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Abstract

Summary Background Data—Mechanical forces play an important role in tissue
neovascularisation and are a constituent part of modern wound therapies. The mechanisms by
which Vacuum Assisted Closure (VAC) modulates wound angiogenesis are still largely unknown.

Objective—To investigate how VAC treatment affects wound hypoxia and related profiles of
angiogenic factors as well as to identify the anatomical characteristics of the resultant, newly
formed vessels.

Methods—Wound neovascularization was evaluated by morphometric analysis of CD31- stained
wound cross sections as well as by corrosion casting analysis. Wound hypoxia and mRNA
expression of HIF-1a and associated angiogenic factors were evaluated by pimonidazole
hydrochloride staining and quantitative RT-PCR, respectively. VEGF protein levels were
determined by western blot analysis.

Results—VAC-treated wounds were characterized by the formation of elongated vessels aligned
in parallel and consistent with physiologically function, compared to occlusive dressing control
wounds that showed formation of tortuous, disoriented vessels. Moreover, VAC-treated wounds
displayed a well-oxygenated wound bed, with hypoxia limited to the direct proximity of the VAC-
foam interface, where higher VEGF levels were found. By contrast, occlusive dressing control
wounds showed generalized hypoxia, with associated accumulation of HIF-1a and related
angiogenic factors.
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Conclusions—The combination of established gradients of hypoxia and VEGF expression
along with mechanical forces exerted by VAC therapy was associated with the formation of more
physiological blood vessels compared to occlusive dressing control wounds. These morphological
changes are likely a necessary condition for better wound healing.

INTRODUCTION

Angiogenesis, the generation of new blood vessels into a tissue or organ, is controlled by a
complex regulatory system and is critical for wound and tissue repair. Alterations of this
system lead to uncontrolled angiogenesis, a condition related to tumors. Decreased ability to
form normal vessels during repair in diabetic patients leads to delayed healing 1. Among the
variety of factors and pathways involved in the control of angiogenesis, hypoxia seems to
play a pivotal role as it regulates the expression and stabilization of HIF-1a and thereby
stimulates the expression of VEGF, an important angiogenic factor 211 also involved in
collagen deposition and wound epithelialization 12: 13, Directly interconnected with the
HIF-1a -VEGF pathway and with hypoxia, the inflammatory microenvironment is another
important modulator of wound angiogenesis 1416, Starting at day 2, macrophages become
the main source of growth factors and cytokines, including angiogenic factors such as
VEGF 17-20 \whereby hypoxia is recognized as an important condition for the activation of
macrophages 21.

Angiogenesis is one of the most crucial processes involved in tissue repair 22 and is
considered to be an adaptive response to hypoxia. In skin wounds, the natural course of
hypoxia is characterized by an hypoxic peak around day 4 preceded by an absence of
hypoxia immediately after wounding and followed by a progressive increase of wound
oxygenation 23, Hypoxia plays a bivalent role in wound healing. In the initial phase of
wound healing, it aids in the recruitment and function of inflammatory cells 24 25 as well as
the expression and stabilization of Hypoxia-Inducible-Factor-1 (HIF-1) 2 26, HIF-1a
expression is regulated by oxygen dependent prolyl hydroxylases and proteosomal
degradation mechanisms, whereby an hypoxic environment leads to HIF-1a
accumulation 27. Although hypoxia is beneficial in the initial stage of wound healing,
starting in the proliferative phase, it leads to impaired proliferation and migration of
endothelial cells and fibroblasts 28, interruption of angiogenesis 2°, decreased collagen
formation2?: 30 as well as increased risk of infection3L.,

Several reports have brought strong evidence of biomechanical forces playing an important
role in tissue neovascularisation and we now assist to an increasing interest in trying to
understand how this phenomenon is regulated. Recently it was demonstrated that
mechanical forces affect neovascularisation not only through a modulatation of the gene
expression of angiogenic factors and their receptors 32-36, but also through a nonangiogenic
expangion of preexisting vessels and consequent formation of new, fully functional vascular
loops 37.

Vacuum Assisted Closure (VAC) is widely used in wound therapies and has been shown to
positively affect angiogenesis 3841, Research suggests that the combination of a foam
interface with negative pressure leads to the application of mechanical microdeformations to
wound cells and thereby affects the expression of angiogenic factors 42. Other essential
components of this therapy are the continuous evacuation of wound fluid which leads to the
removal of inhibitory angiogenic factors such as matrix metalloproteinases (MMPs) 43 44
and a modulation of the inflammatory microenvironment of wounds, which finally also
controls new vessel formation 44-46. The foam material interface is critical for the
application of micromechanical deformations to wound cells 47 as well as is involved in
modulating the migration of inflammatory cells in the treated wounds 6. Despite the
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widespread use of VAC therapy, little is known about the mechanisms of action at the
molecular level, and especially about of the mechanisms that regulate neovascularisation in
the treated wounds.

With the present study we aimed at identifying the anatomical characteristics of newly
formed vessels as well as to investigate VEGF expression profiles under the effect of
different treatment patterns of vacuum assisted closure therapy.

