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Abstract

Venous leg ulcer slough is unpleasant to the patient and difficult to manage clinically.
It harbours infection, also preventing wound management materials and dressings
from supporting the underlying viable tissues. In other words, slough has significant
nuisance value in the tissue viability clinic. In this study, we have sought to increase
our knowledge of slough by building upon a previous but limited analysis of this
necrotic tissue. In particular, slough has been probed using Western blotting for
the presence of proteins with the capacity to engage microbial surface components
recognising adhesive matrix macromolecules. Although the samples were difficult to
resolve, we detected fibrinogen, fibronectin, IgG, collagen, human serum albumin and
matrix metalloproteinase-9. Furthermore, the effect of a maggot-derived debridement
enzyme, chymotrypsin 1 on macromolecules in slough was confirmed across seven
patient samples. The effect of chymotrypsin 1 on slough confirms our thesis that
this potential debridement enzyme could be effective in removing slough along with
its associated bacteria, given its observed resistance to intrinsic gelatinase activity.
In summary, we believe that the data provide scientists and clinicians with further
insights into the potential molecular interactions between bacteria, wound tissue
and Lucilia sericata in a clinically problematic yet scientifically interesting wound
ecosystem.

To aid wound management, necrotic tissue is often removed,
using a procedure termed debridement (4,5). This may take
the form of surgical debridement, or involve the use of topical

In the UK alone, the cost to the National Health Service of
treating chronic, non-healing wounds such as pressure ulcers,
venous leg ulcers (VLUs) and diabetic foot ulcers is estimated
to be approximately £2-3-3-1 billion per year (1). This
represents a significant financial burden, and the cost looks set
to rise, as it has been suggested that the number of non-healing
surgical wounds may increase in the future, because of factors
such as the growing complexity of surgery, hospital-acquired
infections and an increasing senior population. A feature of
non-healing wounds is necrotic tissue, which is claimed to
support bacterial growth, inhibit the penetration of antibiotics,
prevent the formation of granulation tissue and subsequent re-
epithelialisation and interfere with wound contraction (2—4).
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Key Messages

e slough from venous leg ulcers contains components
that present molecular docking sites for MSCRAMMs,
microbial surface components recognising adhesive
matrix macromolecules

e an insect serine proteinase (ISP) from Lucilia ser-
icata, whose activity persists in the gelatinase-rich
environment of the wound slough, further degrades
MSCRAMM-containing macromolecules, possibly to
the detriment of bacterial colonisation
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agents which contain enzymes [for example Santyl or Debrase
(6,7)]. Biosurgery using larvae from the greenbottle fly Lucilia
sericata has also been shown to be an effective method
of wound debridement (8). Debridement in this instance is
mediated by an insect serine proteinase (ISP), chymotrypsin
1(9).

Bacteria in the form of biofilms can inhabit necrotic
tissue and slough (10—12), and microbial surface components
recognising adhesive matrix macromolecules (MSCRAMM:s)
play an important role in the initial attachment of bacteria prior
to biofilm formation. For example, Pseudomonas aeruginosa
agglutinin 1 (PA-1L) binds to mannose and galactose residues
present on both fibronectin and fibrinogen (13). Similarly,
Staphylococcus aureus expresses fibronectin-binding proteins
that bind to both fibronectin and fibrinogen (14). Bacterial
adhesins from a number of common bacteria found in
infected wounds, and their tissue targets, are summarised in
Table 1. Given the potential for macromolecular targets of
these bacterial adhesins to be present in wound slough, it is
worthwhile to further investigate the protein composition of
slough from chronic wounds for their presence.

As a result, and building on previous observations (9), the
present manuscript describes a more comprehensive proteina-
ceous profile of wound slough from VLUs, accomplished by
SDS-PAGE analysis and Western blotting, using antibodies
against a number of wound components considered important
for bacterial colonisation.

