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Peptidomic analysis of endogenous
and bacterial protease activity
in human plasma and wound fluids

Jun Cai,1 Maike W. Nielsen,2 Konstantinos Kalogeropoulos,2 Ulrich auf dem Keller,2,3

and Mariena J.A. van der Plas1,4,*

SUMMARY

Endogenous and bacterial proteases play important roles in wound healing and infection. Analysis of alter-
ations in the low-molecular-weight peptidome by individual enzymes could therefore provide insight into
proteolytic events occurring inwounds andmay aid in the discovery of biomarkers. Using liquid chromatog-
raphy with tandemmass spectrometry, we characterized the peptidome of plasma and acute wound fluids
digested ex vivo with human (neutrophil elastase and cathepsin G) and bacterial proteases (Pseudomonas
aeruginosa LasB and Staphyloccocus aureus V8). We identified over 100 protein targets for each enzyme
and characterized enzyme specific peptides and cleavage patterns. Moreover, we found unique peptide re-
gions in V8 digested samples that were also present in dressing extracts from S. aureus infected wounds.
Finally, the work indicates that peptidomic analysis of qualitative differences of proteolytic activity of indi-
vidual enzymes may aid in the discovery of potential diagnostic biomarkers for wound healing status.

INTRODUCTION

Skin repair is a highly dynamic but fragile process that involves a series of overlapping and tightly regulated phases. A major complication of

healing is bacterial infection, which may lead to prolonged and unregulated inflammation, aberrant protease activity, and subsequent de-

layed wound closure.1,2 Furthermore, wound infection poses a risk for unaesthetic scarring, the development of non-healing wounds, and

even invasive infections and sepsis, together resulting in a significant economic burden for society as such.3–5 Balanced endogenous protease

activities are of great importance for the progression of wound healing through its phases, whereas aberrant activity caused by both endog-

enous and bacterial protease may result in delayed healing,6 as reported for infected acute wounds7 and non-healing ulcers.8,9 Indeed,

endogenous proteases such as the neutrophil-derived serine proteases human neutrophil elastase (HNE) and cathepsin G (CG) play pivotal

roles in the inflammation and proliferation phases of healing, but have been reported as early-stage warning markers for infection and non-

healing ulcers too.10 In clinics, HNE activity in wounds is used as a biomarker to detect wound status and predict healing progression.11,12

Dysfunctional endogenous protease activities can be a consequence but also a cause of infection, as it may delay wound closure thereby

providing easy entrance for bacteria. Although many bacterial species have been identified in infected wounds, Staphylococcus aureus is a

commonly found Gram-positive species in both acute and chronic wounds, whereas Pseudomonas aeruginosa is one of the most common

Gram-negative species in non-healing venous leg ulcers.13–15 The presence of bacteria impairs wound repair by the release of among others

virulence factors such as bacterial proteases that degrade host proteins, thereby damaging the fragile regenerating wound bed. For instance,

the metalloprotease P. aeruginosa elastase B (LasB) and the S. aureus serine protease V8 (SspA) both cleave extracellular matrix components

such as fibronectin,16 vitronectin,16,17 and laminin a3 LG4-5,18 as well as inhibitors of endogenous proteases,17,19,20 thereby enhancing pro-

teolytic activity even further. Moreover, bacterial proteases may influence endogenous proteases directly and work in synergy to amplify the

hostile wound environment.21–24

As the level of protein degradation is a direct indicator of proteolytic activity, analysis of the resulting peptidesmay be useful tomeasure and

predict wound healing status. Therefore, we previously developed amass spectrometry-basedmethod to investigate the low-molecular-weight

peptidome of wound fluids.25 Comparing woundmaterial from non-inflamed, non-infected healing wounds with inflamed and S. aureus infected

wounds, we showed in a proof-of-concept study that this method can detect subtle qualitative differences in peptide patterns derived from in-

dividual patient samples. Furthermore, quantitative analysis of these samples using sorting algorithms andopen source software further revealed

differences between the non-infected and infected patient samples, while in silico prediction of endogenous protease activity showed that both

HNE and CG were important contributors of the observed cleavages in the infected wound samples.26 As different proteases have different

