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Proteases control complex tissue responses by modulat-
ing inflammation, cell proliferation and migration, and ma-
trix remodeling. All these processes are orchestrated in
cutaneous wound healing to restore the skin’s barrier
function upon injury. Altered protease activity has been
implicated in the pathogenesis of healing impairments,
and proteases are important targets in diagnosis and
therapy of this pathology. Global assessment of proteol-
ysis at critical turning points after injury will define crucial
events in acute healing that might be disturbed in healing
disorders. As optimal biospecimens, wound exudates
contain an ideal proteome to detect extracellular proteo-
lytic events, are noninvasively accessible, and can be
collected at multiple time points along the healing pro-
cess from the same wound in the clinics. In this study, we
applied multiplexed Terminal Amine Isotopic Labeling of
Substrates (TAILS) to globally assess proteolysis in early
phases of cutaneous wound healing. By quantitative anal-
ysis of proteins and protein N termini in wound fluids from
a clinically relevant pig wound model, we identified more
than 650 proteins and discerned major healing phases
through distinctive abundance clustering of markers of
inflammation, granulation tissue formation, and re-epithe-
lialization. TAILS revealed a high degree of proteolysis at
all time points after injury by detecting almost 1300 N-ter-

minal peptides in �450 proteins. Quantitative positional
proteomics mapped pivotal interdependent processing
events in the blood coagulation and complement cas-
cades, temporally discerned clotting and fibrinolysis dur-
ing the healing process, and detected processing of com-
plement C3 at distinct time points after wounding and by
different proteases. Exploiting data on primary cleavage
specificities, we related candidate proteases to cleavage
events and revealed processing of the integrin adapter pro-
tein kindlin-3 by caspase-3, generating new hypotheses for
protease-substrate relations in the healing skin wound in
vivo. The data have been deposited to the Proteome-
Xchange Consortium with identifier PXD001198. Molecular
& Cellular Proteomics 14: 10.1074/mcp.M114.043414, 354–
370, 2015.

Proteases play pivotal roles in complicated tissue pro-
cesses by influencing immune responses, epithelial and mes-
enchymal cell integrity, proliferation and migration, as well as
extracellular matrix maturation and remodeling. As a prime
example, they control all phases of cutaneous wound healing
by participating in coagulation, complement activation, re-
cruitment of immune cells, migration of keratinocytes and
fibroblasts, angiogenesis, and formation of the scar tissue (1,
2). Immediately after injury a blood clot is formed through a
series of interconnected proteolytic processing events of co-
agulation factors to initially seal the site of damage and to
provide a provisional fibrin matrix (3, 4). Soon after and inter-
facing with coagulation, the complement system is activated
to fight invading bacteria. During the inflammatory phase (day
1 to 3) the kallikrein–kinin axis controls vasodilation and vas-
cular permeability, and leukocytes enter the wounded tissue
in response to pro-inflammatory chemo-attractants whose
activity is regulated by limited proteolysis (5). Upon activation
of the plasmin system, the fibrin clot is proteolytically de-
graded to facilitate migration of keratinocytes from the epi-
dermis and the hair follicles as well as of macrophages and
fibroblasts in the granulation tissue. These migratory events
that occur during the phase of new tissue formation (days
3–10) are further promoted by matrix metalloproteinases
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(MMPs)1 that are activated by plasmin and concomitantly
modulate tissue influx of immune cells and resolution of in-
flammation (6, 7). MMPs are also heavily involved in matrix
remodeling and scar formation as the final step of skin repair
that starts 1 to 2 weeks after injury, but may continue for up to
1 year or more (8).

As a consequence of their crucial roles in the healing skin,
wound proteases have been implicated in the pathogenesis of
healing disorders (9). Impaired wound healing has detrimental
consequences and often leads to the development of chronic,
nonhealing ulcers. In particular, patients suffering from vas-
cular disease, diabetes, or autoimmune disorders frequently
develop chronic skin ulcers. Chronic wounds have become a
major problem in industrialized western countries with their
rising rates of obesity and the increasing life expectancy,
putting also an enormous burden on health systems (10).
Because MMPs received much attention in chronic wound
repair (11, 12), current diagnostic tests rely on assessment of
general MMP activity in wound swabs (13), but suffer from
lack of specificity and fail in many cases in predicting the
actual wound status. Hence, novel multiparameter point-of-
care tests are needed that integrate multiple proteolytic
events to deliver robust results on aberrant proteolysis as an
indicator for chronic wound progression (14).

Proteolytic cleavages in major cascades, such as blood
coagulation and complement activation, have been mapped
in great detail through seminal biochemical studies (15, 16). In
vitro studies used purified or recombinant proteins or moni-
tored processing of radioactively labeled components spiked
into activated blood plasma (17, 18). Later, the invention of
monoclonal antibodies and/or active site labels also enabled
the analysis of endogenous proteolytically activated coagula-
tion factors and complement components in in vivo samples
(19). However, none of these techniques allowed directly re-
cording the actual interconnected cleavage events of these
complex proteolytic activation cascades in vivo and in re-
sponse to a natural incidence like tissue injury, a prerequisite
to better understand their disturbances in pathology. Ad-
dressing this limitation, mass spectrometry-based degrado-
mics technologies have been developed that identify and
relatively quantify protein N termini in complex biological sam-
ples (20–22). One of these methods, Terminal Amine Isotopic
Labeling of Substrates (TAILS), was successfully applied in
vitro to identify novel substrates of individual proteases (23–
28) and more recently also in vivo to systematically assess

protease activity in complex tissue samples (29, 30). TAILS
has unique multiplexing capabilities and thus is particularly
suited for analyzing the N-terminome at multiple time points
after the stimulus (31) as required for the time-resolved anal-
ysis of proteolytic events at critical turning points after skin
injury (32).

An optimal sample for the system-wide analysis of protease
activity in cutaneous wound healing should be easily and
preferentially noninvasively accessible, cover most cleavage
events, and be ideally obtained from the same wound at
multiple time points after wounding. This is the case for
wound exudates, which can be either directly collected from
the wound site (33, 34) or extracted from wound dressings
(35). Several proteomic analyses of wound fluids have been
performed that mostly focused on the quantitative compari-
son of proteins in fluids from normal and impaired healing (33,
35). The most recent studies covered a significant proportion
of the wound proteome and recorded differential protein
abundances at single states of chronic manifestation or nor-
mal healing (35). However, these analyses did not integrate
data on healing progression and/or functional modifications to
the wound proteome along the healing process. Importantly,
several studies suggest a higher predictive power of post-
translational modifications than relative protein abundances
for disease progression (36, 37). Hence, recording proteolytic
signatures at critical time points after wounding is a promising
approach to define pivotal events in acute healing that might
be disturbed in healing impairments.

Here, we exploited the power of multiplexed iTRAQ-TAILS
to globally analyze the wound fluid proteome and N-termi-
nome at multiple time points after injury. We identified more
than 650 proteins and almost 1300 protein N termini from
exudates collected in a clinically relevant pig wound healing
model. By combining quantitative proteome and N-termi-
nome analyses, we temporally discerned major phases of
acute wound healing and mapped key cleavages in blood
coagulation and complement activation. Further, we revealed
protease dynamics through identification, quantification, and
relative weighting of multiple cleavages in complement C3.
Finally, by integrating data on known cleavage site specifici-
ties we related groups of proteases to identified cleavage
sites and established direct cleavage of the integrin adapter
protein kindlin-3 by caspase-3, which might play an important
role in immune cell apoptosis during cutaneous wound
healing.