This study also confirmed the effectiveness of L. sericata
chymotrypsin (ISP) in degrading wound slough, and describes
the resistance of the maggot debridement enzyme to wound
gelatinase activity. These could be pertinent observations,
given the clinical need for effective debridement agents and
the fact that a recent trial has demonstrated that L. sericata
maggots are efficient at debriding necrotic tissue (8).

Materials and methods

Collection and extraction of patient samples

Ethical and R&D approval for the collection of wound slough
was obtained from the University of Nottingham ethics com-
mittee (REC05/Q2404/194; QDE100502). Wound slough was
collected with consent from outpatients attending the Derma-
tology Clinic at the Treatment Centre located at the Queens
Medical Centre, Nottingham. All slough samples were taken
from non-healing VLUs prior to maggot therapy, using the
sterile spoon of a Sarstedt faeces sample collection tube
(Cat No: 80.734.311). Microbiological analysis of individual
slough samples was carried out by the Microbiology Depart-
ment, Queens Medical Centre, Nottingham. Details of subjects
who participated in the study and their microbiological status
are shown in Table 2. Wound slough was extracted into sterile
phosphate buffered saline (PBS) using a sterile plastic tissue
homogeniser suitable for use in 1-5 ml microcentrifuge tubes,
then centrifuged at 13000¢g for 15 minutes to remove insol-
uble material and the supernatant was stored at —20 °C. The
protein concentration of the extracted slough was determined
using the Biorad protein assay (Bio-Rad Laboratories; Hemel
Hempstead, UK) (15).

© 2013 The Authors
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Wound slough protein degradation by recombinant
L. sericata chymotrypsin (ISP)

Recombinant L. sericata chymotrypsin was expressed in
insect Sf9 cells and activated and assayed as described
previously, using the fluorogenic substrate Suc-Ala-Ala-Pro-
Phe-AMC (9). ISP used in this study had a specific activity
of 7-7 pmol of AMC released/min/mg.

To assess the ability of ISP to degrade wound slough
proteins, 7ug of wound slough was incubated overnight
at 37°C alone, or with 1ug of ISP in a final volume of
50ul of PBS. Degradation products were precipitated by
adding 200 ul of ice cold acetone and incubating at —20°C
for 15minutes followed by centrifugation at 13000¢ for
10 minutes. The precipitated products were re-suspended in
non-reducing tricine-SDS-PAGE sample buffer (200 mM Tris-
HCI, pH6-8, 2% SDS, 10% glycerol, 0-04% Coomassie Blue
G-250) and incubated for 30 minutes at 37°C. Wound slough
proteins and their degradation products were analysed by non-
reducing 5% tricine-SDS-PAGE (16). Electrophoresis was
carried out at a constant 100 V. Following electrophoresis,
gels were either stained with silver (17) or transferred onto
nitrocellulose overnight at a constant 26 V (18). Wound slough
proteins were resolved under non-reducing conditions in an
attempt to reflect the natural configuration of the proteins
in the wound environment. Limited data obtained from a
prior analysis of a single sample of VLU tissue (9) aided
the selection of a panel of antibodies in order to identify and
confirm common protein patterns from VLU slough using
Western blotting, giving a holistic view of slough from the
wound environment.

Western blot analysis of wound slough proteins

Western blots of the wound slough proteins were blocked for
1 hour in Tris buffered saline (TBS) containing 5% skimmed
milk powder. Blocked Western blots were incubated overnight
at 4°C in primary antibody diluted in TBS/skimmed milk pow-
der. Rabbit anti-human fibrinogen, fibronectin, human serum
albumin and MMP 9 were diluted at 1:10000. Rabbit anti-
human MMP 8§, was diluted at 1:5000. Goat anti-collagen
types I, III, IV and V were diluted at 1:1000. Primary antibody
was discarded and the blots washed (3 x 20 minutes) with TBS
containing 0-05% Tween 20 (TBS/Tween). Antibody binding
was detected by incubating the blots for 2 hours at room tem-
perature with alkaline phosphatase conjugated goat anti-rabbit
IgG diluted 1:10 000 in TBS/skimmed milk powder or donkey
anti-goat IgG diluted at 1:5000 in TBS/skimmed milk powder.
Following incubation in secondary antibody, the blots were
washed (4 x 20 minutes) with TBS/Tween. Blots were devel-
oped with 200 uM 5-bromo-4-chloro-3-indolyl phosphate dis-
odium salt (BCIP) and 20 WM nitro blue tetrazolium (NBT)
in 0-75M Tris pH9-6. Western blots probed with protein G
were blocked as above and incubated for 2hours at room
temperature with alkaline phosphatase conjugated protein G
diluted at 1:10000. Following incubation, blots were washed
and developed as described above.