Fifty adult male wild-type C57BI6 db/+ mice (Jackson Laboratory, Bar Harbor, ME) were
included in the study. Mice were housed in an Association for Assessment and Accreditation
of Laboratory Animal Care certified facility under an approved experimental protocol. The
mice are heterozygous for a diabetic gene, but they express a normal wild-type wound
healing phenotype 48. The entire dorsum was clipped and depilated (Nair®, Church &
Dwight Co., Princeton, NJ) 24 hours prior to the experiment. Animals were anesthetized
with 60 mg/kg Nembutal (Pentobarbital) 15 minutes prior to surgery. After disinfecting the
dorsum with alcohol patches, a 1.0 cm? area of skin and panniculus carnosus were removed
to create a full-thickness wound. To protect wound margins from excess
macrodeformations,#® a 0.5 cm wide Duoderm® (DuoDERM®, CGF®, ConvaTec, Squibb
& Sons, L.L.C.) frame was placed around the wound edges. Depending on the group,
wounds were covered by a Tegaderm 3M Dressing or by a Vacuum Assisted Closure
Device© (KCI Inc., San Antonio, TX) set at continuous 125mmHg negative pressure. The
VAC device did not affect ambulation, neither well being of the treated animals. At day 7 a
further group of mice was treated with cyclical negative pressure therapy alternating 2
minutes of negative 125mmHg with 2 minutes of negative 50mmHg. The analyzed
parameters were monitored at 6 hours (Control Group n= 6, VAC Continuous Group = 6), 3
days (Control Group n=6, VAC Continuous Group n=6) and 7 days (Control Group n=6,
VAC Continuous Group n=6, VAC Cyclical Group n=6). At day 7 corrosion casting
analysis of the newly built vessels was performed.

Immunohistochemistry

Analysis of wound bed vasculature, cellular proliferation and tissue hypoxia was performed
by immunohistochemistry. For hypoxic cell analysis, pimonidazole hydrochloride marker
(Hypoxyprobe™-1 Kit, NPI, Burlington, MA) was injected intraperitoneally 90 minutes
prior to harvesting. Central wound cross-sections, surrounding skin and underlying muscle
tissue were harvested, formalin fixed and embedded in paraffin. Paraffin-embedded sections
were rehydrated through a decreasing alcohol chain. Antigen retrieval of CD31 was
performed with 40 pg/ml Proteinase K (Roche Diagnostic Corp., Indianapolis, IN) solution
in 0.2M Tris-H20 for 20 minutes at 37°C. After application of blocking serum for 1 hour,
primary antibodies, namely CD31 (Pharmingen, San Jose, CA) for angiogenesis and anti-
Hypoxyprobe™-1 monoclonal antibody (NPI, Burlington, MA) for hypoxia were incubated
at 4°C overnight. Biotinylated mouse anti-rat secondary antibodies (Vector Laboratories
Inc., Burlingame, CA) for CD-31 and pimonidazole hydrochloride marker were used as
secondary antibodies. For CD31, signals were then amplified in association with Tyramide
Amplification System® (Perkinelmer, Boston, MA). Activation was performed with
NovaRED (Vector Laboratories, Burlingame, CA). Sections were then counterstained with
hematoxilin (Hematoxilin 1, Richard-Allan Scientific, Kalamazoo, MI). High power images
of stained sections were used to quantify the degree of wound bed angiogenesis. Six digital
images of CD-31 stained slides were captured for each sample, 2 in the middle and two on
each edge of the wound bed. Blood vessel density was quantified over the entire image and
expressed as the ratio of blood vessel number per high-powered field (hpf). A total of 36
microscopic fields were evaluated for each experimental group. Hypoxia was qualitatively
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assessed over the entire image. Central wound cross-sections were stained according to
routine H&E protocols.

Morphometric Analysis of Newly Formed Vessels

Comparison of CD31 stained slides of animals sacrificed at day 7 and comparison between
cyclical VAC therapy, continuous VAC therapy and Occlusive Dressing Control wounds
(n=6 per group). Microvessel densities were determined in frozen sections after anti-CD 31
staining. From each wound section, micrographs of representatitve areas were choosen and
evaluated with a Weibel grid 59,

Corrosion Casting Analysis

For spatial visualization of granulation tissue microvasculature, 4 mice of each group were
euthanized on day 7. Mice were anaesthetised with pentobarbital (0.1 ml, Narcoren, Merial,
Germany) and aorta was catheterised with an olive-tipped needle (Acufirm 1428LL;
Dreieich, Germany). After systemic heparinisation, 10ml of 2.5% glutaraldehyde in Ringer’s
saline solution and, subsequently, 40 ml of Mercox CL-2B resin (Vilene Med Co., Tokyo
Japan) diluted with 20% methylmethacrylate monomers (Merck Darmstadt, Germany) were
perfused. Mouse dorsal back was immersed in a 5% KOH solution to digest all the tissues
around the vessel casts. One week later the specimens were dehydrated, mounted on
conductive stubs and coated with gold in an SCD 040 sputter-coater (BAL-TEC AG, Leica
Microsystems). The specimens were visualised under a Philips XL30 scanning electron
microscope (Philips, Eindhoven, The Netherlands), and between 20 and 30 stereo pair
images with a 61 tilt angle were recorded per sample. Pairs of stereo images were analysed
with the image analysis program, Kontron KS 300 (Carl Zeiss Vision, Eching, Germany).
For details of reconstruction and calculations see Malkusch et al (1995).