EXPERIMENTAL PROCEDURES

Pig Wound Healing Model—15 female pigs (Sus scrofa, Seghers
Hybrid) with a weight of 87.0 kg � 3.86 kg were acclimatized and
prepared for surgery by intramuscular injection of atropine and tilet-
amine-zolazepam and intravenous application of thiopental-pento-
barbital. O2-isoflurane inhalation was used for anesthesia during the
surgery, and the animals received analgesic treatment by administra-
tion of carprofenum (4 mg/kg) and butorphanol (0.2 mg/kg) before
surgery and during the study. Hair was clipped, skin disinfected and

1 The abbreviations used are: MMP, matrix metalloproteinase;
TAILS, terminal amine isotopic labeling of substrates; iTRAQTM, iso-
baric tag for relative and absolute quantitation; CPLL, combinatorial
peptide ligand libraries; HPG-ALD, hyperbranched polyglycerol alde-
hydes; HCD, higher energy collisional dissociation; TPP, trans pro-
teomic pipeline; NPWT, negative pressure wound therapy; PMN,
polymorphonuclear neutrophils; CRP, C-reactive protein; IGF2, insu-
lin-like growth factor 2; CXCL5, C-X-C motif chemokine 5; SRM,
selected reaction monitoring.
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wounds (ø 3 cm) extending to the fascia were created on the back of
each animal under careful control of bleeding. Ethylenoxide sterilized
foam dressings (VivanoMed, Hartmann, Heidenheim, Germany) were
cut to the appropriate size and placed inside the wounds. Wounds
were sealed with adhesive polyurethane films (Hydrofilm, Hartmann),
a central perforation was created, and a tubing system (VivanoMed,
Hartmann) was attached to apply a vacuum of �125 mmHg with help
of a vacuum unit (VivanoTec, Hartmann). At day 1 or 3 after injury
animals were sacrificed, foams removed, cut in three parts and one
part was immediately stored at �80 °C for proteomics analysis. For
7-day wounds polyurethane films, tubing, and foams were replaced at
day 3 after wounding, and new foams were left in the wound for
additional 4 days prior to sacrifice of animals and harvesting of foams.
Special jackets for the animals and individual housing avoided me-
chanical irritation of the wounds. Animals were housed in accordance
with the EEC Directive 86/609, and all experiments were performed
upon approval by an animal welfare committee (NAMSA/BIOMAT-
ECH 2009-12-04).

Extraction of Wound Fluids from Foams—Frozen foams soaked
with wound fluid were placed into a 2 ml syringe sealed with a plastic
plug and incubated in 1–2 ml extraction buffer (50 mM HEPES, pH 7.8,
10 mM EDTA, and 2� cOmplete protease inhibitor (Roche, Mannheim,
Germany)) for 1–3 h at 4 °C on a rotator. Subsequently, the plug was
removed, the syringe placed into a 15 ml Falcon tube, and wound
fluids were collected by centrifugation (7 min, 200 � g, 4 °C). Insol-
uble particles were removed by a second centrifugation (10 min,
13,000 � g, 4 °C), and extracted wound fluids were stored at �80 °C.

Processing of Wound Fluids and Equalization of Protein Amounts—
Wound fluids from two wounds of the same pig were pooled, the
buffer exchanged to 50 mM HEPES, pH 7.8, and low molecular weight
components removed by ultrafiltration using 5 kDa molecular weight
cutoff concentrators (Vivaspin, Sartorius Stedim Biotech GmbH, Göt-
tingen, Germany). Solid particles were removed by centrifugation (10
min, 13,000 � g, 4 °C), the protein concentration determined by the
Bradford assay (BioRad, Hercules, CA) and samples either directly
further processed or stored at �80 °C. To equalize protein amounts
based on combinatorial peptide ligand libraries (CPLL), samples were
processed using the ProteoMiner Protein Enrichment Large-Capacity
Kit (BioRad). The CPLL technology relies on a large library of diverse
hexapeptides bound to beads that provide the same binding capacity
for each protein in a sample. Proteins with very high abundances,
such as serum albumin, saturate their respective binding sites,
whereas low-abundance proteins relatively increase in concentration
and become detectable (38). In contrast to immunodepletion columns
(39) CPLLs are independent of antibodies and thus are particularly
suited for analysis of samples from organisms, for which suitable
antibodies are not available. Wound fluid samples were adjusted to a
protein concentration of 50–70 mg per ml in 50 mM HEPES, pH 7.8,
and loaded onto ProteoMiner spin columns. Column preparation,
sample binding, washing, and elution were performed according to
the manufacturer’s instructions. Proteins bound to peptide ligand
libraries were eluted in 300 �l elution buffer (8 M urea, 2% CHAPS),
and protein concentration was determined by the Bradford assay.
Processed samples contained between 0.95 to 2 mg total protein in
300 �l. Finally, ProteoMiner treated samples were buffer exchanged
to 250 mM HEPES (pH 7.8) and 2.5 M guanidine hydrochloride by
ultrafiltration as described above, the protein concentration reas-
sessed, adjusted to 1 mg/ml with the same buffer, and stored at
�80 °C.

4plex-iTRAQ-TAILS Procedure—TAILS is a multiplex quantitative
proteomics platform for the determination of N-terminomes and the
system-wide identification of protease substrates and cleavage sites
in complex biological samples (26). In this method, all natural and
cleaved protein N termini and lysines in a proteome are blocked by

differential isotopic labeling. Pooled samples are trypsinized and
then, to reduce sample complexity, incubated with an aldehyde-
derivatized amine-reactive polymer that removes all unlabeled pep-
tides. TAILS therefore focuses on the proteomic analysis of N termini
of all proteins, which together form the N-terminome. The use of
isobaric tags for relative and absolute quantitation (iTRAQ) allows
comparative analysis of up to eight samples in a single experiment.
Technically, iTRAQ-TAILS analysis was performed according to the
published protocol (40). Briefly, aliquots of 0.5 mg of processed
wound fluids were labeled in a 1:4 protein/iTRAQ (w/w) ratio with
4plex-iTRAQ reagents. Samples were digested with trypsin (Trypsin-
Gold, Promega, Madison, WI; 1:100 enzyme/protein (w/w)), and 1/10
of the peptide mixture was removed for analysis prior to N-terminal
enrichment (preTAILS). A 435 kDa HPG-ALD polymer (available with-
out commercial or company restriction from Flintbox Innovation Net-
work, The Global Intellectual Exchange and Innovation Network
(http://www.flintbox.com/public/project/1948/)) was used in threefold
excess (w/w) to deplete the remaining sample for internal tryptic
peptides (TAILS) under previously described conditions (40). Samples
were frozen and stored at �20 °C until further use.

Strong Cation Exchange Chromatography and Mass Spectrometry
Analysis—Prior to mass spectrometry analysis, peptides were frac-
tionated on an Agilent Technologies 1100 Series HPLC system (Agi-
lent Technologies, Santa Clara, CA) with a PolySULFOETHYL A
200 � 2.1 mm, 5 �m, 200 Å (PolyLC Inc., Columbia, MD) column as
described previously (31). Fractions were collected every 2.7 min,
cleaned up using C18 OMIX tips (Agilent Technologies) and pooled to
eight samples. For mass spectrometry analysis an LTQ-Orbitrap XL
mass spectrometer (Thermo Fisher Scientific, Bremen, Germany)
coupled to an Eksigent-Nano-HPLC system (Eksigent Technologies,
Redwood City, CA) was used applying the parameters that were
previously described (31). To increase coverage, samples obtained
after negative enrichment of N-terminal peptides were re-analyzed
using an exclusion list compiled from Thermo raw files with a window
of � 20 ppm for the precursor and � 3 min for the retention time.