Western blots of wound slough protein pre- and post-ISP
degradation were also analysed for the presence of residual
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Table 1 Bacterial adhesins identified in common wound colonizing bacteria

Wound infection Bacterial adhesin Tissue target References
Pseudomonas Agglutinin | (PA-IL) Galactose and mannose in fibronectin, fibrinogen, (33,34)
aeruginosa laminin, collagens; mannose in ABO(H) and P blood
group glycosphingolipids
Agglutinin Il (PA-IIL) Mannose in ABO(H) and P blood group glycosphingolipid. (35,36)
Potentially to mannose in the carbohydrate side chains of
fibrinogen, fibronectin and laminin
Sialic acid (N-acetyl neuraminic acid) Potentially binds to N-acetyl neuraminic acid on fibrinogen (37)
binding protein and fibronectin
Staphylococcus Fibronectin binding proteins A and B Fibronectin, fibrinogen, elastin (38,14)
aureus
Collagen binding protein Binds to four repeats of Gly-Pro-Hyp or Gly-Pro-Pro present (39)
in the collagen sequence
Clumping factors A and B Fibrinogen. Clumping factor B may also bind to keratin (40,41)
Elastin binding protein S (EbpS) Elastin (42)
Protein A Binds the AT domain of VW factor and the Fc region of IgG (43)
Staphylococcus SdrG Binds to the Bf chain of fibrinogen at the thrombin (44)
epidermidis cleavage site
Autolysin/adhesin (Aae) Binds vitronectin and the B chain of fibrinogen (45)
Atl E Vitronectin (46)
Elastin binding protein (epb) Elastin (47)
Fibronectin binding protein Fibronectin (48)
Escherichia coli Type | fimbriae Mannose residues on laminin, fibronectin and collagen (49)
types 1 and IV
P-fimbriae Potentially binds to galactose residues on collagen and (50)
fibronectin
S-fimbriae Potentially binds to galactose residues on collagen and (51)
fibronectin and N-acetyl glucosamine residues on
laminin, fibronectin, elastin and fibrinogen
Long polar fimbriae Binds to mannose residues on laminin, fibronectin and (52)
collagen types 1 and IV
Proteus mirabilis Mannose-resistant fimbriae (MRF) Potentially binds mannose residues on laminin, fibronectin (53)
and collagens types | and IV
Uroepithelial cell adhesion (UCA) GalNAcB1-4Gal present in asialo-GM1 and asialo-GM2 (54,55)
also known as non-agglutinating glycosphingolipids present in epithelial cells Has the
fimbriae (NAF) potential to bind to galactose and N-acetylgalactose
residues on fibronectin, laminin, collagen and
fibrinogen
Ambient-temperature fimbriae (ATF) Homology to E. coli type | fimbriae (mannose binding), has (56)
potential to bind laminin, fibronectin, types 1 and IV
collagen
Enterococcus Aggregation substance Aggregation substance enhances the binding of (57)
faecalis Enterococcus faecalis to fibronectin, thrombospondin,
vitronectin and type | collagen
Klebsiella oxytoca Mannose-resistant fimbriae (MRF) Has the potential to bind mannose residues on laminin, (58)

homologous to Proteus mirabilis

fibronectin and collagens types | and IV

Tissues in bold are the bacterial adhesin tissue target molecules detected in VLU slough which are degraded by Lucilia sericata chymotrypsin 1 (ISP).