Western Blot Analysis

While the distal part of the wounds served for immunhistochemistry, the granulation tissue
pertaining to the cranial part of wounds of animals sacrificed at day 3 and day 7 was
harvested and fresh frozen for western blot analysis of VEGF (n = 4 per group). Tissue
samples did not include the surrounding skin and underlying muscle tissue. In VAC treated
animals samples were harvested both from the wound bed and from the foam material
adjacent to the wound (n = 4 per group). The samples were loaded on 15% SDS—
polyacrylamide gel and run at 120V for 90 min. The protein was transferred to PVDF
membrane and subsequently blocked for 2 h with 10% milk in TBST (10mM Tris base pH
7.5, 150mM NaCl, 0.1% Tween-20). The membrane was then incubated in primary
polyclonal antibody against VEGF. Following three washes with TBST for 10 min each, the
membrane was placed in the secondary goat-anti-rabbit antibody (Rockland
Immunochemicals Inc., Gilbertsville, PA, USA) for 1 hour. The enhanced
chemiluminescence reaction (ECL,Amersham Biosciences, Iscataway, NJ, USA) was then
carried out according to the manufacturer’s instructions and films were developed for 30
seconds with phosphatase-conjugated secondary antibody.

Real Time RT-PCR Analysis

Real-time RT-PCR expression of hypoxia-induced factor 1a (HIF-1a; 5’-
CAAGTCAGCAACGTGGAAGGT -3’; 5-CTGAGGTTGGTTACTGTTGGTATCA -3;
Gene Bank ID NM_010431), vascular endothelial growth factor-A (VEGF; 5’-
CACTGGACCCTGGCTTTACTGC-3"; 5"-CGCCTTGGCTTGTCAC-3"; Gene Bank ID
M95200), vascular endothelial growth factor receptor 2 (VEGF-R2; 5’-
ACAGACCCGGCCAAACAA-3"; 5'-TTCCCCCCTGGAAATCCTC-3"; Gene Bank ID
NM_010612), platelet derived growth factor BB chain (PDGF; 5’-
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TGTTCCAGATCTCGCGGAAC-3"; 5" GCGGCCACACCAGGAAG-3’; Gene Bank ID
AF162784) and platelet-derived growth factor receptor beta (PDGF-R; 5'-
GTGGTGAACTTCCAATGGACG-3";5'- GTCTGTCACTGGCCTCCACCAG-3"; Gene
Bank ID BC055311) was performed and compared over the different time points in both the
control and study group. At 6 hours, 3 days and 7 days after full thickness skin wounding,
fresh samples were taken from the cranial half of the wound bed including granulation tissue
and underlying muscle layer (n = 4 per group) and fresh frozen. RNA was extracted using
the RNeasy mini kit (Qiagen, Chatsworth, CA) and quantification performed using the
NanoDrop (NanoDrop Technologies, Wilmington, DE) method. We synthesized
complementary deoxyribonucleic acid (¢cDNA) using a SuperScript 11 First-Strand
Synthesis System for RT-PCR (Invitrogen Life Technologies, Carlsbad, CA). Total RNA
was mixed with random hexamers and dNTP and then incubated. RT buffer, MgCl,, DTT,
RNaseOUT and SuperScript Il RT were added, incubated and cooled. Then, £.coliRNase
H was added and incubated. RT-PCR was performed in an ABI Prism7300 system (Applied
Biosystems, Foster City, CA) using RT2 SYBR Green / ROX qPCR (SA Biosciences,
Frederick, MD). Amplification of the cDNA was performed in triplicates and a dissociation
curve was generated utilizing fluorescence measurements with 28S ribosomal RNA (28S;

5 - TTGAAAATCCGGGGGAGAG-3’; 5'-ACATTGTTCCAACATGCCAG-3’; Gene
Bank ID X00525) as the endogenous control for normalization. 28S has been proved to be
the most reliable internal control for comparative analyses of transcription under hypoxic
conditions 31, Change in expression was considered significant when the baseline relative
quantity (RQ) minimum/maximum values did not overlap with the sample RQ values at the
95% confidence interval determination.

Wound Closure Analysis

Wounds were photographed immediately after wounding, at each dressing change and at
harvest time. Digital photographs captured at the end of the experiment were compared with
initial photographs by two independent observers blinded to the treatment mode. Wound
closure was calculated as a percentage of the original wound and measured by planimetric
analysis (Image J, NIH, Bethesda, MD).

Data Analysis

RESULTS

For comparison of two groups, a two-tailed T-test was used. For greater than two groups,
oneway analysis of variance (ANOVA) and ad /oc Fischer’s LSD tests was used to
determine the significant differences between treatment groups if the ANOVA was found to
be significant. All statistical analyses were performed using WinStat (R. Fitch Software,
Lehigh Valley, PA). A p-value less than 0.05 was considered statistically significant.

VAC treatment was associated with a reduced number of vessels presenting with a more
functional anatomical aspect (Figure 2, 3,4)

As a response to boosted expression of angiogenic factors, control wounds stained for
CD-31 presented with highly immature tortuous and densely packed vessels. In contrast,
VAC treated wounds presented with fewer, more functional looking vessels whose aspect
was comparable to those of vessels present in the adjacent non wounded skin. Morphometric
analysis of CD-31 stained slides revealed a higher amount of microvessels characterized by
fine vessels with small diameters.