MS Data Interpretation—Peak lists were extracted from raw data
files and CID/HCD spectra merged using Mascot Distiller v2.3.2 (Ma-
trix Science, Boston, MA). Mascot v2.4.1 (Matrix Science) was used
to search peak lists (mgf) against a database compiled from the
UniProt (release 2013_01) reference proteome for Sus Scrofa (taxid:
9823) (26,107 entries) and extended by reversed decoy sequences
and common contaminants with the following parameters: semi-ArgC
for enzyme specificity allowing up to one missed cleavage; carbam-
idomethyl(C), iTRAQ(K) as fixed modifications; acetyl(N-term), pyroQ
(N-term), iTRAQ (N-term), oxidation(M), deamidation (NQ), iTRAQ(Y)
as variable modifications; and parent mass error at 10 ppm, fragment
mass error at 0.8 Da. Mascot search results were processed using the
Trans-Proteomic Pipeline (TPP v4.6, rev 3, Build 201310301508) em-
ploying PeptideProphet (parameters: MINPROB � 0.05 ACCMASS
LEAVE NONTT) and iProphet for secondary validation and for com-
bining results from multiple peptide fractions (preTAILS and TAILS).
For proteome analysis (preTAILS), iProphet results were further eval-
uated by ProteinProphet without assembling protein groups, and only
proteins with a ProteinProphet probability of �0.90 (CPLL experi-
ments) or �0.95 (all other experiments), respectively, (corresponding
to false discovery rates (decoy) of �2%; see supplemental Tables for
individual datasets) were included in subsequent analyses. For N-
terminome assessment (TAILS), iProphet results were filtered for
spectrum to peptide assignments with an iProphet probability of
�0.90 (corresponding to false discovery rates (decoy) of �1%; see
supplemental Tables for individual datasets). A modified version of
i-Tracker (41) was used to assign iTRAQ reporter intensities extracted
from mgf files with mass tolerance of 0.1 Da and default purity
corrections to each peptide as described previously (31).
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Normalization, Annotation, and Statistical Analysis—Protein quan-
tification (preTAILS) for each replicate was performed as described
(30), yielding quantile normalized values for relative protein abun-
dances in each channel normalized to the sum of all channels. For
additional interexperimental normalization, log2-ratios to the refer-
ence channel in each 4plex-experiment were calculated. Subse-
quently, proteins that had been reliably quantified in at least three out
of five replicates were extracted, and Multi Experiment Viewer v4.8
(www.tm4.org) was used to determine differentially abundance be-
tween groups by one-way–ANOVA and to perform hierarchical cluster
analyses. Similarly, differentially abundant N termini (TAILS) were
determined and clustered after filtering for semitryptic peptides,
quantile normalization of raw iTRAQ reporter intensities, merging of
data for multiple charge states and modifications of the same peptide
using the CLIPPER analysis pipeline (42) and normalization to the
reference channel. CLIPPER was also employed to assign N-terminal
peptides to corresponding proteins and to annotate their position in
the protein precursor and/or the mature protein, if information was
available. Proteins were assigned to classes with help of the Panther
annotation system (43), human orthologs determined using the In-
Paranoid Version 8.0 (44) ortholog table for H.sapiens–S.scrofa and
pathway analysis performed with Qiagen’s Ingenuity® Pathway Anal-
ysis (IPA®, Qiagen Redwood City, CA, www.qiagen.com/ingenuity).
For generation of Venn diagrams we used “VennMaster” (45),
“Venny,” or “Overlapper” (http://faculty.ucr.edu/�tgirke/Documents/
R_BioCond/My_R_Scripts/overLapper.R) in R (v2.8.1, http://www.
r-project.org). Graphs were created in R or with Prism 5.0 (GraphPad
Software), and IceLogo (46) was used to generate cleavage specificity
sequence logos.

Selected Reaction Monitoring (SRM) Experiments—A spectral li-
brary was built based on the Mascot search results describe above
using the BiblioSpec implementation contained in Skyline (47). For
each spectrum, the five most intense y-ions were selected as target
transitions for SRM measurements. Declustering potential (DP) and
collision energy (CE) were predicted according to the mass-to-charge
ratio of the precursor. SRM measurements were performed on a
hybrid triple quadrupole/linear ion trap mass spectrometer (QTRAP
5500, AB Sciex, Concord, Canada), operated in-line with a nano liquid
chromatography system (Eksigent nanoLC-Ultra 1D plus, AB Sciex,
Zug, Switzerland). In brief, peptides were loaded onto in-house made
fused silica columns (75 �m ID � 100 mm) packed with Magic C18
AQ 200 Å, 3 �m particle size reverse-phase material (Michrom Bio-
Resources, Auburn, Canada). The column was maintained at 50 °C
using a butterfly heater (MS Wil GmbH, Wil, Switzerland). Bound
peptides were eluted by applying a linear gradient from 3% to 40%
acetonitrile over 30 min at a flow rate of 300 nl/min and electros-
prayed into the mass spectrometer via a 10 �m ID spray tip (PicoTip
emitter, New Objective, MS Wil GmbH, Switzerland). During data
acquisition the MS was operated in unscheduled SRM mode at a
dwell time of 40 ms per transition, resulting in a total cycle time of
3.2 s. Data analysis was performed using Skyline (version 2.6) (47).
iRT standard peptides (Biognosys, Zurich, Switzerland) (48) were
mixed with the samples according to manufacturer’s instructions and
likewise recorded to control LC and MS performance.

Immunoblot Analysis—To remove guanidine hydrochloride from
wound exudate samples, proteins from 20 �l (1 mg/ml) of processed
fluids (see above) were precipitated with 10% trichloroacetic acid and
the pellet washed with ice-cold ethanol. For immunoblot analysis
proteins were resolved by SDS-PAGE, transferred to nitrocellulose
membranes (Whatman, Clifton, NJ) and probed with antibodies di-
rected against complement C3 (MP Biomedicals, Santa Ana, CA),
kindlin-3 (kindly provided by R. Fässler and M. Moser (Max Planck
Institute of Biochemistry, Martinsried, Germany); Ref (49).) or GAPDH
(HyTest, Turku, Finland). To visualize bands, a horseradish peroxidase

conjugated secondary antibody was used and membranes were ex-
posed to an x-ray film (Fuji Medical, Tokyo, Japan) upon application
of enhanced chemiluminescence (ECL) reaction reagents.

Cell Culture and Induction of Inflammasome or Apoptosis—Human
THP1 monocytes (a kind gift from H.-D. Beer, University of Zurich)
were differentiated by treatment with 100 nM 12-O-tetradecanoyl-
phorbol-13-acetate (TPA) for 72 h. The medium was removed, cells
were washed with OptiMEM medium and incubated overnight with 1
�g/ml of LPS in OptiMEM. Next day, ATP was added to a concen-
tration of 5 mM, and cells were incubated for 1 h before being washed
three times with PBS and lysed with Triton X-100 lysis buffer (20 mM

Tris-HCl, pH 8.0, 137 mM NaCl, 10% Glycerol, 2 mM EDTA, 1% Triton
X-100, and cOmplete protease inhibitor (Roche, Mannheim, Ger-
many)). The lysates were cleared by centrifugation (5 min, 4400 � g,
4 °C) and used for immunoblot analysis. For induction of apoptosis,
cells were incubated with 50 �M etoposide (Sigma-Aldrich, Buchs,
Switzerland) and lysed with Triton X-100 lysis buffer as described
above.

Substrate Cleavage Assays—Cellular extracts from differentiated
THP1 cells were digested with recombinant active human caspase-1,
�3, or �7 (Enzo Life Sciences AG, Lausen, Switzerland) at ratios of
0.08 U/�g or 1.25 U/�g, respectively, at 37 °C in Bicine buffer (100
mM Bicine, 1% Triton X-100, 250 mM KCl, 1 mM EDTA, 1 mM PMSF,
1 mM 4-(2-aminoethylbenzene) sulfonyl fluoride, and 0.1 mM E-64, pH
8.0). Recombinant human kindlin-3 (FERMT3, transcript variant
URP2SF) was purchased from OriGene Technologies Inc. (Rockville,
MD) and incubated with recombinant active human caspase-1, �3, or
�7 at a ratio of 1 U/�g at 37 °C in caspase assay buffer (50 mM

HEPES, 50 mM NaCl, 0.1% CHAPS, 10 mM EDTA, and 5% glycerol,
pH 7.5). Cleavage was monitored by SDS-PAGE and visualized by
immunoblot.