ISP. In this case wound slough proteins were resolved by
10% non-reducing tricine-SDS-PAGE prior to transfer onto
nitrocellulose. Western blots were probed as described above
with rabbit anti-ISP (19) diluted at 1:1000 in 5% skimmed
milk powder followed by alkaline phosphatase conjugated
goat anti-rabbit IgG diluted at 1:10 000 in TBS/skimmed milk
powder.

Detection of gelatinolytic activity in wound slough

A total of 2-5ug of slough protein was incubated overnight
at 37°C with 0-5 ug of ISP in a final volume of 10l of PBS.

Control incubations of wound slough and ISP alone were also
included. Gelatinase activity was determined using gelatin
substrate SDS-PAGE where 0-1% gelatin was incorporated
into a 5% tricine resolving gel. Following digestion, 10 ul of
non-reducing sample buffer was added to the reaction mix,
which was incubated for 30 minutes at 37°C prior to gel
loading. Post-electrophoresis (100 V constant) the gels were
washed for 30 minutes with 2-5% Triton X100 followed by
30 minutes with water. To promote gelatinolytic activity, gels
were incubated overnight at 37°C in PBS containing 2 mM
CaCl,. Gels were stained with Coomassie Brilliant Blue R250
then destained with 25% methanol and 10% acetic acid until

© 2013 The Authors
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Table 2 Clinical data from patients used in the study

Macromolecules in VLU slough

Patient sample no Age Microbiology Clinical outcome*
1 72 S. aureus, P. aeruginosa, mixed colonizing bacteria Healed

2 81 S. aureus, Methicillin-resistant S. aureus, P. aeruginosa, mixed colonizing bacteria Healed

3 83 S. aureus Healed

4 77 S. aureus, B-haemolytic group C Streptococcus, mixed colonizing bacteria Healed

5 85 S. aureus, mixed colonizing bacteria Healed

6 N/A N/A N/A

7 80 Methicillin-resistant S. aureus, P. mirabilis, mixed colonizing bacteria Healed

Microbiological analysis of individual slough samples was carried out by the Microbiology Department, Queens Medical Centre, Nottingham.

N/A indicates data not available.
* Post-treatment with L. sericata.

gelatinolytic activity was observed as clear banding against a
blue background.

Results

Macromolecular profiling of VLU wound slough

VLU slough samples from seven patients (Table 2) were
profiled under non-reducing conditions by tricine-SDS-PAGE
and Western blotting in an attempt to reflect the natural
configuration and interactions of the proteins in the wound
environment. Protein profiles were generally similar, with a
prominent 60 kDa protein and larger molecular mass proteins
resolving from approximately 70 kDa to >250kDa.

ISP resulted in protein degradation within slough samples,
as demonstrated by the disappearance of the predominant
60kDa and high molecular mass proteins, and the appearance
of degradation products below 60kDa (Figure 1A). The
prominent 60kDa protein resolved with a relative mobility
identical to human serum albumin (HSA — Figure 1B); the
reference protein appeared as a monomer and dimer.

Probing VLU slough for MSCRAMM targets

Fibrinogen (Figure 2A) and fibronectin (Figure 2B) were
detected following Western blot with specific polyclonal
antibodies. These proteins resolved poorly, and appeared to
be degraded when compared to their native molecular masses
(20-22), and internal reference proteins, possibly as a result
of autolysis. ISP degraded fibrinogen and fibronectin further.
IgG, detected using protein G, was also prominent in five
samples (Figure 2C), and was also degraded by ISP. Each
of these molecules presents docking sites for MSCRAMMS,
therefore their degradation by the maggot enzyme could
be significant in terms of the clinical action of L. sericata
(Table 1).

