molecules, γδ T cells recognize unconventional antigens 
such as normal cellular metabolites of IPP presented on BTN3A1 
(CD277) molecules (19, 22) or the stress-induced MHC class-I 

chain-related molecules, MICA and MICB (45). To investigate 
whether IL-BCG injection induces these γδ T cell targets, we com-
pared the RNA expression pro"les between IL-BCG non-injected 
and injected lesions. IL-BCG injection induced the elevated 
expression of both BTN3A1 and MICB molecules (Figure 3A).

To examine whether BCG could activate and expand γδ 
T cells, we stimulated the PBMCs with live BCG. A#er 6 days 
of in  vitro stimulation, γδ T  cells were signi"cantly expanded 
in the cultures treated with BCG, but not in the wells without 
BCG (Figure  3A). $e newly expanded γδ T  cells expressed a 
high level of HLA-DR, an activation marker for T cells a#er they 
respond to the cognate antigen stimulation (Figure  3D, solid 
line). Little or no HLA-DR expression was seen on γδ T cells in 
the well without BCG (Figure 3D, shaded area). Also, little or no 
HLA-DR expression was seen on αβ T cells from the well treated 
with BCG (Figure  3D, dashed line). $e expanded cells were 

FIGURE 4 | IL-BCG induces tumor regressions in uninjected melanoma lesions. (A) IL-BCG induces regression of uninjected lesions. Upper left: in-transit 
melanoma metastases at the time of !rst IL-BCG treatment. Upper middle: 8 weeks post-IL-BCG, tumors exhibit mild to moderate in#ammation. Upper right: 
13 weeks post-IL-BCG. Adjacent uninjected tumors (white arrows) exhibiting regression (R) or non-regression (NR). (B) Presence of γδ T cells in regressed but not 
non-regressed uninjected melanoma lesions. (C) IFNγ secretion of tumor in!ltrated by γδ T cells. Tumors in!ltrated by γδ T cells secrete IFNγ isolated from regressed 
but not non-regressed uninjected melanoma lesions.

FIGURE 3 | Continued   
IL-BCG injection induces the elevated expression of target antigens for γδ T cells, bacille Calmette–Guérin (BCG) stimulation preferentially activates 
and expands γ9δ2 T cells. (A) IL-BCG induces the elevated expression of antigens for γδ T cells. (B) BCG stimulation expands γδ T cells preferentially. Left panel: 
histogram of FACS staining on γδ T cells without BCG stimulation for 6 days. Middle panel: histogram of FACS staining on γδ T cells with BCG stimulation for 
6 days. Right panel: summary of percentage of γδ+ T cells without or with BCG stimulation for 6 days. **, paired t-test, p < 0.01. (C) BCG expanded γδ T cells are 
predominantly Vγ9+ cells. Left panel: a representative histogram of FACS staining on Vγ9. Right panel: summary of percentage of Vγ9+ cells in γδ T cells treated 
with or without BCG. *, paired t-test, p < 0.05. (D) BCG preferentially activates γδ T cells, not αβ T cells. Left panel: a representative histogram of FACS staining on 
HLA-DR. Right panel: summary of percentage of HLA-DR+ cells for γδ T cells with or without BCG stimulation and αβ T cells with BCG stimulation. ***, paired t-test, 
p < 0.001; ****, paired t-test, p < 0.0001.
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is not only consistent with the role γδ T cells play in the early 
control of mycobacterial infections (9, 10) but also provides a 
mechanism by which Vγ9Vδ2 T  cells could impact antitumor 
activity (38, 48).

Target antigens for Vγ9Vδ2 T cells are phosphoantigens, the 
low molecular weight metabolites of the mevalonate pathway  
(19, 22). Infection and physiologic stress can cause dysregulation 
of the mevalonate pathway and induce elevated phosphoantigen  
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TGF-β is also known to inhibit epidermal proliferation and, thus, the
downregulation of TGFβ signalling might also contribute to
epidermal hyperproliferation (Pastar et al., 2010; Glick et al., 1993).
An additional explanation for reduced growth factor signalling and
responsiveness might lie in the increased levels of tissue-degrading
matrix metalloproteinases (MMPs) seen in chronic versus acute
wound-tissue fluids (Trengove et al., 1999). Potentially more
informative for prognostic purposes than comparisons of chronic
versus acute wounds are comparisons of healing versus non-healing
chronic wounds. One transcriptional profiling study, which
demonstrates the potential of this comparative approach, found
significant downregulation of the wound-associated keratin (keratin
16) and its heteropolymer partners (keratin 6a and 6b) in the non-
healing wound group (Charles et al., 2008).