The mass spectrometry proteomics data have been deposited
to the ProteomeXchange Consortium (http://proteomecentral.
proteomexchange.org) via the PRIDE partner repository (50) with the
dataset identifier PXD001198. Data for SRM experiments are pro-
vided as supplemental material.

RESULTS

Wound Healing Model and iTRAQ-TAILS Analysis of Wound
Exudates—To obtain wound fluids from acute normally heal-
ing wounds at multiple time points after injury, we used a pig
wound model in combination with a negative pressure wound
therapy (NPWT) device. This treatment regimen represents a
classic strategy used for the treatment of human wounds (51).
In this model, full-excisional wounds (ø 3 cm) extending to the
fascia are generated on the back of pigs. Polyurethane foams
are placed into the wound site and connected to a vacuum
pump (Fig. 1A). Foams were left in the wound from day 0 to
day 1 (1d), from day 0 to day 3 (3d), or from day 3 to day 7 (7d),
allowing collection of wound fluids from multiple time periods
after wounding that represent characteristic phases of the
healing process. Macroscopic pictures of wounds with and
without foam at 3 days after injury (Fig. 1A), detailed histolo-
gies of wound sites at 1, 3, and 7 days after wounding (Fig.
1A; supplemental Fig. S1), and higher magnifications of the
granulation tissue in 1, 3, and 7-day wounds (Fig. 1B) dem-
onstrated the progress of healing. To facilitate statistically
robust analyses, we extracted wound fluids from foams de-
rived from five different pigs per time point and determined
their proteomes and N-terminomes in five separate 4plex-
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iTRAQ-TAILS experiments, applying a labeling scheme that
included a pooled reference sample for interexperimental nor-
malization (Fig. 1C). Prior to iTRAQ-TAILS analysis protein
amounts in fluids were equalized using combinatorial peptide
ligand library (CPLL) treatment, which increased the number
of identified proteins three times and of detected N termini by
a factor of �2 (supplemental Fig. S2A; supplemental Tables
S1–S4). This effect predominantly resulted from a strong re-
duction in numbers of multiple N termini assigned to highly
abundant proteins, such as serum albumin (supplemental Fig.
S2B). Importantly, TAILS allowed recording both the pro-
teome and the N-terminome by analysis of the same sample
prior (preTAILS) and after (TAILS) negative enrichment for
protein N termini.

Quantitative Assessment of the Wound Fluid Proteome—By
combining peptides from preTAILS and TAILS analyses we
identified a total of 664 proteins with high confidence from all
experiments (ProteinProphet probability �0.95; exp1: 1.4%
(FDR (decoy)), exp2: 0.9%, exp3: 1.8%, exp4: 1.1%, and
exp5: 0.9%) and with an average overlap between samples of
around 50% (Fig. 2A; supplemental Tables S5–S10). Panther
classification assigned these proteins to many different
classes that included, in addition to secreted proteins, trans-
membrane as well as cytoplasmic and nuclear proteins (Fig.
2B). This suggested release of cellular content from dying
cells, alternative secretion of intracellular proteins, or lysis of
cells at the wound site during sample preparation and allowed

us to monitor proteolytic processes in the extra- and intracel-
lular space. Indeed, �10% of all proteins represented pro-
teases, thus indicating a high potential for proteolytic cleav-
age events. As expected, around 50% of these proteases
could be subclassified as serine proteases, mostly members
of the complement and blood coagulation systems, and
�30% as metalloproteinases. Demonstrating the sensitivity of
our approach, we specifically identified MMPs 1, 2, 8, and 9
that are all relatively low in abundance. Notably, our analysis
of wound fluids comprised proteins spanning a range of six
orders of magnitude in abundance when related to estimated
concentrations for plasma proteins (52) (Fig. 2C; supplemen-
tal Table S11). Out of all 664 proteins identified, 485 (�70%)
could also be quantified. Three hundred and seventeen
(�50%) were detected in at least three replicates, and 67 of
them showed statistically significant differential abundance in
wound fluids collected at different time points after injury (Fig.
2D; supplemental Table S12). Hierarchical clustering assigned
these to a cluster of 31 proteins with high abundance in fluids
collected 1 day after wounding (early cluster) and a second
cluster of 36 proteins that were highly abundant in fluids
obtained 3 days and 7 days after injury (late cluster). Proteins
assigned to the early cluster could be related to the presence
of erythrocyte remnants (band 3 anion transport protein,
ankyrin-1), the complement (complement C3) and coagulation
(von Willebrand factor) systems and pathways involved in
detoxification of reactive oxygen species (peroxiredoxin 2)

FIG. 1. Collection and analysis of wound exudates. A, Pig wound healing model. Full-thickness excisional wounds (ø 3 cm) extending to
the fascia were generated on the back of pigs, polyurethane foams placed into the wound site, sealed with a film and a vacuum pump attached.
Foams left in the wound for 1 day (1d), 3 days (3d), or from day 3 to day 7 (7d) were harvested for analysis. Upon removal of foams wound
beds indicated formation of granulation tissue at 3 days after wounding. Hematoxylin/eosin staining of a 7-day wound histology shows fibrin
deposits and granulation tissue formation. The black triangle indicates the leading edge of the hyperproliferative wound epithelium. B, Histology
of wound tissue at 1, 3, and 7d after injury. Polymorphonuclear neutrophils (PMN) emigrate into the septa of the adipose tissue adjacent to the
tissue defect (1d). Edema dominates and inflammatory cells (PMN, monocytes) infiltrate the interstitium (3d). At 7d the granulation tissue is
established with macrophages, numerous fibroblasts and some PMN in a newly formed, immature connective tissue (7d). C, iTRAQ-TAILS
analysis of wound fluids. Exudates were extracted from wound foams of five pigs per time point. Highly abundant proteins were relatively
depleted by equalizing protein amounts, and samples were analyzed in five 4plex-iTRAQ-TAILS experiments. A pooled reference from all
samples was included for interexperimental normalization.
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that are generated during the respiratory burst early after
wounding (53). The late cluster also included proteins ex-
pressed either by dermal fibroblasts during granulation tissue
formation (type III collagen) or by epidermal keratinocytes
(stratifin, keratin 1, keratin 10, and S100A8), indicating the
onset of re-epithelialization. Thus, analyzing wound fluids ex-
tracted from foams under NPWT at distinct time points after
injury provided insight into wound-related protein abun-
dances in the inflammatory and the proliferative phase of
acute healing with temporal resolution.

Quantitative Assessment of the Wound Fluid N-termi-
nome—To specifically define protein N termini and thereby
proteolytic cleavage events in wound fluid, we extracted 1293
peptides identified with high confidence (iProphet probability
�0.9; rep1: 0.8% (FDR (decoy)), rep2: 0.7%, rep3: 0.6%,
rep4: 0.7%, and rep5: 0.7%) from our datasets that were
N-terminally labeled, had a tryptic C terminus and were de-
rived from 468 proteins (Fig. 3A; supplemental Tables S13–
S18). Consistent with a previous report on the N-terminome of
human blood (54), more than 85% of all identified N-terminal
peptides could not be assigned to known mature protein N

termini (Fig. 3B). Of these, 41% (36% of all annotated N
termini) were derived from N-terminal “ragging” by aminopep-
tidases, a common phenomenon also observed in blood
plasma (54). The remaining “natural” N termini were either
blocked (acetylation, formation of pyrrolidone carboxylic acid
(pyroQ)) or free (iTRAQ-labeled) in a ratio close to 1 (43%:
57%), which resembles data from the N-terminal analysis of
inflamed skin tissue (30). Again in agreement with previous
studies, blocked N termini were mostly acetylated upon re-
moval of the initiator methionine (68%), but revealed also
known post-translational modification events upon removal of
signal or propeptides, such as post-translational acetylation
of the mature actin N terminus or cyclization of N-terminal
glutamate residues of the porcine antibacterial protein PR-39
or the C-reactive protein (CRP). Moreover, we found a high
proportion of free N termini upon removal of signal or propep-
tides, which constituted more than 50% of all free N-terminal
peptides, as it would be expected for the analysis of a body
fluid comprising many secreted proteins. Extending the quan-
titative assessment of the proteome, our N-terminal analysis
detected low abundance proteins, such as growth factors