Collagens, a target for debridement agents like Santyl and
for bacterial adhesins (Table 1) were also detected in VLU
slough. Collagen types I, III, IV and V were detected in a
majority of samples (Figure 3), and were poorly resolved,
exhibiting molecular masses >100kDa. Treatment of wound
slough with ISP generally resulted in the degradation of
collagens.

To summarise at this stage, the predominant macro-
molecules identified in VLU slough were fibrinogen,

© 2013 The Authors
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Figure 1 Macromolecular profiles of VLU slough samples and the
effects of Lucilia sericata chymotrypsin 1 (ISP). Wound slough from
seven patients, pre- and post-treatment with ISP, was separated
by 5% tricine-SDS-PAGE under non-reducing conditions. Gels were
silver stained (A). Probing for human serum albumin (HSA) resulted in
recognition patterns which suggest that the predominant 60 kDa protein
is indeed HSA (B). The HSA reference protein would appear to exist in
monomeric and dimeric forms. +ISP, maggot chymotrypsin-treated.

fibronectin, human serum albumin, IgG and collagens I,
I, IV and V. The majority of these proteins possess
docking sites for MSCRAMMSs (Table 1), and ISP had a
degradative effect in the majority of the analyses conducted.
Given that these proteins often resolved at masses lower
than their native states before ISP treatment, possibly as
a result of autolysis in the wound, slough was subse-
quently probed for the presence of matrix metalloproteinases
(MMPs).

MMP 8 was not detected in any sample following Western
blot (not shown). In contrast, MMP 9 was detected in all VLU
samples, albeit again in a poorly resolved manner (Figure 4A)
and at higher molecular mass than its native form [82kDa
(23)], raising the possibility of the presence of MMP 9/protein
complexes. Treatment of wound slough with ISP resulted in
the downward shift of the MMP 9 profile in some samples.

International Wound Journal © 2013 Medicalhelplines.com Inc and John Wiley & Sons Ltd 417
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Figure 2 (A-C) Detection of fibrinogen (Fb), fibronectin (Fn) and IgG in
VLU samples by Western blotting and the degradative effects of ISP.
Wound slough separated by 5% tricine-SDS-PAGE under non-reducing
conditions was transferred onto nitrocellulose and probed with polyclonal
antibodies specific for Fb and Fn, or with protein G to detect IgG. The
relative mobilities of intact reference proteins are indicated by arrows.
+ISP, maggot chymotrypsin-treated.

This suggests that the maggot chymotrypsin degrades a tissue
gelatinase.

ISP survives gelatinolytic activity in VLU samples

Following the detection of MMP 9 by Western blot, VLU sam-
ples were analysed by gelatin substrate SDS-PAGE pre- and
post-incubation with ISP (Figure 4B). Gelatinolytic activity
was particularly evident in samples 3, 4 and 7. Treatment with
ISP altered the gelatinolytic profile and ISP remained active
in the presence of wound gelatinase activity. The intact active
ISP reference is indicated by arrows, and a proteinase with
identical mobility can be seen in VLU samples where ISP has
been added. The molecular integrity of ISP was confirmed
by Western blot of VLU samples with an antibody specific
to ISP (19) following the addition of ISP to the samples
(Figure 4C).

Discussion

This study was designed to increase knowledge of the protein
composition of VLU slough, particularly in relation to the

D. I. Pritchard & A. P. Brown

presence of macromolecular targets for MSCRAMMs. The
effect of maggot chymotrypsin 1 (insect) serine proteinase
(ISP) on the macromolecular profile was then confirmed in
an increased number of patient samples to that previously
reported. The study provided evidence that ISP remained
active against macromolecules presenting MSCRAMM targets
in what is essentially a gelatinase rich environment.

Clearly, many of the tissue targets for MSCRAMMS,
fibrinogen, fibronectin, collagens and IgG, were detected and
then degraded by ISP. Further experiments would be required
to assess whether the degradation was sufficient to destroy
the molecular structures of the exact docking sites on these
molecules for MSCRAMMs. In addition, as some of the
docking sites involve recognition of sugars on glycosylated
proteins, it is also possible that proteolytic digestion supports
further activity by glycosidases known to be present in the
secretions of L. sericata (24).