Chronic inflammation
Chronic, persistent inflammation is a hallmark of most chronic
wounds (Loots et al., 1998; Diegelmann, 2003), whereas, during
acute healing, the inflammatory response is normally resolved. Of
course, it is difficult to distinguish whether a long-term open wound
and its ongoing exposure to microbes causes the chronic
inflammation, or vice versa, or both. In some chronic wound
scenarios, the ongoing presence of certain immune-cell types can
prove to be beneficial; for example, increased numbers of
Langerhan cells in the epidermis of DFUs has been associated with
better healing outcomes (Stojadinovic et al., 2013). However, in
general, a large influx of innate immune cells into chronic wounds,
and their retention there, is likely to inhibit many repair processes
(Mirza et al., 2014). Even some of the useful functions of immune
cells might be disrupted in chronic wounds: it seems that their
bactericidal and phagocytic activities are reduced, in comparison to

those in an acute wound setting (Naghibi et al., 1987; Park et al.,
2009; Khanna et al., 2010). One consistent obstacle in the healing
of many chronic wounds is a build-up of necrotic debris at the
wound edge, which perhaps occurs as result of the reduced
phagocytic capacity of immune cells at a chronic wound. As a
consequence, it is often clinical practice to debride the wound, either
mechanically or using maggots (fly larvae), to establish a ‘fresh
new’ wound, which can lead to efficient re-epithelialisation (Gottrup
and Jørgensen, 2011). Another indication that the epidermis that
surrounds a chronic wound is not inherently incapable of healing
comes from the observation that wounds caused by biopsies at
chronic wound margins heal as efficiently as a standard acute wound
(Panuncialman et al., 2010).

Wound microflora
Early studies of the microflora associated with chronic wounds
depended on culturing material obtained from wound swabs, but this
approach excluded the vast numbers of microbes that do not thrive
in culture. With the growth of microbiome 16S rRNA sequencing
opportunities, it is now possible to survey the full microbial flora of
wounds. Early datasets have revealed that diabetic and venous leg
ulcers share some microbial genera in common, but some significant
differences have been reported as well, with the microbial
community from different PUs being the most variable (Smith and
Kavar, 2010; reviewed in Grice and Segre, 2012). Almost certainly,
some of these pathogens, and even excessive numbers of some
otherwise commensal species, might hold the key to modulating the
efficiency of healing, either directly by their actions on keratinocytes
or wound fibroblasts, or indirectly by modulating the inflammatory
response. A near-future goal should be to conduct a similar
characterisation of fungal and viral infections in chronic wounds.

CLINICAL PUZZLE Disease Models & Mechanisms (2014) doi:10.1242/dmm.016782
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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
infiltration. Fibrin cuffs can also be present that prevent the diffusion of oxygen through the wound, rendering it hypoxic.
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Nunan, Dis Model Mech 2014
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phenotype (supplementary material Fig. S1B,C). By day 7, Nos2
levels in wounds of db mice were ~tenfold higher compared with
non-db wounds, whereas Arg1 expression began a premature
decline, instead of continuing to rise as in the non-db wounds. At
day 14, Nos2 levels remained over tenfold higher than in non-db
wounds but, surprisingly, Arg1 levels, although reduced compared
with days 4 and 7, were still elevated compared with non-db wound
levels. Because the expression data seemed to contradict the
antibody in situ analyses, we sought to get an estimate of the relative
amounts of Arg1 to Nos2 expression at each time point. Early in
healing (day 4) the Arg1:Nos2 ratio indicates that the balance of
M1/M2 polarised cells is similar in both non-db and db wounds.
However, by day 7 there is a dramatic difference in the Arg1:Nos2

ratios in non-db and db wounds (supplementary material Fig. S1D).
By this time point, the Arg1:Nos2 ratio has dramatically dropped
in db wounds, indicating a pronounced shift towards a pro-
inflammatory environment in db wounds. Moreover, by day 14 the
Arg1:Nos2 ratio shows a clear shift towards M2 polarisation in non-
db wounds, which is lacking in db wounds. This data clearly
supports the antibody analyses in Fig.  1; thus, we suspect the
differences seen between the individual gene comparisons and the
antibody-derived data might reflect Nos2 and Arg1 gene expression
by additional cell types in the wound. To assess whether these
differences in expression might be related to differences in
macrophage differentiation, we analysed whole-wound expression
of general macrophage differentiation markers. Expression of Itgam