Corrosion casting analysis showed how micromechanical forces applied by VAC literally
led to the sprouting of new blood vessel pillars directed towards the wound surface. We
remarked a directionalization of vessels located at wound margin towards wound center.
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These vessel at wound margin showed a shaped specific microvascular archictecture. Tufts
of densely packed vessel networks with large caliber at wound margin are building
elongations and enlargements as vessel in-growth to wound bed.

VAC treated wounds showed an overall improved wound oxygenation in presence of
hypoxic macrophages in direct proximity of the polyurethane foam (Figure 5)

Pimonidazole hydrochloride staining determined absence of hypoxia in both groups at 6h
after wounding. The granulation tissue of control wounds presented with a generalized
hypoxic peak at day 3 after wounding, while only residues of hypoxia were visible at day 7.
While in the control group hypoxia was diffusely localized in all wound layers, especially in
the granulation tissue and interstitial spaces, VAC treated wounds presented with an overall
improved oxygenation and with hypoxia limited to the area adjacent to the polyurethane
foam, where pimonidazole hydrochloride accumulated selectively into macrophages.

In VAC treated wounds Protein Levels of VEGF showed a VEGF gradient towards the
wound surface (Figure 5)

Western blot analysis of tissues harvested from the wound bed of VAC treated wounds
revealed a lower protein level of VEGF when compared to control wounds. Compared to
wound bed protein levels, VEGF was significantly increased in tissues harvested from the
wound surface (wound fluids and tissue contained in the VAC foam side adjacent to the
wound) thereby leading to a VEGF gradient between wound bed and wound surface.

VAC treated wounds presented with increased VEGF dimers (Figure 5)

We observed that VEGF dimers assessed by western blot analysis were increased in VAC
treated wounds when compared to control wounds both in cyclical and continuous therapy
patterns.

MRNA Expression of angiogenic factors was decreased in the wound bed of VAC treated
wounds (Figure 6)

While at 6h no significant difference among groups was found, starting at 3d after wounding
and progressively increasing over time, control wounds showed an increased expression of
angiogenic factors related to the HIF-1a — VEGF Pathway. Increased expression of HIF-1a
correlated with increased expression levels of VEGF-A and VEGF-R2. At day 7 expression
levels of HIF-1a in control wounds were increased of a 100 fold compared to those of
tissues harvested at 6 hours after wounding. During the course of wound healing, the
expression of angiogenic factors in tissues harvested from the VAC treated wounds was
overall reduced, showing an 18 fold increase at day 7. A comparable pattern was found in
cyclically treated wounds. Non published data regarding the expression of angiogenic
factors in the wound bed of animals sacrificed 2 hours after treatment revealed comparable
results to those of 6 hours wounds.

Negative pressure therapy leads to improved wound closure (Figure 7)

During the 7 days follow-up period, the wound area of both groups progressively decreased,
whereby the VAC treated group presented with a superior wound closure starting at day 3
and maintaining this trend over the entire observation treatment. In this short term
experiment, mean wound area reduction was mainly related to a higher wound edge
contraction in the VAC group as measured at postoperative day 7. Cyclically treated wounds
did not significantly differ from those treated by continuous VAC therapy.
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DISCUSSION

Vacuum assisted wound therapy is widely used to improve wound healing and has been
shown to increase wound angiogenesis 38-41, Mechanical microdeformations, evacuation of
inhibitory angiogenic factors (eg. MMPs) and increased expression of proangiogenic
cytokines have been hypothesized as possible mechanisms of action. A detailed analysis of
the mechanisms controlling neovascularisation in VAC treated wounds and in particular of
the molecular changes in the expression of angiogenic factors is missing and limited to the
study of the wound secretions collected by VAC devices. While the VAC foam itself seems
to affect angiogenesis 47, the specific properties of the foam material including mean pore
size, surface tension and surface chemistry have not been addressed by our study and would
need to be elucidated in the future in order to better understand the biologic mechanisms of
VAC induced angiogenesis.

Both morphometrical studies of CD-31 stained wound cross sections as well as corrosion
casting analysis of newly formed vessels demonstrated thatVAC treatment had a regulatory
effect on wound angiogenesis. Corrosion casting showed a better hierarchisation of the
vascularity coming closer to the normal subcutaneous vessel architecture and distribution
patterns. Previous studies of the tumour microvascular architecture have shown that the
vascular architecture determines the nutritive blood flow 2. From this it may be concluded
that a normalized vascular architecture implies a better functionality in wound healing. As a
possible consequence of a generalized wound hypoxia with consequent excessive expression
of angiogenic factors as well as an absence of a VEGF gradient, occlusive dressing control
wounds were instead characterized by the uncontrolled formation of tortuous, non
directionalized and immature vessels. This chaotic vessel arrangement probably reflects the
impaired blood flow in this region.