FIG. 2. Analysis of wound exudates on the proteome level. A, Number of proteins identified in wound fluids. From all five experiments
(exp1 to exp5) a union of 664 proteins was detected with high confidence. Of these, 485 could be quantified and 317 in at least three replicates
for statistical analysis. B, Protein classification. Proteins were assigned to classes by the Panther classification system. Proteases represented
�10% of all identified proteins, indicating a high proteolytic potential in wound fluids. Presence of transmembrane, cytoplasmic, and nuclear
proteins suggests release of tissue-derived intact cells or cellular content from lysed cells into wound exudates. C, Blood plasma concen-
trations of proteins. Two hundred and fifty-seven identified proteins with estimated plasma concentrations (51) are plotted. Red dots indicate
proteases and inhibitors of major proteolytic systems. D, Hierarchical clustering of proteins with differential abundances in fluids at distinct time
points after injury. Statistically significant differences in abundances across time points of proteins quantified in at least three out of five
experiments were determined by ANOVA (p � 0.05). Thirty-one proteins were assigned to clusters with higher abundance in fluids early and
36 later after wounding, respectively. Proteins associated with hematopoietic cells are found in the early and structural proteins of epithelial
and mesenchymal cells in the late cluster, indicating a temporal discrimination between the inflammatory phase and the onset of granulation
tissue formation and re-epithelialization.
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(insulin-like growth factor 2 (IGF2)) and chemokines (alveolar
macrophage chemotactic factor 2 (C-X-C motif chemokine 5
(human ortholog) (CXCL5)) by their mature N termini and
indicated N-terminal truncations that might alter their activity
(Fig. 3C). As an example, CXCL5 was N-terminally truncated
by four amino acids, a common activating or inactivating
proteolytic modification observed for chemokines (55). Fur-
thermore, TAILS N-terminomics helped defining the activation
status of proteases through positional information. Thereby,
we identified MMP1 by its mature N terminus upon activating
removal of the propeptide, but MMP9 by an N-terminal pep-
tide close to the predicted signal peptide cleavage site (Fig.
3C), indicating the presence of active MMP1, but mostly
inactive MMP9 in the samples. Nearly 90% of all identified
protein N termini could be quantified via an iTRAQ-label, and
around 50% (633) in wound fluids from at least three biolog-
ical replicates (Fig. 3A). As for differentially abundant proteins

in fluids collected at 1, 3, and 7 days after wounding, we could
assign 114 N-terminal peptides with statistically significant
differences in abundance to an early (1d) and 83 to a late
(3–7d) cluster (Fig. 3D; supplemental Table S19). Consistently,
N termini of the early cluster represented proteins related to
coagulation, complement system, and antioxidant defense.
N-terminal peptides of the late cluster were also derived from
dermal (vimentin) and epidermal (keratin 10, keratin 14) cyto-
skeletal proteins, indicating lysis of these cells. Moreover, we
found examples of N-terminal peptides from antimicrobial
proteins (protegrin 5, antibacterial protein PR39) with specif-
ically high abundances in fluids collected at a later stage after
injury. Finally, we identified several N termini assigned to the
same protein, but to either one of the clusters (complement
C3, apolipoprotein A1), indicating activity of different pro-
teases toward these proteins at distinct time points after
wounding.
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FIG. 3. Analysis of wound exudates on the N-terminome level. A, Number of identified protein N termini in wound fluids. From all five
experiments (exp1 to exp5) a union of 1293 N termini in 468 proteins was detected with high confidence. Of these, 1156 could be quantified
and 633 in at least three replicates for statistical analysis. B, Distribution of protein N termini based on SwissProt/UniprotKB annotation. The
small proportion of only 12% natural protein N termini indicates high protease activity in wound exudates, whereby 36% of all N termini were
generated by aminopeptidases. Natural N termini were either free or blocked (acetylation, pyroglutamate), had an intact (Met int.) or removed
(Met rem.) initiator methionine or were generated upon removal of a signal, pro- or transit- (trans) peptide. C, Examples of identified N termini
with implications for modulated protein function. IGF2: insulin-like growth factor 2, natural N terminus; CXCL5: C-X-C motif chemokine 5
(human ortholog), alveolar macrophage chemotactic factor 2 (pig), truncated N terminus (altered receptor binding); MMP1: matrix metallo-
proteinase 1, propeptide removed (active); MMP9: matrix metalloproteinase 9, N terminus in propeptide (inactive). D, Hierarchical clustering
of N-terminal peptides with differential abundances in fluids at distinct time points after injury. Statistically significant differences in abundances
across time points of N termini quantified in at least three out of five experiments were determined by ANOVA (p � 0.05). N termini (114 in
cluster) that were high in abundance early after injury were mainly assigned to proteins associated with inflammatory cells, whereas proteins
identified by N-terminal peptides with high abundances later after wounding were also derived from cells of the granulation tissue and the
hyperproliferative epithelium. In red are proteins with N termini assigned to both clusters, indicating processing by different proteases at distinct
time points after injury.
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Mapping Blood Coagulation and Fibrinolysis with Temporal
Resolution—To further evaluate the power of iTRAQ-TAILS to
dynamically dissect proteolytic cascades by analysis of highly
complex body fluids, we exploited our dataset to map the
blood coagulation cascade as an example for a major path-
way highly enriched in wound fluids (supplemental Fig. S3).
Protein identifications combined from preTAILS and TAILS
analyses covered almost all components of the canonical
blood coagulation cascade (Fig. 4). Importantly, for �80% of
all detected proteins we could also assign N-terminal pep-
tides, allowing us to determine interdependent proteolytic
activation events. As the central activating cleavages we iden-
tified processing of prothrombin (factor II; F2) after Arg199

(autolytic), Arg315 (factor Xa; F10a), and Arg364 (factor Xa;
F10a), but not Arg328 (autolytic) (56), suggesting a prominent
role of these three cleavages in prothrombin activation in
cutaneous wound healing in vivo. As an upstream activator of
prothrombin, our analysis detected factor X (F10) and partic-
ularly the N terminus of its activation peptide, which is re-
moved upon activation. Moreover, TAILS identified all three
major downstream cleavage events mediated by active
thrombin (F2a), the release of fibrinopeptides A (cleavage
between Arg37 and Gly38) and B (Arg48. 49Gly) from their
fibrinogen precursors and the activation of factor XIII (F13) by
processing after Arg41. Importantly, all identified N termini
related to thrombin activation and fibrinogen maturation were
highly abundant in 1-day wound fluids, but mostly absent
from fluids obtained 7 days after wounding (Fig. 4; heatmap),
indicating clot formation early after injury. In addition to mon-
itoring pivotal proteolytic processing events in blood coagu-
lation, we could resolve crucial cleavages in fibrinolysis.
These comprised proteolytic activation of plasminogen (PLG)
by cleavage after Arg579 and five known plasmin cleavage
sites in fibrinogen � (KNNK100.101DSST), � (KQRR166.
167DNEN) and � (ELIK89.99AIQI, SATK111.112ESKK, and
TYSK383.384SSTP) (Fig. 4). Consistent with their biological
function, these cleavages were identified by N-terminal pep-
tides with high abundances in wound fluids collected 7 days
after injury. At this time the fibrin clot is dissolved to allow for
migration of keratinocytes and fibroblasts into the wound site
and their proliferation, thus resulting in replacement of the
fibrin clot by mature granulation tissue (57). Hence, TAILS
analysis of wound fluids from multiple time points after
wounding revealed critical proteolytic processing events in
blood coagulation and fibrinolysis with high sensitivity and
temporal resolution.