Fig. 1. Analysis of inflammatory cell polarisation in wounds of
non-diabetic and diabetic mice over a healing time-course.
(A) Overview of a representative whole-wound section from a
day-7 diabetic wound with boxes indicating where images were
captured for analyses (scale bar: 1 mm). (B) Immunofluorescent
detection of CD45, Nos2 and Arg1 in day-4 (i) and day-7 (ii)
wounds of non-db and db mice. Merged images show individual
CD45+ cells that are also positive for Nos2 but not Arg1 (M1
phenotype, yellow arrow), Arg1 but not Nos2 (M2 phenotype,
blue arrow), and for both Nos2 and Arg1 (‘mixed’ phenotype,
white arrows) (scale bar: 10 μm). (C,D) Quantification of
macrophage phenotypes as shown in B at (C) day 4 following
wounding and (D) day 7 following wounding, from six non-db
and six db mice at each time point. Non-db, non-diabetic; db,
diabetic; **P<0.01, ***P<0.001, unless otherwise indicated.
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day-7 diabetic wound with boxes indicating where images were
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white arrows) (scale bar: 10 μm). (C,D) Quantification of
macrophage phenotypes as shown in B at (C) day 4 following
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and six db mice at each time point. Non-db, non-diabetic; db,
diabetic; **P<0.01, ***P<0.001, unless otherwise indicated.

Bannon, Dis Model Mech 2013



Ploeger, Cell Comm Signal 2013

the other conditions after 144 h (Figure 7B). These re-
sults are in accordance with the gene expression patterns
of the stimulated fibroblasts.
The results indicate that CM of M1 macrophages re-

duce ECM deposition by fibroblasts.

HDFs stimulated with CM of M1 macrophages followed by
stimulation with CM of M2 macrophages or non-CM (switch)
In wound healing, the inflammatory phase is normally
followed by the healing phase. In both phases macro-
phages and fibroblasts play an important role. In vitro, it

(See figure on previous page.)
Figure 5 CM of M1 polarized, M2 polarized or unstimulated macrophages do not induce myofibroblast differentiation of HDFs. HDFs
stimulated with CM of unstimulated macrophages showed, compared to fibroblasts stimulated with CM of M1 polarized macrophages, an
upregulated gene expression of ACTA2 after 48 h, 72 h and 144 h. HDFs stimulated with CM of M2 polarized macrophages showed a higher
gene expression of ACTA2 compared to HDFs stimulated with CM of M1 macrophages after 144 h (A). No differences were observed in TAGLN
gene expression between the three conditions in all time points (A). No differences in ACTA2 protein expression were seen between the three
conditions after 144 h. TGFB1 stimulated fibroblasts were used as positive control (B). Fibroblasts stimulated with CM of M1 macrophages
contract the collagen 10% more than fibroblasts stimulated with CM of M2 and unstimulated fibroblasts. Fibroblasts stimulated with TGFB1
contract the collagen 50% more compared to the other stimulations (C). * p < 0.05, Difference between HDFs stimulated with CM of M1 polarized
and CM of M2 polarized macrophages, *** p < 0.001. # p < 0.05, Difference between HDFs stimulated with CM of M1 polarized and CM of
unstimulated macrophages, ## p < 0.01, ### p < 0.001. ^ p < 0.05, Difference between HDFs stimulated with CM of M2 polarized and CM
of unstimulated macrophages. ≅≅≅ p < 0.001, Difference between HDFs stimulated with TGFB1 and CM of M1 polarized macrophages.
§§§ p < 0.001, Difference between HDFs stimulated with TGFB1 and CM of M2 polarized macrophages. ❖❖❖ p < 0.001, Difference between HDFs
stimulated with TGFB1 and CM of unstimulated polarized macrophages. Gene expression analysis data were analyzed using two-way ANOVA
followed by Bonferroni’s post-test, n = 4. ACTA2 protein expression was shown in red and nuclei in blue (DAPI), original magnification 200×.
Collagen gel contraction analysis data were analyzed using one-way ANOVA followed by Tukey’s post-test, n = 3.
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Figure 6 Proliferation of HDFs is induced by CM of M2 macrophages. After 72 h, no differences in cell numbers were seen between HDFs
stimulated with CM of M1 polarized, M2 polarized or unstimulated macrophages. After 144 h, stimulation with CM of M2 macrophages increased the
dermal fibroblast cell number, exclusively (A). This is due to proliferation of the HDFs as shown by MKI67 protein staining (B). More MKI67 positive
nuclei (green) were seen in fibroblasts stimulated with CM of M2 macrophages compared to fibroblasts stimulated with CM of M1 and unstimulated
macrophages after 144 h (C). *** p < 0.001, Difference between HDFs stimulated with CM of M1 polarized and CM of M2 polarized macrophages. # p
< 0.05, Difference between HDFs stimulated with CM of M2 polarized and CM of unstimulated macrophages. ^ p < 0.05, Difference between 72 h and
144 h after stimulation of HDFs with CM of M2 polarized macrophages. Cell numbers and MKI67 positive nuclei were analyzed using two-way ANOVA
followed by Bonferroni’s post-test n = 3. MKI67 protein expression was shown in green, nuclei in blue (DAPI) and original magnification was 200×.
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August 2017 | Volume 8 | Article 9651