1LEO Foundation Center for Cutaneous Drug Delivery, Department of Pharmacy, University of Copenhagen, 2100 Copenhagen Ø, Denmark
2Department of Biotechnology and Biomedicine, Technical University of Denmark, 2800 Kgs. Lyngby, Denmark
3Deceased in August 2023
4Lead contact
*Correspondence: mariena.van_der_plas@sund.ku.dk
https://doi.org/10.1016/j.isci.2024.109005

iScience 27, 109005, February 16, 2024 ª 2024 The Author(s).
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1

ll
OPEN ACCESS

mailto:mariena.van_der_plas@sund.ku.dk
https://doi.org/10.1016/j.isci.2024.109005
http://crossmark.crossref.org/dialog/?doi=10.1016/j.isci.2024.109005&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/


substrate specificities, and therefore will degrade endogenous proteins into peptides with enzyme specific cleavage site characteristics, the

observed differences between the patient groups are likely explained by the level and nature of both endogenous and bacterial proteases in

these wounds. Thus, characterization of the individual contributions of proteases may reveal unique peptides and patterns that, when present

in patient samples, couldprovide hints on the harmful presenceof endogenous and/or bacterial protease activities, andmaybe used aspotential

diagnostic andprognostic biomarker candidates tomeasurewound status andpredict healing. Therefore, the aimof this studywas to investigate

endogenous and bacterial protease targets in plasma and wound fluids, to identify unique enzyme specific peptides and peptide patterns, and

finally to determine the usefulness of such studies for the identification of peptide-based biomarker candidates. For this purpose, we incubated

plasma and sterile acutewoundfluids ex vivowith different concentrations of the endogenousproteasesHNEandCG, or the bacterial proteases

S. aureusV8 and P. aeruginosa LasB, and compared their activities by analyzing the resulting peptidomes (or degradomes).Wefirst standardized

the enzyme/substrate ratio and optimized our sample preparation for the plasma samples. Then we compared the samples of three different

donors and identified individual enzyme targets and uniquepeptides andpatterns in bothplasma andwoundfluids. Finally, we identifiedunique

peptide regions in V8 digested samples that were also present in S. aureus infected wound fluids.

RESULTS

Determination of proteinase – sample ratios for digestion

To investigate the individual contributions of selected proteases to the low-molecular-weight peptidome generated in early wound healing

processes and acute infection, we mimicked the physiological proteolytic activities in acute (infected) wounds by incubating citrated plasma

with endogenous or bacterial proteases. For this purpose, we selected the two endogenous serine proteinases HNE and cathepsin G (CG),

secreted from neutrophils in the early stages of healing, and two bacterial proteases, i.e., the serine protease V8 from S. aureus, and themetal-

loprotease elastase (LasB) from P. aeruginosa, two bacteria commonly found in infected wounds. In an effort to standardize protease activity,

plasma was incubated with a range of each enzyme for 24 h at 37�C, followed by visualization on SDS-PAGE. Next, we selected the lowest

concentration of each enzyme that resulted in visible alterations of the band patterns, as compared to the undigested 24 h incubated control,

which was then designated as ‘low’ protease activity. For the endogenous proteases, these concentrations were 3.33 mg of HNE and 5.55

milliunits of CG per 1.00 mg of plasma, whereas for the bacterial proteases, we used 33.33 milliunits of LasB and 0.17 units of V8 per

1.00 mg of plasma. As proteolytic activity may be high in wounds, we also selected a ‘high’ condition, which was 10x higher amounts of

each protease. Notably, distinct differences in cleavage patterns can be observed for the different enzymes (Figures 1A and S1).

Sample preparation optimization

In classical proteomics, proteins are trypsinized before analysis and hence mainly report on the presence of proteins as such, whereas infor-

mation about endogenous proteolytic activity and the resulting peptides is lost. In wounds however, endogenous protein degradation is of

high relevance for the understanding of healing and therefore we previously developed a method to analyze the low-molecular-weight pep-

tidome of wound fluids.25 For plasma, we only found very low numbers of proteins and peptides, and therefore we first investigated whether

we could optimize our method for these samples. For this purpose, we changed the urea buffer containing RapiGest SF, a surfactant that

increases the solubility of hydrophobic peptides, to a guanidinium chloride (GdCl) buffer containing tris (2-carboxyethyl) phosphine