A recent study found higher VEGF protein levels in VAC secretions in a series of traumatic
human wounds and localized VEGF in the nearest proximity of the vacuum polyurethane
foam in proximity of macrophages 42. However, Epigard was used as a control so additional
work will need to be done to better define the effect of the interface material and cellular
response 46 93, The different size and location of the analyzed wounds, difficulty in
standardizing the time of tissue harvest, unknown patient’s co-morbidities are other issues
that make a comparison of highly sensitive chemokine levels difficult. In another clinical
study, Grimm et al. found a significant reduction of HIF-1a after VAC treatment of radiated
skin wounds 41, Although the study had some short-comings including a limited number of
analyzed patients, unknown co-morbidities and the irradiated condition of the analyzed
wounds, it highlighted a possible relationship between VAC treatment and the HIF-1a
pathway in wounds and indirectly with the oxygenation of wounds. In effect oxygen
regulates both the expression of HIF-1a as well as its degradation. Oxygen inhibits Factor
Inhibiting HIF (FIH) and thereby reduces the transcriptional activity of HIF-1a as well as is
substrate of proxyl-4 hydroxylase, an enzyme which leads to hydroxylation and rapid
degradation of HIF-1a 2. In our experiments a generalized hypoxia occurring in control
wounds induced a high expression of HIF-1a and related angiogenic factors, while these
were decreased in well oxygenated VAC treated wounds. In our study hypoxia was
measured by pimonidazole hydrochloride staining, a marker that identifies tissue areas with
PO2 ranging from 0 to 10mmHg. This is a well validated method which proved to be more
accurate than wound oxygenation measurements made by conventional PO2 sensors since
these have a limited depth of reading and are strongly influenced by the arterial PO2 levels
and vasoconstriction 23: 54, Our experiments showed that VAC treatment was associated
with an overall improved wound oxygenation whereby at both days 3 and 7 wound
macrophages located in close proximity to the polyurethane sponge strongly co-localized
with pimonidazole staining (Figure 5). We hypothesize that the established hypoxic gradient
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and activated hypoxic macrophages were responsible for the formation of a VEGF gradient
with high VEGF protein levels in tissues harvested from the foam-wound interface and
lower levels in tissues harvested from the wound bed. That oxygen gradients are important
for angiogenesis and wound healing is not new and our findings confirm the observations
made by Knighton et al. in 1981 5°. Moreover also VEGF gradients are known to be very
important for an effective angiogenesis and directional vessel outgrowth towards higher
VEGF concentrations 5657, We also observed a stabilization of VEGF dimers in VAC
treated wounds. This process could be mediated by mechanical forces and could be involved
in the modulation of neovascularization, as VEGF dimers are known to present with a
stronger VEGF receptor affinity and to thereby be able to achieve superior angiogenesis
compared to VEGF monomers %8 59, Petersen et al. identified that in tendon fibroblasts
mechanical forces induce the expression of selected VEGF isoforms 60, Different patterns
and forms of applied mechanical forces could therefore influence angiogenesis through the
formation of VEGF forms with different biological function. Although the establishment of
a VEGF gradient and the stabilization of VEGF dimers may play an important role in VAC
induced angiogenesis, highly directionalized vessel growth demonstrated by corrosion
casting images suggests that a direct mechanical action exerted by the combination of a
polyurethane foam interface and negative pressure forces might also play an important role
in the expansion and sprouting of new vessels under VAC therapies as suggested by Kilarski
et al.37. Finally, the application of cyclical negative pressure therapy was associated with
hierachically built microvascular archictecture. The elongation of preexisting vessels as well
intussusceptions enable an improvement of oxygen and nutrient delivery in the granulation
tissue. VAC treatment accelarates wound healing not only by a hypoxia and VEGF driven
directionalized in-growth of new vessels in the wound bed, but also by a micromechanical
forces mediated activation of endothelial cell proliferation.

CONCLUSION

In subatmospheric pressure wound therapies, more importantly than a quantitatively high
mMRNA expression of angiogenic factors, the establishment of a gradient in hypoxia and
VEGF, the stabilization of VEGF dimers as well as the direct exertion of mechanical forces
on wound cells leads to a directionalized sprouting of mature and functional vessels, a
necessary condition necessary for achieving improved wound healing.

Acknowledgments

The authors thank Kerstin Bahr and Kana Ishi for technical assistance as well as Britlyn Orgill for her help with the
figures.

REFERENCES

1. Brem H, Tomic-Canic M. Cellular and molecular basis of wound healing in diabetes. J Clin Invest.
2007; 117(5):1219-22. [PubMed: 17476353]

2. Pugh CW, Ratcliffe PJ. Regulation of angiogenesis by hypoxia: role of the HIF system. Nat Med.
2003; 9(6):677-84. [PubMed: 12778166]

3. Ferrara N, Gerber HP, LeCouter J. The biology of VEGF and its receptors. Nat Med. 2003; 9(6):
669-76. [PubMed: 12778165]

4. Greenberg JI, Shields DJ, Barillas SG, et al. A role for VEGF as a negative regulator of pericyte
function and vessel maturation. Nature. 2008; 456(7223):809-13. [PubMed: 18997771]

5. Willett CG, Boucher Y, di Tomaso E, et al. Direct evidence that the VEGF-specific antibody
bevacizumab has antivascular effects in human rectal cancer. Nat Med. 2004; 10(2):145-7.
[PubMed: 14745444]

6. Stockmann C, Doedens A, Weidemann A, et al. Deletion of vascular endothelial growth factor in
myeloid cells accelerates tumorigenesis. Nature. 2008; 456(7223):814-8. [PubMed: 18997773]

Ann Surg. Author manuscript; available in PMC 2012 July 24.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Erbaetal.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