ORIGINAL RESEARCH
published: 11 August 2017

doi: 10.3389/fimmu.2017.00965

Frontiers in Immunology | www.frontiersin.org

Edited by: 
José Mordoh,  

Fundación Instituto Leloir, Argentina

Reviewed by: 
María Paula Roberti,  

UMR1015 Immunologie des tumeurs 
et immunothérapies, France  

Estrella Mariel Levy,  
Consejo Nacional de Investigaciones 

Científicas y Técnicas (CONICET), 
Argentina

*Correspondence:
Ricardo D. Lardone 

rlardone@fcq.unc.edu.ar; 
Delphine J. Lee 

delphine.lee@labiomed.org

†Present address: 
Ricardo D. Lardone,  

Universidad Nacional de Córdoba, 
Facultad de Ciencias Químicas, 

Departamento de Química Biológica 
Ranwel Caputto, Córdoba, Argentina;  

Peter A. Sieling,  
Translational Immunology, 

NantBioscience, Culver City, CA, 
United States

Specialty section: 
This article was submitted to Cancer 

Immunity and Immunotherapy,  
a section of the journal  

Frontiers in Immunology

Received: 01 June 2017
Accepted: 28 July 2017

Published: 11 August 2017

Citation: 
Lardone RD, Chan AA, Lee AF, 

Foshag LJ, Faries MB, Sieling PA and 
Lee DJ (2017) Mycobacterium bovis 

Bacillus Calmette–Guérin Alters 
Melanoma Microenvironment 

Favoring Antitumor T Cell  
Responses and Improving M2 

Macrophage Function. 
Front. Immunol. 8:965. 

doi: 10.3389/fimmu.2017.00965

Mycobacterium bovis Bacillus 
Calmette–Guérin Alters Melanoma 
Microenvironment Favoring 
Antitumor T Cell Responses and 
Improving M2 Macrophage Function
Ricardo D. Lardone1*†, Alfred A. Chan1,2, Agnes F. Lee1, Leland J. Foshag3,  
Mark B. Faries4, Peter A. Sieling1† and Delphine J. Lee1,2*

1 Dirks/Dougherty Laboratory for Cancer Research, Department of Translational Immunology, John Wayne Cancer Institute, 
Providence Saint John’s Health Center, Santa Monica, CA, United States, 2 Los Angeles Biomedical Research Institute at 
Harbor-UCLA Medical Center, Torrance, CA, United States, 3 Division of Surgical Oncology, John Wayne Cancer Institute, 
Providence Saint John’s Health Center, Santa Monica, CA, United States, 4 Melanoma Research Program, John Wayne 
Cancer Institute, Providence Saint John’s Health Center, Santa Monica, CA, United States

Intralesional  Mycobacterium bovis bacillus Calmette–Guérin (BCG) has long been a 
relatively inexpensive therapy for inoperable cutaneous metastatic melanoma (CMM), 
although intralesional BCG skin mechanisms remain understudied. We analyzed intral-
esional BCG-treated CMM lesions combined with in vitro studies to further investigate 
BCG-altered pathways. Since macrophages play a pivotal role against both cancer 
and mycobacterial infections, we hypothesized BCG regulates macrophages to pro-
mote antitumor immunity. Tumor-associated macrophages (M2) infiltrate melanomas 
and impair antitumor immunity. BCG-treated, in vitro-polarized M2 (M2-BCG) showed 
transcriptional changes involving inflammation, immune cell recruitment, cross talk, 
and activation pathways. Mechanistic network analysis indicated M2-BCG potential to 
improve interferon gamma (IFN-γ) responses. Accordingly, frequency of IFN-γ-producing 
CD4+ T  cells responding to M2-BCG vs. mock-treated M2 increased (p  <  0.05). 
Moreover, conditioned media from M2-BCG vs. M2 elevated the frequency of granzyme 
B-producing CD8+ tumor-infiltrating lymphocytes (TILs) facing autologous melanoma 
cell lines (p < 0.01). Furthermore, transcriptome analysis of intralesional BCG-injected 
CMM relative to uninjected lesions showed immune function prevalence, with the 
most enriched pathways representing T  cell activation mechanisms. In vitro-infected 
MM-derived cell lines stimulated higher frequency of IFN-γ-producing TIL from the same 
melanoma (p  <  0.05). Our data suggest BCG favors antitumor responses in CMM 
through direct/indirect effects on tumor microenvironment cell types including macro-
phages, T cells, and tumor itself.