(TCEP) and 2-chloroacetamide (CAA), which reduces and alkylates cysteines, and therefore prevent the reformation of disulfide bonds which

may interfere in ms identification. This approach resulted in a 4- to 10-fold increase in the number of identified peptides in plasma samples

and a 2- to 5-fold increase in the number of proteins (Figure 1B). As there was no clear difference between using 50 mL and 100 mL plasma as

starting material, we decided to continue with 50 mL of sample, which corresponded to 2.7 mg of protein. Next, we tested if the GdCl buffer

would also increase the number of identified peptides in wound fluids, but instead we found an 8% decrease (from 539 to 496 peptides) when

starting with 50 mL of wound fluid. Therefore, we decided to continue using the Urea+RapiGest buffer for the wound fluid samples. The other

steps in the workflow were similar for the two buffers as indicated in Figure 1C.

Comparison of protease activities in plasma samples

To compare the individual contributions of the different proteases to protein fragmentation, plasma samples (2.7 mg of protein each) from

three donors were incubated for 24 h at 37�C with low and high ratios of each enzyme, or no enzyme as a control, followed by the workflow

above and individual database searches for each sample.

Pooling the results into the five groups (undigested 24 h control, HNE, CG, LasB and V8), combining both low and high ratios for all three

donors, we found clear differences in identified proteins and peptides as expected (Figure 2A). Indeed, 3- to 4-fold higher numbers of proteins

and 4- to 9-fold higher numbers of peptides were detected after HNE (3600 peptides, 149 proteins), CG (4370 peptides, 123 proteins), LasB (6185

peptides, 163 proteins) or V8 (7155 peptides, 162 proteins) treatment as compared to the undigested control samples (753 peptides, 25 proteins).

Moreover, only very fewpeptides andproteinswere identified in all groups, suggesting significant alterations in the low-molecular-weightplasma

peptidome after protease digestion. In agreement, analysis of the start AA (N-terminal; P10 position) and end AA (C-terminal; P1 position) amino

acidsof the identifiedpeptidesperenzyme (Figure2B), aswell as thecleavageenvironmentof each cleavagecondition separatelyusing iceLogo27

(Figure 2C), showed substrate specificity of the proteases. Indeed, V8 is known to cleave peptide bonds exclusively on the carbonyl side of the

negatively charged (in yellow) glutamate (E) and exhibits some activity for aspartate (D) residues.28 For CG, we found that the percentages of

the positively charged (in purple) lysine (K), the non-polar amino acids (in blue) phenylalanine (F), leucine (L) and methionine (M), and the
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non-chargedpolar (in red) tyrosine (Y) significantly increaseat theC-terminal positionafterdigestion,as reported.29,30 In agreement, forHNEthere

isa significant increase inpercentagesof thenon-polar valine (V), alanine (A),and isoleucine (I), aswell as thenon-chargedpolar threonine (T), at this

position, as foundpreviously.30–32 Interestingly, we also found an increase in cysteine (C). Finally, for LasB no clear specificity could beobserved at

theC-terminal amino acid cleavage side, although glycine (G), proline (P), threonine (T), serine (S), lysine (K) andglutamate (E) were all significantly

increasedascompared tothecontrol.At theN-terminalposition,a substantial increase innon-polar aminoacids leucine (L), valine (V), isoleucine (I),

phenylalanine (F) and tryptophan (W), as well as the non-charged polar tyrosine (Y) was observed for LasB as reported.33 Less pronounced but

significant changes in the cleavage environment can be observed on all eight positions around the cleavage site for all cleavage conditions.

Notably, all identifiedpeptides are listed in Data S1, while a summary of the total numbers of identified unique peptides, proteins, different

modifications, and the average mass and number of amino acids (AA) of the identified peptides is provided in Table S1.

Next, we compared all samples individually. Heatmaps were generated, containing the proteins that were found in all three samples of at

least one group, which were then ordered on localization or function. The results show clear differences between the different proteases, as

well as between the low and high amounts of these enzymes (Figure 3A). Analysis of the peptide length shows that protease digestion de-

creases the variation in the median length between the three donors as compared to the undigested control samples (Figure 3B). As ex-

pected, increasing the amount of V8, CG, and HNE, from low to high, decreased the median lengths of the identified peptides. By contrast,

the median length of peptides identified in the presence of high amounts of LasB were slightly higher than in the low LasB samples, suggest-

ing that larger proteins and peptides were cleaved and came within the detection range of the LC-MS/MS.