Dissecting Cleavage Dynamics in the Complement sys-
tem—As a second major proteolytic pathway contributing to
skin inflammation and repair, we investigated the complement
cascade. Again, our analysis strategy identified most compo-
nents of the classical activation pathway and for more than
80% of these proteins also N-terminal peptides (Fig. 5A). We
monitored central cleavage events in complement activation
by recording the release of the C4, C3, and C5 anaphylatoxins

(C4a, C3a, and C5a) via detection of the resulting neo-N
termini of C4b (GFAR754.755AMEL), C3b (GLAR746.747SDLD),
and C5b (LGRL683.684HIKT), whereby the latter was shifted by
one amino acid, presumably as a result of aminopeptidase
activity. Furthermore, both C4a and C3a were also identified
by their protein N termini (RRKR678.679NVNF, RKRR669.
670SVQL), which are generated by furin during precursor mat-
uration (58), providing comprehensive positional information
for these potent inflammatory mediators. In addition to acti-
vating processing events, we recorded cleavages that are
associated with inactivation of the complement system. Spe-
cifically, we identified the conversion of C4b to iC4b
(VLGR954.955NLEI) and its subsequent cleavage into C4d and
C4c (SMSR1333.1334GGFK) by complement factor I (CFI) as
well as the removal of the complement C3c alpha’ chain
fragments 1 (C3cF1) and 2 (C3cF2) from C3b to yield C3dg(f)
(VVTR943.944TLDP, SLLR1319.1320SEET). Notably, the cleav-
age site after Arg943 does not match with the predicted site
based on the human sequence (KGQQ954.955GVQR) but re-
flects the closest N-terminal upstream sequence harboring an
arginine in P1 position and thus fulfills the strict specificity of
complement factor I (59). However, these SwissProt anno-
tated cleavages represented only a fraction of all processing
events that we recorded for complement components in
wound fluids. In agreement with previous results (54), com-
plement C3 was heavily fragmented by endoproteolysis as
indicated by generation of a total of 31 protein N termini (Fig.
5B; supplemental Table S20). Furthermore, it represented one
of the examples, for which N-terminal peptides could be
assigned to either the early or the late cluster of abundance
levels after injury (Fig. 3D), suggesting processing by pro-
teases that are active at distinct time points of the healing
process. Therefore, we selected complement C3 for a more
detailed analysis. We identified mature N termini of the beta
chain generated by removal of the signal peptide (LALG22.
23DPIY) and of the alpha chain resulting from intracellular
processing by furin during precursor maturation (RKRR669.
670SVQL) and prior to release into the blood stream (58). Both
were differentially higher abundant in 1-day wound fluids,
indicating a relatively higher abundance of the mature protein
at this early time point, which was in agreement with our data
on the protein level (Fig. 2D). Almost all extracellular
endoproteolytic cleavage events, including activating
(GLAR746.747SDLD) and inactivating (VVTR943.944TLDP,
SEET1319.1320KENE) cleavages, could also be assigned to this
early cluster by abundance of their corresponding neo-N ter-
mini. However, one neo-N terminus (GTPV985.986AQMV) and
two of its potential aminopeptidase trimming products
(PVAQ987.988MVED, QMVE990.991DAID) were low in abun-
dance in 1-day wound fluids, but all showed a relatively higher
abundance in fluids collected 7 days after injury. Interestingly,
this cleavage site had been assigned to neutrophil elastase in
vitro (60), which has been described as a potent modulator of
complement C3 function in inflammation (61). To validate
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FIG. 4. Proteolytic map of blood coagulation. Ingenuity pathway analysis was used to map proteins and N termini onto the canonical blood
coagulation cascade. Proteins identified only by tryptic peptides are in gray, proteins with N-terminal annotation in yellow. Known processing
events revealed by corresponding protein neo-N termini are shown by their P4-P4	 cleavage site motifs. Positions are related to unprocessed
precursor sequences. A heatmap of relative abundances of N-terminal peptides derived from indicated cleavages in wound fluids at different
time points after wounding is shown in the top right corner. Gray squares indicate missing values for replicate experiments. Neo-N termini
generated during thrombin activation and fibrinogen maturation are higher abundant in fluids collected early and neo-N-terminal peptides from
fibrin degradation (fibrinolysis) in samples obtained later after injury. Proteins predicted to be cleaved by MMPs (see Fig. 6A) are marked by
red borders.

Wound Fluid Degradomics

362 Molecular & Cellular Proteomics 14.2



differential abundance and proteolytic processing of comple-
ment C3 at distinct time points after injury, we analyzed
wound fluids collected from three pigs per time point by
immunoblotting using a polyclonal antibody raised against the
whole protein (Fig. 5C). Validating our proteomics results,
complement C3 was heavily fragmented and higher in abun-
dance in 1-day than in 3- and 7-day wound fluids. Most
importantly, we also identified changes in the fragmentation
pattern in 7-day wound fluids by appearance of an additional
band in samples from two pigs that correlated with an addi-
tional cleavage by neutrophil elastase only at this time point
after wounding. Although all cleavages have been identified
by a high confidence neo-N-terminal peptide, the relative
degrees of processing at individual sites could differ consid-
erably. As expected, this was reflected by strongly differing
band intensities in the immunoblot (Fig. 5C). We wondered if
this effect could also be directly deduced from our proteomics
data, which give precise information on cleavage sites and the

resulting protein fragments. Therefore, we calculated relative
spectral counts for each neo-N terminus by normalizing to the
sum of spectral counts for all N-terminal peptides of the
protein (Fig. 5B; supplemental Table S20). Indeed, the highest
values were assigned to known cleavages in complement C3
precursor maturation, activation, and inactivation. Strength-
ening the validity of this approach, we observed a similar
correlation for pivotal known cleavages and normalized rela-
tive spectral counts in complement C4 and prothrombin (sup-
plemental Fig. S4; supplemental Tables S21 and S22). Thus,
spectral counts of neo-N-terminal peptides can be used to
estimate relative degrees of individual proteolytic events in
multiply cleaved proteins.

Deriving Underlying Proteases from Cleavage Site Pat-
terns—A major challenge in the interpretation of N-terminom-
ics data from complex in vivo samples is the assignment of
specific proteases to observed cleavage sites. For this pur-
pose, we extracted 430 internal neo-N-terminal peptides from

FIG. 5. Proteolytic map of complement activation and differential processing of complement C3. A, Extended Ingenuity pathway map.
Gray symbols indicate proteins identified only by tryptic peptides and yellow symbols proteins with N-terminal annotation, respectively. P4-P4	
cleavage site motifs are given for known processing events revealed by resulting protein neo-N termini. Positions correspond to unprocessed
precursor sequences. Red borders indicate proteins that are predicted to be cleaved by MMPs (see Fig. 6A). B, Domain structure of
complement C3 and heatmap of assigned N termini and their relative abundances in wound fluids at distinct time points after wounding.
N-terminal peptides are indicated by their related cleavage motifs, known major cleavages are in red. Blue highlights a cluster of three neo-N
termini with specifically high relative abundances in fluids collected 7 days after wounding. Of these, the most N-terminal cleavage
(GTPV985.986AQMV) is a known neutrophil elastase cleavage site (53), suggesting activity of this protease toward complement C3 at a later time
point after wounding compared with the cleavage by C3 convertase (GLAR746.747SDLD). Normalized relative spectral counts reflect relative
intensities of N termini that correlate with major known processing events. C, Immunoblot analysis of complement C3 in wound exudates from
three pigs per time point. Arrow highlights a band only visible in fluids collected 7 days after wounding, indicating a specific processing event
only at this time after injury.
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all 1293 identified protein N termini (supplemental Table S18)
that matched to a position �50 in corresponding proteins and
that were not derived from aminopeptidase activity, thus rep-
resenting primary endoproteolytic cleavage events. Following
a similar strategy like TopFINDer (62), we systematically
mined data from Merops (63) on primary cleavage site spec-
ificities to relate 369 of these cleavages to a pool of 60
candidate proteases (Fig. 6A; supplemental Tables S23 and
S24). Hypergeometric enrichment analysis based on the num-
ber of cleavage events assigned to individual candidate pro-
teases predicted a strong prevalence of members of the
trypsin-like S1 family in wound fluids, which is in agreement
with our data, because this protease family also comprises
members of the coagulation and the complement system.
Moreover, we revealed a relatively high number of cleavage
sites that could be related to MMPs, but also identified pro-
cessing events attributed to intracellular proteases with
caspases as the most prominent group. IceLogo analysis of
underlying cleavage sites showed typical known patterns for
predicted protease groups with a strong preference for Arg in
P1 for processing events associated with trypsin-like S1 fam-
ily proteases, Pro in P3 and Leu in P1	 for sites related to
MMPs, and Asp in P1 for cleavages assigned to caspases.
Specifically, we related 74 cleavages to MMPs that affected
51 proteins, including many members of the blood coagula-
tion and the complement activation cascades (Figs. 4 and 5A).
To assess time-resolved dynamics of predicted candidate
proteases, we mapped associated neo-N termini to those that