Page 9

.Jinnin M, Medici D, Park L, et al. Suppressed NFAT-dependent VEGFR1 expression and

constitutive VEGFR2 signaling in infantile hemangioma. Nat Med. 2008; 14(11):1236-46.
[PubMed: 18931684]

. Arany Z, Foo SY, Ma Y, et al. HIF-independent regulation of VEGF and angiogenesis by the

transcriptional coactivator PGC-1alpha. Nature. 2008; 451(7181):1008-12. [PubMed: 18288196]

. Sessa C, Guibal A, Del Conte G, Ruegg C. Biomarkers of angiogenesis for the development of

antiangiogenic therapies in oncology: tools or decorations? Nat Clin Pract Oncol. 2008; 5(7):378-
91. [PubMed: 18560389]

Carmeliet P, Jain RK. Angiogenesis in cancer and other diseases. Nature. 2000; 407(6801):249-57.
[PubMed: 11001068]

Zhou J, Schmid T, Schnitzer S, Brune B. Tumor hypoxia and cancer progression. Cancer Lett.
2006; 237(1):10-21. [PubMed: 16002209]

Takahashi Y, Takahashi S, Shiga Y, et al. Hypoxic induction of prolyl 4-hydroxylase alpha (1) in
cultured cells. J Biol Chem. 2000; 275(19):14139-46. [PubMed: 10799490]

O’Toole EA, Marinkovich MP, Peavey CL, et al. Hypoxia increases human keratinocyte motility
on connective tissue. J Clin Invest. 1997; 100(11):2881-91. [PubMed: 9389755]

Mantovani A, Allavena P, Sica A, Balkwill F. Cancer-related inflammation. Nature. 2008;
454(7203):436-44. [PubMed: 18650914]

Naumov GN, Folkman J, Straume O. Tumor dormancy due to failure of angiogenesis: role of the
microenvironment. Clin Exp Metastasis. 2009; 26(1):51-60. [PubMed: 18563595]

Coussens LM, Werb Z. Inflammation and cancer. Nature. 2002; 420(6917):860—7. [PubMed:
12490959]

Elson DA, Ryan HE, Snow JW, et al. Coordinate up-regulation of hypoxia inducible factor
(HIF)-1alpha and HIF-1 target genes during multi-stage epidermal carcinogenesis and wound
healing. Cancer Res. 2000; 60(21):6189-95. [PubMed: 11085544]

Kodelja V, Muller C, Tenorio S, et al. Differences in angiogenic potential of classically vs
alternatively activated macrophages. Immunobiology. 1997; 197(5):478-93. [PubMed: 9413747]
Sen CK, Khanna S, Babior BM, et al. Oxidant-induced vascular endothelial growth factor
expression in human keratinocytes and cutaneous wound healing. J Biol Chem. 2002; 277(36):
33284-90. [PubMed: 12068011]

Nissen NN, Polverini PJ, Koch AE, et al. Vascular endothelial growth factor mediates angiogenic
activity during the proliferative phase of wound healing. Am J Pathol. 1998; 152(6):1445-52.
[PubMed: 9626049]

Constant JS, Feng JJ, Zabel DD, et al. Lactate elicits vascular endothelial growth factor from
macrophages: a possible alternative to hypoxia. Wound Repair Regen. 2000; 8(5):353-60.
[PubMed: 11115148]

Folkman J. Angiogenesis: an organizing principle for drug discovery? Nat Rev Drug Discov. 2007,
6(4):273-86. [PubMed: 17396134]

Haroon ZA, Raleigh JA, Greenberg CS, Dewhirst MW. Early wound healing exhibits cytokine
surge without evidence of hypoxia. Ann Surg. 2000; 231(1):137-47. [PubMed: 10636114]

Murdoch C, Giannoudis A, Lewis CE. Mechanisms regulating the recruitment of macrophages into
hypoxic areas of tumors and other ischemic tissues. Blood. 2004; 104(8):2224-34. [PubMed:
15231578]

Knighton DR, Hunt TK, Scheuenstuhl H, et al. Oxygen tension regulates the expression of
angiogenesis factor by macrophages. Science. 1983; 221(4617):1283-5. [PubMed: 6612342]

Huang LE, Gu J, Schau M, Bunn HF. Regulation of hypoxia-inducible factor lalpha is mediated
by an O2-dependent degradation domain via the ubiquitin-proteasome pathway. Proc Natl Acad
Sci U S A. 1998; 95(14):7987-92. [PubMed: 9653127]

Fong GH. Regulation of angiogenesis by oxygen sensing mechanisms. J Mol Med. 2009; 87(6):
549-60. [PubMed: 19288062]

Oberringer M, Meins C, Bubel M, Pohlemann T. In vitro wounding: effects of hypoxia and
transforming growth factor betal on proliferation, migration and myofibroblastic differentiation in
an endothelial cell-fibroblast co-culture model. J Mol Histol. 2008; 39(1):37-47. [PubMed:
17786573]

Ann Surg. Author manuscript; available in PMC 2012 July 24.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Erbaetal.

29.

30.
31.

32.