Notably, as plasma itself may contain active proteases, we also compared fresh non-incubated (0 h) plasma samples with the control (24 h

incubated) plasma and indeed found some autodigestion of the plasma samples after 24 h, both visually on SDS-PAGE and after LC-MS/MS

data analysis (Figure S2), although no clear patterns were observed between the donors. Moreover, the variation between the three donors

was substantial.

Determination of bacterial proteinase activity in acute wound fluids (AWFs)

To further investigate the low-molecular-weight peptidome generated during wound infection, we incubated 2.7 mg of sterile AWFs from

three donors with LasB and V8 for 24 h, followed by sample processing and analysis. As expected, SDS-PAGE analysis showedmore abundant

A B

C

Figure 1. Preparation of plasma samples

(A) Plasma was incubated for 24 h at 37�C with a low and high ratio of the proteases LasB, V8, HNE, and CG, and run on SDS-PAGE (see also Figure S1).

(B) Peptides were extracted from 25, 50, and 100 mL plasma in either 6M urea containing 0.05% RapiGest, or in GdCl buffer containing TCEP and CAA, using

30 kDa cut-off filters. Total numbers of identified proteins and corresponding peptides are shown for the different buffers and amounts of plasma as

analyzed by LC-MS/MS.

(C) Schematic overview of the workflow for further studies (created with Biorender.com). Samples were incubated for 24 h, and then either analyzed by SDS-PAGE

directly, or filtrated and stored for further processing as above. Stored filtrates were defrosted, followed by peptide concentration/clean-up using StageTips and

finally 500 ng of each sample was analyzed by LC-MS/MS.
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low-molecular-weight peptide bands for the samples treated with the proteases, irrespective of the ratio of protease used, as compared to

the 24 h incubated control (Figure 4A). Notably, no clear visual differences were observed on SDS-PAGE between the 0 h and 24 h incubated

AWF samples for any of the three donors, although LC-MS/MS analysis showed differences in the number of identified proteins and peptides,

the median peptide length, and the amino acid distribution (Figure S3) indicating some autodigestion of the samples. Also, a substantial dif-

ference was observed between the donors.

Figure 2. Comparison of protease activities in plasma samples

Peptides were extracted from 2.7 mg plasma, incubated for 24 h at 37�Cwith the indicated enzymes, in GdCl buffer and processed using the workflow in Figure 1.

(A) Comparison of the pooled results of the low and high ratios of each enzyme incubated with plasma preparations of three donors, using Venn diagrams

depicting the total number of identified proteins and unique peptides.

(B) Pie charts showing the average distribution of the start (N-terminal) and end (C-terminal) amino acids of the identified peptides in the different samples. The

pie charts are categorized into four groups based on the polarity and acidity of the amino acids: negatively charged in yellow, positively charged in purple, non-

charged polar in red, and non-polar in blue.

(C) Icelogos depicting the cleavage environment for each condition as compared to the control. The dashed line indicates the cleavage site. See also Figure S2.
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Figure 3. Comparison of the plasma peptidome of different enzyme ratios

(A) Heatmaps comparing the enzyme-digested plasma from three donors depicting the protein score, the number of unique peptides per protein and the

percentage of total coverage of each protein by the identified peptides. Only proteins are included that were identified in all three donors of at least one of

the enzyme groups or control.

(B) Box-plots showing the amino acid length of the peptides identified in each sample. Center lines show the medians; box limits indicate the 25th and 75th

percentiles as determined by R software; whiskers extend 1.5 times the interquartile range from the 25th and 75th percentiles, outliers are represented by dots.
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Further analysis of the digested AWF samples, by merging the results for all donors and enzyme ratios, showed a 2.7-fold increase in the

numbers of proteins and a 2.3-fold increase in peptides after digestion with LasB, whereas for V8 treatment a 3.3-fold increase in proteins and

3.4-fold increase in peptides was observed as compared to the undigested samples (Figure 4B). Interestingly, only 13% (46 out of 349) of all

proteins and less than 1% (87 out of 11692) of all peptides were found in all three groups, indicating extensivemodifications of the peptidome.