Keywords: cutaneous metastatic melanoma, intralesional bacillus Calmette–Guérin, melanoma microenvironment, 
antitumor immunity mechanisms, T cell response

Abbreviations: BCG, bacillus Calmette–Guérin; CMM, cutaneous metastatic melanoma; ELISPOT, enzyme-linked immuno-
Spot; FCS, fetal calf serum; GO, Gene Ontology; GrB, granzyme B; IFN-γ, interferon gamma; IL, interleukin; IPA, Ingenuity 
Pathway Analysis; M1, classically activated Mϕs; M2, alternatively activated Mϕs; Mϕs, macrophages; PCA, principal com-
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Mycobacterium bovis Bacillus 
Calmette–Guérin Alters Melanoma 
Microenvironment Favoring 
Antitumor T Cell Responses and 
Improving M2 Macrophage Function
Ricardo D. Lardone1*†, Alfred A. Chan1,2, Agnes F. Lee1, Leland J. Foshag3,  
Mark B. Faries4, Peter A. Sieling1† and Delphine J. Lee1,2*

1 Dirks/Dougherty Laboratory for Cancer Research, Department of Translational Immunology, John Wayne Cancer Institute, 
Providence Saint John’s Health Center, Santa Monica, CA, United States, 2 Los Angeles Biomedical Research Institute at 
Harbor-UCLA Medical Center, Torrance, CA, United States, 3 Division of Surgical Oncology, John Wayne Cancer Institute, 
Providence Saint John’s Health Center, Santa Monica, CA, United States, 4 Melanoma Research Program, John Wayne 
Cancer Institute, Providence Saint John’s Health Center, Santa Monica, CA, United States

Intralesional  Mycobacterium bovis bacillus Calmette–Guérin (BCG) has long been a 
relatively inexpensive therapy for inoperable cutaneous metastatic melanoma (CMM), 
although intralesional BCG skin mechanisms remain understudied. We analyzed intral-
esional BCG-treated CMM lesions combined with in vitro studies to further investigate 
BCG-altered pathways. Since macrophages play a pivotal role against both cancer 
and mycobacterial infections, we hypothesized BCG regulates macrophages to pro-
mote antitumor immunity. Tumor-associated macrophages (M2) infiltrate melanomas 
and impair antitumor immunity. BCG-treated, in vitro-polarized M2 (M2-BCG) showed 
transcriptional changes involving inflammation, immune cell recruitment, cross talk, 
and activation pathways. Mechanistic network analysis indicated M2-BCG potential to 
improve interferon gamma (IFN-γ) responses. Accordingly, frequency of IFN-γ-producing 
CD4+ T  cells responding to M2-BCG vs. mock-treated M2 increased (p  <  0.05). 
Moreover, conditioned media from M2-BCG vs. M2 elevated the frequency of granzyme 
B-producing CD8+ tumor-infiltrating lymphocytes (TILs) facing autologous melanoma 
cell lines (p < 0.01). Furthermore, transcriptome analysis of intralesional BCG-injected 
CMM relative to uninjected lesions showed immune function prevalence, with the 
most enriched pathways representing T  cell activation mechanisms. In vitro-infected 
MM-derived cell lines stimulated higher frequency of IFN-γ-producing TIL from the same 
melanoma (p  <  0.05). Our data suggest BCG favors antitumor responses in CMM 
through direct/indirect effects on tumor microenvironment cell types including macro-
phages, T cells, and tumor itself.

Keywords: cutaneous metastatic melanoma, intralesional bacillus Calmette–Guérin, melanoma microenvironment, 
antitumor immunity mechanisms, T cell response
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Pathway Analysis; M1, classically activated Mϕs; M2, alternatively activated Mϕs; Mϕs, macrophages; PCA, principal com-
ponent analysis; REVIGO, REduce and VIsualize Gene Ontology web server; RPKM, reads per kilobase per million mapped 
reads; TILs, tumor-in!ltrating lymphocytes; TLR, toll-like receptor.
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Current models of chronic wounds
Most animal models of chronic wounding are created by subjecting
an acute wound to the primary clinical causes of chronic wounds,
including ischemia, diabetes, pressure and reperfusion damage
(Fig. 4). Below, we discuss the range of these chronic wound models
and how they have furthered our understanding of chronic wound
repair. But, because none of these models is optimal, we also discuss
their limitations and how they could be improved to better aid our
search for prognostic markers and therapeutic targets to promote
healing.