33

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

Page 10

Gordillo GM, Sen CK. Revisiting the essential role of oxygen in wound healing. Am J Surg. 2003;
186(3):259-63. [PubMed: 12946829]

D., M. Hyperbaric oxygen therapy in the management of non-healing wounds; 2002. p. 317-39.
Greif R, Akca O, Horn EP, et al. Supplemental perioperative oxygen to reduce the incidence of
surgical-wound infection. Outcomes Research Group. N Engl J Med. 2000; 342(3):161-7.
[PubMed: 10639541]

Mammoto A, Connor KM, Mammoto T, et al. A mechanosensitive transcriptional mechanism that
controls angiogenesis. Nature. 2009; 457(7233):1103-8. [PubMed: 19242469]

. Li J, Hampton T, Morgan JP, Simons M. Stretch-induced VEGF expression in the heart. J Clin

Invest. 1997; 100(1):18-24. [PubMed: 9202052]

Seko Y, Seko Y, Takahashi N, et al. Pulsatile stretch stimulates vascular endothelial growth factor
(VEGF) secretion by cultured rat cardiac myocytes. Biochem Biophys Res Commun. 1999;
254(2):462-5. [PubMed: 9918861]

Chang H, Wang BW, Kuan P, Shyu KG. Cyclical mechanical stretch enhances angiopoietin-2 and
Tie2 receptor expression in cultured human umbilical vein endothelial cells. Clin Sci (Lond).
2003; 104(4):421-8. [PubMed: 12653688]

Cloutier M, Maltais F, Piedboeuf B. Increased distension stimulates distal capillary growth as well
as expression of specific angiogenesis genes in fetal mouse lungs. Exp Lung Res. 2008; 34(3):
101-13. [PubMed: 18307120]

Kilarski WW, Samolov B, Petersson L, et al. Biomechanical regulation of blood vessel growth
during tissue vascularization. Nat Med. 2009; 15(6):657-64. [PubMed: 19483693]

Greene AK, Puder M, Roy R, et al. Microdeformational wound therapy: effects on angiogenesis
and matrix metalloproteinases in chronic wounds of 3 debilitated patients. Ann Plast Surg. 2006;
56(4):418-22. [PubMed: 16557076]

Chen Sz, Li J, Li XY, Xu LS. Effects of vacuum-assisted closure on wound microcirculation: an
experimental study. Asian J Surg. 2005; 28(3):211-7. [PubMed: 16024319]

Labanaris AP, Polykandriotis E, Horch RE. The effect of vacuum-assisted closure on lymph
vessels in chronic wounds. J Plast Reconstr Aesthet Surg. 2008

Grimm A, Dimmler A, Stange S, et al. Expression of HIF-1 alpha in irradiated tissue is altered by
topical negative-pressure therapy. Strahlenther Onkol. 2007; 183(3):144-9. [PubMed: 17340073]
Labler L, Rancan M, Mica L, et al. Vacuum-assisted closure therapy increases local interleukin-8
and vascular endothelial growth factor levels in traumatic wounds. J Trauma. 2009; 66(3):749-57.
[PubMed: 19276749]

Fong GH. Mechanisms of adaptive angiogenesis to tissue hypoxia. Angiogenesis. 2008; 11(2):
121-40. [PubMed: 18327686]

Moues CM, van Toorenenbergen AW, Heule F, et al. The role of topical negative pressure in
wound repair: expression of biochemical markers in wound fluid during wound healing. Wound
Repair Regen. 2008; 16(4):488-94. [PubMed: 18638266]

Ford CN, Reinhard ER, Yeh D, et al. Interim analysis of a prospective, randomized trial of
vacuum-assisted closure versus the healthpoint system in the management of pressure ulcers. Ann
Plast Surg. 2002; 49(1):55-61. discussion 61. [PubMed: 12142596]

Gouttefangeas C, Eberle M, Ruck P, et al. Functional T lymphocytes infiltrate implanted polyvinyl
alcohol foams during surgical wound closure therapy. Clin Exp Immunol. 2001; 124(3):398-405.
[PubMed: 11472400]

Scherer SS, Pietramaggiori G, Mathews JC, et al. The mechanism of action of the vacuum-assisted
closure device. Plast Reconstr Surg. 2008; 122(3):786-97. [PubMed: 18766042]

Greenhalgh DG, Sprugel KH, Murray MJ, Ross R. PDGF and FGF stimulate wound healing in the
genetically diabetic mouse. Am J Pathol. 1990; 136(6):1235-46. [PubMed: 2356856]

Yannas IV, Burke JF, Warpehoski M, et al. Prompt, long-term functional replacement of skin.
Trans Am Soc Artif Intern Organs. 1981; 27:19-23. [PubMed: 7036496]

Weibel ER, Kistler GS, Scherle WF. Practical stereological methods for morphometric cytology. J
Cell Biol. 1966; 30(1):23-38. [PubMed: 5338131]

Ann Surg. Author manuscript; available in PMC 2012 July 24.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Erbaetal.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

Page 11

Zhong H, Simons JW. Direct comparison of GAPDH, beta-actin, cyclophilin, and 28S rRNA as
internal standards for quantifying RNA levels under hypoxia. Biochem Biophys Res Commun.
1999; 259(3):523-6. [PubMed: 10364451]

Fukumura D, Jain RK. Tumor microvasculature and microenvironment: targets for anti-
angiogenesis and normalization. Microvasc Res. 2007; 74(2-3):72-84. [PubMed: 17560615]