Moreover, the results show a significant difference in substrate specificity for LasB and V8, as only 2% (239 out of 10442) of the peptides were

found in the samples of both groups. In agreement, analysis of the distribution of C- and N-terminal amino acids for all identified peptides in

the three groups (Figure 4C), as well as the cleavage environment of each cleavage condition separately (Figure 4D), showed similarly to the

plasma samples, a clear increase in glutamic acid (E), and to a lesser extend in aspartic acid (D), as the C-terminal amino acid after digestion

with V8 as compared to the control. For LasB, the results show a similar shift as observed for the plasma samples, with a substantial increase in

non-polar amino acids leucine (L), valine (V), isoleucine (I), and phenylalanine (F), as well as the non-charged polar tyrosine (Y), at the N-ter-

minal position.

Comparison of low and high protease activities on sterile wound fluid samples

To further analyze the contributions of the proteases on the low-molecular-weight peptidome of individual wound fluids, heatmaps were

generated (Figure 5A) containing all proteins that were found in all three samples of at least one of the three groups (control, LasB or V8).

Interestingly, no obvious shifts in identified proteins, the number of unique peptides from these proteins, or the percentage of protein

Figure 4. Comparison of protease activities in acute wound fluids

Peptides were extracted from 2.7 mg sterile wound fluids, incubated for 24 h at 37�C with the indicated enzymes, in 6M urea supplemented with 0.05% RapiGest

and processed using the workflow above.

(A) Representative SDS-PAGE gel of the digested wound fluids.

(B) Comparison of the pooled results of acute wound fluid preparations of three donors, incubated with the low and high ratios of each enzyme, using Venn

diagrams depicting total number of identified proteins and unique peptides.

(C) Pie charts showing the average distribution of the start and end amino acids of the identified peptides in the different enzyme-digested acute wound fluid

samples. The pie charts are categorized into four groups based on the polarity and acidity of the amino acids: negative in yellow, positive in purple, non-charged

polar in red, and non-polar in blue.

(D) Icelogos depicting the cleavage environment for each condition. The dashed line indicates the cleavage site. See also Figure S3.
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coverage by these peptides were observedwhen comparing the low and high ratio of each enzyme. However, several proteins, such as serum

protein FETUA (fetuin-A), complement component C1s, protease inhibitor KNG1 (kininogen-1), protease PLMN (plasminogen/plasmin), and

histone H2B, were identified in the low LasB but not in the high LasB samples, indicating extensive degradation in the latter beyond the lower

detection limit of the LC-MS/MS. For V8 on the other hand, the opposite was observed, as various proteins (IGHG1, CO7, FIBB, and PGBM)

were only detected in the high enzyme samples.

When comparing the two enzymes, more peptides from serum proteins, especially from the immunoglobulin light chains (IGL, KV-XXX,

LV140) and the variable domain of the heavy chains (HV-XXX) were identified after digestion of the wound fluids with LasB, whereas V8 treat-

ment resulted in an increase of peptides derived from apolipoproteins, proteases, and intracellular proteins. Comparison of the median pep-

tide lengths revealed differences between the three donors, which became less pronounced after protease digestion (Figure 5B). Similar to

the plasma experiments, the median lengths were slightly higher for the high LasB samples as compared to the low ones. For V8 however,

there was no clear difference between the low and high ratios.

Notably, all identifiedpeptides are listed in Data S2, while a summary of the total numbers of identified unique peptides, proteins, different

modifications, and the average mass and number of amino acids is provided in Table S2.

Comparisons of enzyme specific peptide patterns in plasma and wound fluids

To further investigate qualitative differences in protease activity on the peptide level, we selected a number of proteins, based on the heat-

map results, and generated peptide profiles of all peptides that were not post-translationallymodified (Figures 6, 7, and 8). As expected, clear

donor-independent changes in the protein fragmentation patterns occurred, which are the result of substrate specificity of the enzymes,

although it can be observed as well that the bacterial enzymes do not cleave proteins to a similar extent in plasma and wound fluids. Notably,

many peptides identified after HNE and CGdigestion of plasma were not identified in the wound fluid control samples. This discrepancymay

be due to low levels of these two neutrophil-derived proteases in the AWFs, whereas higher levels of enzymes were used in our study.