This combination of enzymes could facilitate the radical
debridement of VLU slough, combining a perturbation of the
native state of slough macromolecules with the direct effect
of ISP on some MSCRAMMs themselves (25), resulting in an
improved VLU wound environment in terms of the removal
of necrotic tissue and its associated bacterial burden (26,5).

Each VLU slough extract was shown to contain gelati-
nolytic proteinases and the presence of MMP 9 was confirmed
by Western blot. MMP 9 (gelatinase B) is a zinc-dependent
enzyme involved in the breakdown of the extra cellular matrix
(ECM), tissue remodelling and wound healing (27). It is
secreted as an inactive 92 kDa zymogen. The activated 82 kDa
enzyme degrades collagens IV, V, XI and laminin (23,28) fol-
lowing interaction with three fibronectin type 3 repeats (29).
In this study, MMP 9 was detected at >100kDa, suggesting
it may have been complexed. Alternatively MMP 9 dimers
may have been present (27). However, it is very difficult to
obtain accurate molecular masses for many of the constituents
of VLU slough following gel analysis, given the nature of the
biological material, which is also known to contain DNA.

Despite the clear presence of MMP 9, and intrinsic gelati-
nase activity, ISP persisted in VLU slough, supporting the
use of L. sericata and its chymotrypsin as wound management
agents. An analysis of the sequence of L. sericata ISP revealed
an absence of MMP 9 cleavage sites (9,29), possibly explain-
ing the resistance of ISP to the proteinase activity present in
the wound environment and the survival of L. sericata serine
proteinases in wounds (30).

MMP 9 activity in VLU slough samples could also be
responsible for autolysis and the appearance of the macro-
molecules detected at masses less than their predicted native
molecular size. However, some macromolecules resolved at
masses higher than their native masses, suggesting as yet
unexplained protein—protein interactions in VLUs.

Finally, the relative abundance of HSA in slough needs
to be discussed. As the most abundant plasma protein, its
presence could be relegated to irrelevant bystander capacity.
However, given that HSA has extraordinary ligand-binding
properties (31), for fatty acids and pharmaceuticals, its pres-
ence should not perhaps be ignored in the context of devel-
oping a full understanding of the wound ecosystem.

© 2013 The Authors
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Figure 3 Detection of collagen in VLU slough. Wound slough from seven patients pre- and post-treatment with ISP was separated by 5% tricine-
SDS-PAGE under non-reducing conditions, transferred onto nitrocellulose and probed with antibodies to collagen type | (A), type Il (B), type IV (C) and
type V (D). +ISP, maggot chymotrypsin-treated.
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Figure 4 Detection of MMP 9 and gelatinase activity in wound slough. Wound slough was probed for the presence of MMP 9 (A) and analysed by
gelatin substrate SDS-PAGE (B). The presence of residual and intact ISP in VLU samples rich in gelatinolytic activity was detected by Western blot
(C). +ISP, maggot chymotrypsin-treated.
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In conclusion, we have demonstrated that VLU slough
contains the plasma-derived proteins such as fibrinogen,
fibronectin, human serum albumin and IgG, as seemingly
intact macromolecules and in varying states of (autolytic?)
degradation. In addition, collagens I, III, IV and V were
present. Many of these proteins carry motifs receptive for
MSCRAMMs (Table 1), therefore their removal by ISP
may impede bacterial colonisation and subsequent biofilm
formation. Furthermore, ISP appears to be suited to be active
in the wound environment, given its resistance to MMP 9 and
endogenous wound proteinase inhibitors (32).

This increase in understanding of the macromolecular
composition of slough, and its potential to harbour, interact
with and possibly protect bacteria could also be of assistance
to those in the dressings industry striving to design more
effective wound management products.
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