also showed significantly differential abundances at distinct
time points after wounding (supplemental Table S19). Cleav-
ages mediated by proteases of the S1 family and by MMPs
appeared in clusters of high abundance of neo-N-terminal
peptides early and later after wounding, indicating activity of
individual members of these protease classes toward distinct
substrates at multiple time points after injury (Fig. 6B). Two
out of five neo-N termini assigned to caspases were higher
abundant in 7- than in 1- and 3-day wound fluids. This sug-
gests enhanced caspase dependent processing of at least
some target proteins at this later time point of the healing
process, but does not exclude activity of caspases also early
after wounding (see below). Notably, only two out of the
proteins associated with significantly differentially abundant
neo-N-terminal peptides that could be related to the three
protease classes showed similar differences in abundance
also on the protein level (Fig. 2D). Therefore, most neo-N
termini depicted in Fig. 6B presumably resulted from time-
resolved protease dynamics rather than changes in protein
abundance.

Release of Caspase-3 Generated Kindlin-3 Fragment into
Wound Fluids—From our assignment of protease candidates
to identified cleavage sites we detected a small group of
processing events C-terminal to aspartate, which are strongly
indicative for activity of caspases (Fig. 6A). These are inter-
esting, because it has recently been demonstrated that unbi-
ased analysis of N-terminomes in blood plasma allows de-
tecting caspase-mediated apoptosis in cancer cells (64).
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Moreover, the strict specificity in P1 alleviates the task of
relating a specific protease to the observed cleavage event,
particularly if additional supportive constraints, such as a
second aspartate in P4 are applied. Following these criteria,
we selected a caspase-like processing event in the integrin
co-activator protein fermitin family homolog 3 that is also
known as kindlin-3 for validation and detailed analysis. This
cleavage after Asp344 (DVLD344.345SLTT) was identified by the
corresponding neo-N-terminal peptide but with no significant
differences in abundance at distinct time points after wound-
ing (Fig. 7A). To validate presence of the generated neo-N
terminus in wound fluids we established selected reaction
monitoring (SRM) assays for TAILS N-terminal peptides (sup-
plemental Fig. S5) and recorded five transitions for the kind-
lin-3 neo-N-terminal peptide in samples from an independent
experiment (Fig. 7B). The same cleavage has been assigned
by proteomics analyses to caspase-1 in THP1 monocytes,
both by incubation of lysates with the recombinant protease
and upon stimulation of the inflammasome (65). However,
employing a specific antibody against human kindlin-3 we did
not observe any caspase-1-mediated cleavage of the protein
in inflammasome-activated THP1 cells, in cell lysates ex-
posed to the active protease or upon co-incubation of both
recombinant proteins (supplemental Fig. S6A–S6C). There
was also no cleavage detected of endogenous kindlin-3 in
THP1 lysates or of recombinant human kindlin-3 that had
been incubated with active caspase-7, a downstream target
protease of caspase-1 (66) (supplemental Fig. S6D–S6E). Be-
cause we could not validate kindlin-3 processing by the in-
flammatory caspase-1, we induced activity of apoptotic

caspases in THP1 cells. Indeed, immunoblot analysis demon-
strated efficient and specific cleavage of endogenous kind-
lin-3 at 4 and 8 h of incubation with the apoptosis inducer
etoposide and degradation in dead cells after 24 h (Fig. 7C).
Importantly, recombinant human kindlin-3 was specifically
processed by direct incubation with recombinant active
caspase-3, releasing a fragment with expected molecular
weight (Fig. 7D). Hence, we could establish a novel direct
protease-substrate relation in cutaneous wound healing
based on unbiased N-terminomics analysis of wound
exudates.

DISCUSSION

In this study, we present the first time-resolved mass spec-
trometry-based degradomics analysis of a complicated tissue
response by global analysis of the wound fluid N-terminome
at multiple time points after injury. Using a clinically relevant
pig wound healing model and our highly sensitive multiplex
iTRAQ-TAILS approach, we identified more than 650 proteins
including �50 proteases and spanning a concentration range
of more than six orders of magnitude. Relative quantification
of proteins in fluids collected at different time points after
wounding distinguished major phases of the healing process
by assigning markers of the inflammatory response and of
granulation tissue formation and epidermal proliferation to
distinct clusters of abundance. We identified almost 1300 N
termini in �450 proteins that mostly did not represent natural
protein N termini and thus revealed a high level of proteolysis
along the healing process. Through positional proteomics,
pivotal interdependent processing events of the blood coag-
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ulation cascade and the complement system could be
mapped in vivo. Thereby, we monitored activating thrombin
cleavages, temporally discerned clotting and fibrinolysis, and
we detected cleavage of complement C3 by the C3 conver-
tase early and by neutrophil elastase later after injury. Bioin-
formatics related cleavage sites to distinct classes of pro-
teases, indicated their time-resolved dynamics of activity and
predicted a strong cross talk between MMPs, blood coagu-
lation and complement in the healing skin wound. In addition
to these extracellular processing events we related cleavage
of the integrin adapter kindlin-3 to activity of caspase-3 and
validated this event in apoptotic human monocytes.

With �650 high-confidence protein identifications our da-
taset is comparable to a recently published study on wound
fluids collected from patients with normal and impaired heal-
ing (35). In this work, the authors also extracted fluids from
soaked sponges, but without NPWT and thereby identified
proteins of similar classes as in our work, demonstrating the
comparability of our animal model system to clinical settings
while avoiding the inherent patient heterogeneity. By applying
negative pressure, exudates are constantly transferred from
the wound to the foam dressing prior to wash out into the
vacuum system. This allowed for the first time recording snap-
shots of the wound fluid proteome and N-terminome along
the healing process with temporal resolution. Importantly, it
was sufficient to monitor the decline of the inflammatory
response and the onset of granulation tissue formation (e.g.
deposition of type III collagen), a critical turning point in neg-
ative pressure wound therapy in the clinics (67). Thus, our
work provides evidence for feasibility to develop novel highly
discriminant multi-parameter point-of-care tests for impaired
wound healing by recording the proteome and proteolytic
signatures from wound fluids noninvasively obtained during
NPWT.

Wound exudate is very similar to blood plasma and there-
fore poses particular challenges to proteomics analysis be-
cause of its high complexity and dynamic range in protein
abundances. Several studies employing TAILS or alternative
strategies demonstrated how proteome simplification by N-
terminal enrichment alleviates this problem (30, 54, 68). As a
consequence, our analysis revealed proteins with estimated
blood plasma concentrations between 101 and 106 ng per ml,
which was in good agreement with a previous study of the
blood N-terminome (54). As a major difference, wound fluid is
enriched for inflammatory mediators, such as chemokines
(e.g. CXCL5) and growth factors (e.g. insulin-like growth fac-
tor 2) that were only accessible by their N termini and that had
not been identified by normal shotgun proteomics (33, 35).
Hence, by exploiting iTRAQ-TAILS’ capability to generate
data on the proteome and the N-terminome level we explored
the wound fluid proteome in unprecedented depth.