The rabbit ear ulcer model
The rabbit ear ulcer model (see Fig. 4A) is designed to generate an
ischemic wound. An ischemic zone is created by suturing off two of
the three arteries that supply the ear before making punch biopsy
wounds down to the cartilage to create a full-thickness wound that
lacks a vascular base and has very little lateral vascular supply (Ahn
and Mustoe, 1990). This model has been used to test the potential
therapeutic benefit of applying various growth factors to chronic
wounds, including platelet-derived growth factor B (PDGF-B)

(Liechty et al., 1999), keratinocyte growth factor 2 (KGF-2) (Xia et
al., 1999) and vascular endothelial growth factor (VEGF) (Corral et
al., 1999). One of these studies showed that the adenoviral delivery
of the PDGF-B transgene to open ischemic wounds led to their
healing even faster than non-sutured control wounds (Liechty et al.,
1999), encouraging trials of this growth factor for enhancing chronic
wound healing in the clinic. Although rabbits are inexpensive to
maintain, breed prodigiously and are suited to testing potential
therapeutics, they are limited in their genetic tractability, which
hinders investigations into the underlying genetic basis of wound
healing.

Flap models to generate ischemic wounds
Skin flap models induce ischemia with or without necrosis, depending
on the severity of perfusion occlusion or on the inclusion of silicone
sheets to inhibit vascular in-growth from underlying vessels (Chen et
al., 1999; Reid et al., 2004). Molecular markers have been used to
validate the hypoxic skin wound model. Akin to human chronic
wounds, rat hypoxic wounds, made on a bipedicle flap (surgically
isolated area of skin with minimal continued blood supply) exhibit

1209
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Rabbit ear ischemia
- Clinically relevant to: ischemic ulcers
- Suturing of blood vessels generates an ischemic zone within which
wounds can be made

- Benefits: accessible/suitable for pharmacological testing
- Drawbacks: does not fully replicate human hypoxic wounds and
not genetically tractable

A

Diabetic mouse
- Clinically relevant to: diabetic ulcers
- Diabetic mice are chemically or genetically induced
- Benefits: enables testing of pharmacological agents/multiple

wounds per animal
- Drawbacks: mouse diabetes does not fully reflect human diabetic

D

Pig flap ischemia
- Clinically relevant to: ischemic ulcers

creating hypoxic zones
- Benefits: skin anatomically and physiologically similar to humans
- Drawbacks: expensive and not genetically tractable

B

Pig wound infection
- Clinically relevant to: infected ulcers

- Benefits: skin anatomically and physiologically similar to humans
- Drawbacks: expensive and not genetically tractable

E

Rat magnet ischemia-reperfusion
- Clinically relevant to: pressure ulcers
- A steel plate is inserted beneath the dorsal skin. A magnet is applied 
over a number of cycles to generate chronic skin wounds

- Benefits: can vary degree of blood perfusion to skin and thus 
grade of ulcer

- Drawbacks: anatomical differences between rodent and human skin
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Fig. 4. Chronic-skin-wound animal
models. (A-E) Examples of chronic-
skin-wound animal models, their clinical
relevance, benefits and drawbacks.
(A) Rabbit ear ischemia model (profile
view). (B) Pig flap ischemia model
(dorsal view). This method is also
applicable to rodents and rabbits.
(C) Rat magnet ischemia-reperfusion
model (profile view). This method is
also applicable to mice. (D) Genetically
induced type 2 diabetic mouse model
(dorsal view). (E) Pig wound infection
model (dorsal view). This method is
also applicable to rodents and rabbits.
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Rat Goto-Kakizaki (GK) Rat Zucker Diabetic Fatty (ZDF)
Souris BKS.Cg-Dock7m+/+LeprdbJ

(db/db)

Modèle non-obèse de T2D
Polygénique
Troubles métaboliques, hormonaux et vasculaires 
similaires à l’homme
Hyperglycémie, polyurie, sécrétion anormale 
d’insuline en réponse au glucose (in vivo et dans 
les cellules pancréatiques isolées)
Complications tardives : rétinopathie, 
microangiopathie, neuropathie et néphropathie

Modèle obèse de T2D
Mutation lepr
Troubles métaboliques, hormonaux et vasculaires 
similaires à l’homme
Hyperglycémie, polyurie, hypertriglycéridémie
Complications tardives : rétinopathie, 
microangiopathie, neuropathie et néphropathie