Fibrinogen, a major coagulation factor in plasma, plays important roles during wound healing.34 It contains two sets of three different pep-

tide chains (alpha, beta, and gamma). As shown in Figure 6, all enzymes can degrade the fibrinogen beta chain (FIBB). Previously, we showed

the presence of the antimicrobial and immunomodulatory peptide region GHR28 in healing wounds, whereas truncations were found in in-

fected and inflamed wounds.25,35 Here we detected mainly these shorter fragments in plasma and wound fluids after digestion with the pro-

teases (blue box), indicating that the biological function of these peptidesmay be short-lived in a proteolytic environment, whichwill be bene-

ficial for bacterial infection. Interestingly, peptides starting with N-terminal 340LLIE were found solely and abundantly in all LasB-digested

samples (orange box), which makes this peptide a potential biomarker candidate for Pseudomonas aeruginosa infections.

High-molecular-weight kininogen is a 120 kDaglycoprotein which consists of six domains (D1 toD6) that have distinct functions.36 Domains

D2 and D3 inhibit cysteine proteases, while D4 domain contains the sequence of bradykinin, which is released by plasma kallikreins during

contact activation and the actions of proteases such asmixtures of HNE andmast cell tryptase.37 D5 domain is known to contain antimicrobial

sequences, of which the peptide LDD40 was reported to be released by LasB.38 Indeed, truncated versions of this peptide were identified in

the ‘low’ LasB digested plasma andwound fluid samples (blue box), although they were no longer detectable in the ‘high’ samples (Figure 5A)

indicating full degradation. In the control acute wounds, we found similar LDD peptides, which we previously also detected in wound dress-

ings of surgical wounds.25 As LasB isn’t present in these wounds, these observations can be explained by our finding that CG releases these

peptides too.

Fetuin-A (FETUA) is categorized as an acute phase protein in response to infection or injury.39 We previously identified two unique pep-

tides of this protein, one (288LPPA) in all three samples of inflamed S. aureus infected wound dressing extracts and the other (300LLAA) in all

three noninflamed and noninfected samples.25 Interestingly, here we find peptide 288LPPA and truncated versions of this peptide in the V8-

digested AWF samples. In the plasma samples, V8 resulted in the formation of peptides starting with 293SPPD (orange arrow), which were also

found in all V8 wound fluid samples (and in one of the S. aureus infected samples), together indicating that this region may contain potential

biomarker candidates for S. aureus infection. Notably, reduced levels of both fetuin-A and -B have recently been reported as biomarkers for

S. aureus bacteremiamortality,40 whichmay be explained by the proteolytic actions of V8, but also those of the neutrophil-derived proteases.

Moreover, it was shown in mice that administration of fetuin-A rescued the animals from cecal ligation and puncture-induced lethal systemic

inflammation.41

Further evidence of unique proteolytic peptide patterns is provided by proteins of the complement system, a fundamental defense system

that is activated during wounding and infection to help remove invading pathogens and damaged host cells. The activation of the comple-

ment cascade can be achieved via three different pathways. These are converging at the activation of component 3 (CO3), which results in the

release of the anaphylatoxin C3a (residues 672–1663) and the opsonin C3b (residues 23–667), followed by the formation of C5 convertases,

which cleaves complement 5 (CO5) to generate the anaphylatoxin C5a (residues 678–1676) and the opsonin C5b (residues 19–673), which is

part of the membrane attack complex (MAC; C5b-9).42 As shown in Figure 7, CO3 and CO5 are both cleaved, although the extent of

Figure 5. Comparison of the wound fluid peptidome of different enzyme ratios

(A) Heatmaps comparing the enzyme-digested acute wound fluids from three donors, depicting the protein score, the number of unique peptides per protein

and the percentage of total coverage of each protein by the identified peptides. Only proteins are included that were identified in all three donors of at least one

of the enzyme groups or control.