Consistent with data from the N-terminal proteome of hu-
man blood, we found a very high degree of internal process-
ing events, of which 40% were allocated to aminopeptidase

activity. Taking this into account, the general level of endo-
proteolysis was similar to results from degradomics analysis
of inflamed mouse skin (30). Adding positional information to
proteins provided important information about the activation
status of pivotal wound proteases. Although MMP1 was ac-
tive, we identified MMP9 by an N-terminal peptide close to the
N terminus of the inactive proform. Interestingly, high
amounts of proMMP9 have also been found in tissue lysates
from acute mouse and fluids from human surgical wounds
(69, 70), whereas high levels of active MMP9 have been
associated with impaired healing (71). This suggests that the
activation status of MMPs might provide a better parameter to
discriminate between normal and impaired healing than the
assessment of protein abundance levels. Applying our strat-
egy to the comparative degradomics analysis of fluids from
normal and impaired healing will reveal how zymogen activa-
tion events contribute to a proteolytic signature for chronic
wound progression.

The analysis of wound fluids over time enabled monitoring
the blood coagulation cascade in vivo and upon vascular
injury as the endogenous trigger of the extrinsic activation
pathway (15). As the central activation events TAILS identified
critical cleavages in thrombin activation. These correlated
with well-studied two-step processing by activated coagula-
tion factor X after Arg315 and Arg364, generating the active
protease (56). Interestingly and in contrast to prior observa-
tions, we did not detect processing after Arg328, but a major
cleavage after Arg199 to release fragment 1 that is believed to
play—if any—only a minor role in vivo (72). Indeed, the iden-
tification of the associated neo-N terminus with very high
relative spectral counts (supplemental Fig. S4B) suggests a
different thrombin cleavage stoichiometry in wound fluids
than in intrinsically activated blood plasma (56). However, it is
not clear to what extent sample preparation might have mod-
ulated products of these cleavage events that happen within
minutes after injury. Therefore, more detailed studies will be
needed to clarify this discrepancy using comparable experi-
mental setups and analytical methods. Importantly, our study
demonstrates the capabilities of TAILS to dissect interdepen-
dent limited proteolysis in complex body fluids with the po-
tential to functionally characterize detrimental alterations in
bleeding disorders. Moreover, degradomics analysis of sam-
ples from NPWT allowed discerning the onset of fibrinolysis, a
hallmark of healing progression that is often disturbed in
hard-to-heal wounds like diabetic foot ulcers (73). Thus, these
cleavage events might further enhance the predictive power
of proteolytic signatures recorded with the same sampling
and analysis systems in the clinics.

Similar to blood coagulation we mapped the complement
system in great detail by recording neo-N termini resulting
from both activating and inactivating cleavages. As expected,
temporal resolution was not sufficient to separate processing
events of both classes, but restricted peptides generated by
cleavages of complement C3 to 1-day wound fluids. This is
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important, because inappropriate activation of the comple-
ment system is believed to contribute to chronic healing (74)
and could be monitored by TAILS as an indicative parameter
for the pathology. In agreement with prior studies (54) we
identified a strong proteolytic fragmentation of complement
components in wound fluid. High relative abundances of neo-
N-terminal peptides derived from major known processing
events in complement C3, C4, and thrombin validate our new
approach to estimate relative degrees of multiple cleavages
within the same protein by normalized spectral counts. Pro-
cessing of complement C3 by neutrophil elastase only later
after injury relates to the release of this protease into wound
exudates by invading leukocytes (75). Consistently, we also
identified a known neutrophil elastase cleavage site in throm-
bin by a neo-N-terminal peptide with high abundance in sam-
ples collected at the same time point after injury (supplemen-
tal Fig. S4B). Interestingly, neutrophil elastase activity toward
both proteins has been implicated in the generation of anti-
microbial peptides as part of the innate immune response to
fight invading bacteria (61, 76). This revealed an additional
important domain of protease activity with profound impact
on the progress of cutaneous wound repair.

Current data hardly allow assigning specific proteases to
cleavage sites identified in unbiased N-terminomics discovery
experiments. However, we could demonstrate that the grow-
ing number of cleavage events for individual proteases de-
posited in public databases, such as Merops and TopFIND
(62, 63, 77) now facilitate narrowing in on protease classes
and groups related to recorded neo-N termini. A strong en-
richment of trypsin-like S1 family proteases associated with
blood coagulation and complement activation as well as a
high number of cleavages assigned to MMPs validate the
known activity of these protease classes in early wound heal-
ing. Importantly, these enriched classes do not operate inde-
pendently but are interconnected by interclass processing
events. This further demonstrates the strong interconnectivity
of MMPs with coagulation and complement activation within
the protease web (62) and strengthens their functions as
modulators of these systems that have recently been de-
scribed for MMPs 2 and 12 (30, 78). Although characterized
by strict dependence on Arg or Lys in the P1 position the large
number of trypsin-like S1 family members prevents assign-
ment of individual proteases to unknown cleavage sites. Sim-
ilarly, loose specificity only allows associating cleavage
events to MMPs in general and with rather low stringency, but
it precludes establishment of single protease-substrate rela-
tions. Consistent with prior studies, differential abundances of
neo-N termini in wound exudates from different time points
after injury indicate activity of distinct proteases of both
classes along the healing process (74, 79, 80). However,
contributions of individual members to newly identified cleav-
ages have to be further established in more targeted studies,
whereby even the analysis of animals lacking specific pro-

teases might not provide incisive evidence because of the
complexities of the protease web (81, 82).

Although dominated by processing events related to major
wound proteases, the sensitivity of iTRAQ-TAILS was suffi-
ciently high to also reveal cleavages of protease classes in our
dataset whose activities are locally restricted in the healing
skin wound and thus only contribute marginally to the overall
wound fluid N-terminome. This is reflected by caspases that
are involved in inflammation and apoptosis—two pivotal pro-
cesses during cutaneous wound repair (75, 83). For the first
time we identified processing of the integrin co-activator kind-
lin-3 at a typical caspase cleavage site in an unbiased in vivo
analysis. Cleavage at the same site has been associated with
caspase-1 activity and it was detected in cells exposed to
inflammasome or apoptosis inducers (65, 84, 85), but it was
never directly validated for a specific protease. Although we
could not detect processing by caspase-1 and caspase-7
under our experimental conditions (supplemental Fig. S6), a
role for these caspases in kindlin-3 cleavage cannot be com-
pletely ruled out, because a low-level cleavage might have
evaded detection by immunoblot analysis and enzyme and
substrate concentrations might be considerably different in
vivo. Interestingly, our data indicate direct cleavage of kind-
lin-3 by caspase-3 with potential implications for apoptosis of
hematopoietic cells in wound tissue. In the inflammatory
phase neutrophil apoptosis is delayed by binding of activated
integrins to extracellular ligands like fibrinogen in the inflamed
tissue (86). Thus, apoptotic cleavage of kindlin-3 might con-
tribute to inactivation of integrins and thereby accelerate apo-
ptosis during resolution of inflammation. Because apoptosis
of immune cells is thought to play a pivotal role in wound
progression (87), a general increase in abundance of caspase-
generated neo-N termini in wound fluids (Fig. 6B) might be
indicative for normal healing.

Taken together, we exploited the power of iTRAQ-TAILS to
quantitatively annotate the wound fluid proteome and its pro-
teolytic modulation during the early phases of skin repair. By
analysis of easily accessible wound exudates from a pig
wound model TAILS identified many known and novel pro-
teolytic processing events in vivo, reflecting pivotal domains
of protease activity in this highly complex tissue response.
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