Modèle obèse de T2D
Mutation spontanée homozygote lepr
Troubles métaboliques, hormonaux et vasculaires 
similaires à l’homme
Hyperglycémie, polyurie, hypertriglycéridémie
Atrophie des ilôts bêta pancréatique.
Complications tardives : microangiopathie, 
neuropathie et néphropathie
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HAN et al:  METFORMIN ACCELERATES WOUND HEALING IN db/db MICE8694

Figure 4. Metformin therapy enhances wound angiogenesis in db/db mice. A dorsal skin wound was created via a 6-mm circular punch biopsy and wound 
angiogenesis was measured on days 7 and 14. (A) Representative images of CD31 staining on day 7 and (B) quantitative analysis. (C) Representative images 
of CD31 staining on day 14 and (D) quantitative analysis. Red arrows indicate CD31‑positive capillaries (magnification, x200; scale bar, 50 µm). Quantitative 
analysis of capillaries in each field demonstrated that wound capillaries in metformin‑treated db/db mice were increased on days 7 and 14 when compared 
with the untreated db/db mice. ***P<0.001, **P<0.01 vs. Con; ##P<0.01, #P<0.05 vs. db/db. Values are expressed as the mean ± standard error of the mean (n=5 
mice/group). Con, control; Met, metformin; hpf, high‑power field.

Figure 5. Metformin therapy ameliorates BM-EPC function in db/db mice. (A) Representative images of the tube formation assay of BM-EPCs. The number of 
tubes in each sample was calculated from 5 fields (magnification, x50; scale bar, 100 µm) at random. Treatment with metformin ameliorated the tube formation 
of BM‑EPCs. (B) EPC numbers were detected by flow cytometry and the percentage of Sca‑1+/Flk-1+ cells was calculated. Metformin elevated the circulating 
EPC number in db/db mice. *P<0.05 vs. Con; #P<0.05 vs. db/db. Values are expressed as the mean ± standard error of the mean (n=7 mice/group). Con, control; 
Met, metformin; BM‑EPC, bone marrow‑endothelial precursor cell; PE, phycoerythrin; FITC, fluorescein isothiocyanate; Sca‑1, ataxin‑1; Flk‑1, vascular 
endothelial growth factor receptor 2; lpf, low‑power field.

Figure 3. Metformin therapy accelerates wound closure in db/db mice. A dorsal skin wound was created via a 6-mm circular punch biopsy and digital images of 
the wound were captured every 2 days until day 14. (A) Representative images of wound healing. (B) Metformin therapy accelerated wound closure compared 
with control in db/db mice. *P<0.05 vs. Con; #P<0.05 vs. db/db. Values are expressed as the mean ± standard error of the mean (n=5 mice/group). Con, control; 
Met, metformin.

Han, Mol Med Rep 2017

Critique récurrente de ce modèle = fermeture de la plaie, en majorité :
- chez la souris : rétractation
- chez l’homme : réépithélialisation et tissu de granulation 
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averaged to determine EG at each time point. An EG of
zero represents a completely reepithelialized wound.
Area of GT was calculated by tracing regions of GT and
calculating pixel area. The total area of granulation was
the sum of these regions. Three or four animals were
analyzed at each time point.

Statistical analysis
The data was measured in pixels and presented as a
mean ! standard deviation. An unpaired Student’s t-test
was used to analyze the data. Statistical significance was
accepted at p < 0.05. Statistical analyses were performed
using SigmaStat Statistical Software Version 2.03 (Aspire
Software International, Leesburg, VA).

RESULTS
Time to complete wound closure was prolonged in the
splinted mice when compared to the unsplinted mice
(12.7 days ! 0.96 vs. 7.81 ! 0.78, p < 0.05, Figure 3).
No statistically significant difference in the rate of
epithelialization or EG was observed (Figure 4A). The

amount of GT by area was more abundant in the splinted
mice at all time points (p < 0.05, Figures 4B and 5).

The increased rate of wound closure and the
decreased GT formation observed in the unsplinted
mice were likely secondary to wound contraction. The
effect of contraction on wound closure can be observed
by comparative histology at day 7 (Figure 6). The
dermal layers, which represent the margins of the
original wound, have greater proximity in the unsplinted
wounds when compared to the splinted wound. Com-
plete wound closure was observed in the unsplinted
mice at this time point, whereas a significant reepithe-
lialized wound still remained in the splinted mice.