(B) Box-plots showing the length of the peptides identified in each sample. Center lines show the medians; box limits indicate the 25th and 75th percentiles as

determined by R software; whiskers extend 1.5 times the interquartile range from the 25th and 75th percentiles, outliers are represented by dots.
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degradation is very different. For CO3 in plasma, both bacterial enzymes and CG predominantly cleaved C3a, whereas HNE showed the

greatest fragmentation of C3b. In wound fluids however, LasB cleaved C3b extensively as well. As CO3 is likely activated in the wound fluids,

but not in the plasma samples, release of C3b from full length CO3 might be required for efficient LasB proteolysis. For CO5, a very different

pattern occurs, as the two endogenous proteases did not release peptides fromCO5 in plasma. For V8, a specific cleavage pattern of C5a can

be observed in plasma and wound fluids (orange boxes), with peptides starting with 943TLDP, 959FPYR, 963IPLD, 996GINI, 1027TGNH

and 1121NSQY found in both types of samples. Notably, cleavage of CO5 by LasB was only evident in wound fluids, and mainly observed

for C5b. Interestingly, it has been reported that cleavage of complement components by V8 and LasB aid in bacterial evasion of the immune

system.43,44

Another group of abundant proteins are apolipoproteins, which are multifunctional proteins that are known for their roles in lipid meta-

bolism and transport.45 ApoB is the primary protein of the ‘bad’ cholesterol types VLDL and LDL, but also plays a protective a role in S. aureus

infections.46 Interestingly, V8 induced extensive fragmentation of ApoB in both plasma and wound fluids (Figure 8), which would likely abolish

its protective role. Furthermore, the other tested enzymes all degraded ApoB as well, with several unique peptides for each enzyme. Analysis

of the ApoB peptides identified in the patient samples from our previous study25 revealed similar peptide fragments in S. aureus infected

wound fluids and V8 digestedAWF, but not digested plasma, with various peptides startingwith 2622TDLR and 3724KVLA present in both types

of samples, making these potential biomarker candidates. Apolipoprotein E (ApoE) is another multifunctional protein which exerts antimicro-

bial activity.47 Synthetic ApoE-derived peptides from residues 130–150 have antibacterial and antiviral activity,48–50 as well as

Figure 6. Peptide profiles for fibrinogen beta chain, kininogen and fetuin-A

Peptide profiles and peptide alignment maps were generated for the plasma and acute wound fluid (AWF) samples, and interesting peptide regions are

highlighted by blue and orange boxes. A selection of the identified peptides is shown for illustration purposes. The arrows indicate peptides unique to the

V8-digested samples.
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immunomodulatory properties,50–52 whereas the heparin binding domain (residues 142–147) is responsible for cell attachment and cytotox-

icity.52,53 Here we show the formation of several ApoE peptides by both V8 and CG, although peptides spanning the antimicrobial and immu-

nomodulatory region at residues 130–150 are not observed. Moreover, V8 cleaves between residues 139E-140V, and CG between 132R-133L,

whichmay render peptides from this region inactive. In AWF, no peptides were found spanning this region either. Interestingly, the complete

lack of peptides in the ‘high’ LasB and HNE samples, as can be observed in Figure 3A, suggests that these two enzymes can degrade ApoE

beyond LC-MS/MS identification, which is also in agreement with the lack of ApoE peptides observed in inflamed, infected wounds.

Similar to ApoE, clusterin (CLUS/apolipoprotein J) is cleaved by V8 and CG, whereas no peptides were observed in any of the ‘high’ LasB

and HNE samples, or in the samples of the infectedwounds. Therefore, the lack of ApoE and clusterin may be amarker for a highly proteolytic

environment as such.

DISCUSSION

The clinical assessment of wound infection and related complications is challenging, as it is based on personal experience of the healthcare

provider combined with bacterial detection. To complicate matters, the presence of bacteria does not necessarily result in infection and

inflammation, whereas infection can be present in the absence of the classic infection signs, such as redness, heat, swelling, odor, purulent

exudate and pain.54–56 Therefore, the development of objectivemethods tomeasure wound status and predict healing outcomes is essen-

tial.57 Currently, various approaches are under development, such as sensors to monitor pH and temperature.58,59 Moreover, measure-

ment of general elevated protease activity in clinics may be done using the Woundchek Protease status12 and the Woundchek Bacterial

status, developed by Woundchek Laboratories, although additional independent clinical studies are needed to further determine the

diagnostic and prognostic value of these tests. As proteolytic activity is an indicator for the level of protein degradation, the identification

of endogenous peptides may be useful to measure and predict wound healing status. Indeed, endogenous peptides may serve as bio-

markers in a range of diseases.60–63 To investigate the possibility of using peptides as biomarkers for wound status, we previously