McNulty AK, Schmidt M, Feeley T, Kieswetter K. Effects of negative pressure wound therapy on
fibroblast viability, chemotactic signaling, and proliferation in a provisional wound (fibrin) matrix.
Wound Repair Regen. 2007; 15(6):838-46. [PubMed: 18028132]

Evans SM, Schrlau AE, Chalian AA, et al. Oxygen levels in normal and previously irradiated
human skin as assessed by EF5 binding. J Invest Dermatol. 2006; 126(12):2596-606. [PubMed:
16810299]

Knighton DR, Silver IA, Hunt TK. Regulation of wound-healing angiogenesis-effect of oxygen
gradients and inspired oxygen concentration. Surgery. 1981; 90(2):262—70. [PubMed: 6166996]
Helm CL, Fleury ME, Zisch AH, et al. Synergy between interstitial flow and VEGF directs
capillary morphogenesis in vitro through a gradient amplification mechanism. Proc Natl Acad Sci
U S A. 2005; 102(44):15779-84. [PubMed: 16249343]

Gerhardt H, Golding M, Fruttiger M, et al. VEGF guides angiogenic sprouting utilizing endothelial
tip cell filopodia. J Cell Biol. 2003; 161(6):1163-77. [PubMed: 12810700]

Morbidelli L, Birkenhaeger R, Roeckl W, et al. Distinct capillary density and progression
promoted by vascular endothelial growth factor-A homodimers and heterodimers. Angiogenesis.
1997; 1(1):117-30. [PubMed: 14517398]

Potgens AJ, Lubsen NH, van Altena MC, et al. Covalent dimerization of vascular permeability
factor/vascular endothelial growth factor is essential for its biological activity. Evidence from Cys
to Ser mutations. J Biol Chem. 1994; 269(52):32879-85. [PubMed: 7806514]

Petersen W, Varoga D, Zantop T, et al. Cyclic strain influences the expression of the vascular
endothelial growth factor (VEGF) and the hypoxia inducible factor 1 alpha (HIF-1alpha) in tendon
fibroblasts. J Orthop Res. 2004; 22(4):847-53. [PubMed: 15183444]

Ann Surg. Author manuscript; available in PMC 2012 July 24.



duasnuely Joyiny vVd-HIN 1duosnuey JoyIny vd-HIN

duasnuely Joyiny vd-HIN

Erbaetal.

Page 12

Figure 1.
Diagram of the VAC mouse model used in the current study. The VAC device did not affect
ambulation, neither well being of the treated animals.
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Figure 2.

Morphometric analysis of CD31 stained wound cross sections. VAC treatment is associated
with the formation of small endothelial vessels and higher vessel density, whereby occlusive
dressing control wounds are associated with large dilatated vessels.

duasnuely Joyiny vVd-HIN

duasnuely Joyiny vd-HIN

Ann Surg. Author manuscript; available in PMC 2012 July 24.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuei\ Joyiny Vd-HIN

Erbaetal.

Magn
122x

Page 14

CONTROL

Magn |———— 200 um
100x

CONTROL#

| —— AL \ Magn. |————+ /100 gm
200%

Figure 3.

Corrosion casting analysis of control wounds. A. Change of normal arborized vasculature
towards a chaotic bloated, densely packed, tufts of vessels. B. Dilated vessel formations,
abnormal tortousity of vessels, wide alterations of vessel diameters. C. Densely packed
vessel formations, tumor-like vasculature, deregulation of normal vessel arborization, blind-
ending dilated occluded vessels.
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Figure 4.

Corrosion casting analysis of VAC treated wounds. A. Hypervascularized wound margin,
vessel wall. B. Directionalization of vessels: from small vessels branches to tortous low
densely packed vessel formations that pursuit the wound centre. C. Arborized vessel
branches with vessel hierarchy, small vessel diameter in clearly defined vessel network,
directionalized.

Ann Surg. Author manuscript; available in PMC 2012 July 24.



duasnuely Joyiny vVd-HIN 1duosnuey JoyIny vd-HIN

duasnuely Joyiny vd-HIN

Erbaetal. Page 16

D CONTROL — VAC —

VEGF
Dimers

VEGF
Monomers

B Actin

Wound Foam  Wound
Bed Interface ~ Bed

Figureb.

Pimonidazole hydrochloride staining of wound cross sections of animals sacrificed at Day 3
after wounding shows control wounds (C) presenting with a diffuse hypoxia of the
granulation tissue and interstitial spaces. VAC treated wounds (A and B) instead present
with a superior oxygenation of the wound bed, with few hypoxic macrophages (B) located at
the VAC-Foam interface. This Hypoxic gradient is associated with the formation of a VEGF
gradient as assessed by western blot analysis (D). VEGF protein levels are higher at the
VAC-Foam interface if compared to the wound bed. VEGF dimers are increased in the
wound bed of VAC treated wounds.
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Figure®6.

mRNA profile of HIF-1a and related angiogenic factors and receptors during the time
course of wound healing as assessed by quantitative RT-PCR in tissues harvested from the
wound bed. In both groups MRNA expression of HIF-1a, VEGF-A, PDGF-BB and VEGF-
R2 showed a progressive increase over the observation time, whereby control wounds were
associated with a 15 fold increased expression of HIF-1a and 5 fold increased expression of
VEGF-A.
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Figure7.
The formation of a directionalized outgrowth of more functional vessels was associated with
improved wound closure in VAC treated wounds.
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