Model of impaired wound healing using db/db
mice
We also examined the utility of this approach in a mouse
model of type II diabetes. Time to complete wound
closure was 12.4 days ! 0.96 in the unsplinted mice
vs. 22.6! 1.44 in the splinted mice (p < 0.05, Figure 7).
Eschar formation was observed in the majority of the
unsplinted wounds. As with the nondiabetic C57/BL6
mice, there was no significant difference in keratinocyte

FIGURE 3. Splinting wounds prevents wound
contraction in C57/BL6 mice. Comparison of
wounds at day 7 in (A) splinted C57/BL6 mice
and (B) unsplinted controls show that splinting
effectively reduces the effects of contraction
on wound healing, allowing gradual wound
closure to occur by reepithelialization and
granulation tissue formation. (C) Kinetics of
wound healing in splinted C57/BL6 mice as
compared to unsplinted control mice. Each
point represents the mean of the percentage
in area of the original wound size ! SEM of
wounds harvested from three to four mice.

WOUND REPAIR AND REGENERATION
488 GALIANO ET AL. JULY–AUGUST 2004
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migration observed between the splinted and unsplinted
mice as measured by the EG (p < 0.05, Figure 8A). An
increase in total area of GT formation was observed in the
splinted mice throughout days 5–11 (p < 0.05, Figure 8B).

DISCUSSION
The true success of any animal model depends on
its ability to faithfully reproduce normal human
processes and disease. There is currently no model
of wound healing in the rodent that adequately mimics
the mechanisms by which humans heal wounds.
Rodent models of wound healing have been criticized
because contraction is the major mechanism of wound
closure, leading to rapid closure of defects. For this
reason, it has been difficult to study the efficacy of
therapeutic agents in these animals. Using our techni-
que, we were able to minimize wound contraction in

mice, allowing healing to occur by epithelialization
and GT formation. Given these analogies to human
wound healing, we feel that this model can serve
as a valid alternative to animals of higher species
(i.e., rabbits, pigs) for basic and applied research in
wound healing.

The results of this study show that splinting
wounds in mice allows healing to occur by the pro-
cesses of granulation and epithelialization while mini-
mizing the effects of contraction. The wounds in the
splinted mice had a prolonged time to complete wound
closure, as well as increased GT deposition as com-
pared to unsplinted control mice. This was observed
in our models of both normal and impaired wound
healing. Splinting did not affect the rate of reepithelial-
ization in either model.

Comparative histology at similar time points
revealed the dermal layers in closer proximity in the
unsplinted wounds when compared to splinted

FIGURE 4. Effect of splinting on the rate of epithelialization and
GT formation in C57/BL6 mice. (A) Splinting does not affect the
rate of reepithelialization as compared to control mice. (B)
Splinting allows gradual healing to occur by GT formation.
Wound contraction minimizes initial GT formation in the
unsplinted mice. There were no further calculations of
granulation tissue in the unsplinted wounds after day 9
because complete wound closure had occurred by this time
point.

FIGURE 5. Histologic comparison of granulation tissue formation
in splinted and unsplinted C57/BL6 mice. (A) Splinted wounds;
(B) unsplinted wounds. At each time point, the total amount
of GT formation observed was increased in the splinted
mice (p < 0.05). E ¼ epithelium, D ¼ dermis, G ¼ granulation
tissue, S ¼ subcutaneous tissue, M ¼ muscle, IE ¼ inflammatory
exudate. (Original magnification ·100)

WOUND REPAIR AND REGENERATION
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Dépilation la veille sous anesthésie générale
avec induction par inhalation d’Isoflurane à 5%, puis maintient au masque par inhalation d'Isoflurane à 2%.

Peau du dos tondue et application d’une crème dépilatoire enrichie à l’Aloe vera
pour une peau sans trace de poil. 
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1. incision réalisée au « punch » à biopsie 6 mm
2. attelle en silicone collée autour de la plaie puis fixée par 7-8 points de suture
3. protection par un pansement adhésif transparent (type Tegaderm 3M)

1. 2. 3.



anneau trop haut
retrait avec pattes arrières

anneau trop bas
grignotage

co-herbergement
retrait mutuel



loupe trinoculaire fermeture de la plaie

doppler laser reperfusion (en cours)



70-80%
C57BL/6J

20-30% 
db/db



j+7 et j+14
points de suture et anneau retirés 

précautionneusement pour ne pas induire de 
déchirure et de déformation des berges 



Exérèse au large de la zone des plaies
Échantillons placés dans du papier alu refroidi puis congelé sur carboglace (-80°C)



ImaLink platform by



ImaLink platform by

phase 1 C57BL/6J & db/db – plaie vs. zone saine

phase 2 C57BL/6J & db/db – BCG vs. 0
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