Figure 7. Peptide profiles for complement factors

Peptide profiles and peptide alignment maps were generated for the complement factors C3 and C5. Peptide regions unique to V8 treated samples are

highlighted by orange boxes, and a selection of the corresponding peptides is shown for illustration purposes.

ll
OPEN ACCESS

10 iScience 27, 109005, February 16, 2024

iScience
Article



developed amass spectrometry-basedmethod to measure the low-molecular-weight peptidome of wound fluids and used this method to

identify unique peptides and patterns that differed between healing/non-infected and inflamed/infected wounds.25,26 As individual pro-

teases have different substrate specificities, and will result in peptides with enzyme specific sequences, the observed differences may be

explained by the level and nature of individual proteases in these wounds, which may have additional diagnostic/prognostic value. There-

fore, we set out to characterize the plasma and wound fluid targets of selected endogenous and bacterial proteases. We used digestion of

plasma to mimic the endogenous formation of AWFs, whereas we used both plasma and AWFs from non-infected patients to investigate

bacterial protease activity during wound infection. As a proof-of-concept, we chose four proteases that have been shown to play important

roles in wound healing and infection, the two neutrophil-derived serine proteases HNE and CG, and two bacterial protease from respec-

tively S. aureus and P. aeruginosa. Both HNE and CG are abundant endogenous proteases identified in healing and infected, non-healing

wounds10,26,64 and have been shown to be capable of degrading proteins of relevance for wound healing, including those of the extracel-

lular matrix, such as elastin,30 fibronectin,65,66 and laminins.18 Interestingly, our data reveals 127 plasma protein targets for HNE, and 102 for

CG and show clear substrate specificity as only 39 of these protein targets where common for both enzymes. In agreement, analysis of the

N- and C-terminal amino acids of the identified peptides revealed expected shifts in the peptide composition, as reported previously.29–32

For LasB and V8, we found respectively 145 and 142 protein targets not detected in the control plasma samples, whereas these numbers

were 155 for LasB and 180 for V8 in wound fluids. A recent report using N-terminomics revealed the detection of 85 host-protein targets of

V8 in human serum,17 many of which we identified here with our peptidomics approach as well, thereby showing the validity of our methods

Figure 8. Peptide profiles for apolipoproteins

Peptide profiles and peptide alignment maps were generated for apolipoprotein B, apolipoprotein E, and clusterin. Interesting peptide regions are highlighted

by orange and blue boxes, and a selection of the corresponding peptides is shown for illustration purposes. Top, plasma samples; middle, acute wound fluid

(AWF) samples; bottom, skin graft dressing extracts (SGDE) from three healing, non-inflamed wounds and three S. aureus infected, high inflamed wounds from

datasets obtained previously.25
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and results. Nevertheless, we cannot exclude that some of the identified proteins are actually generated by other proteases present as

proenzymes in the original samples, as proteases are known to release active proteases from their precursors.

Unique to peptidomics, investigation of the native peptide profiles revealed enzyme specific peptide patterns and identified unique pep-

tide regions providing potential biomarker candidates. Of special interest are those found in fetuin-A (around amino acid residue 290) and

ApoB (around amino acid residues 2700 and 3725), which were unique for V8 and identified in dressing extracts from S. aureus infected

wounds. However, large scale studies of patient samples are needed to verify these results.

The lack of identification of specific proteins may be a marker of a high proteolytic environment as such, as observed for apolipoprotein E

(ApoE) and clusterin. Further evidence for distinct proteolytic targets during infection is revealed in the heatmaps, as the bacterial proteases

digested complement factors, immunoglobulins, protease inhibitors and ECM components. Moreover, the peptide profiles for ApoE, fibrin-

ogen beta chain (FIBB), kininogen (KNG1), and the complement factors C3 and C5, reveal that both bacterial enzymes degraded the antibac-

terial regions of these proteins. Together, these actions will activelymodulate the host environment and improve chances for successful infec-

tion. Interestingly, the endogenous proteases had similar targets, providing further evidence of the importance of balanced endogenous

proteolytic activity in healing wounds to prevent infection.

From a technical perspective, it should be noted that our previously developed method was not optimal for the identification of peptides

in plasma. Therefore, we changed the used extraction buffer from Urea with RapiGest to a GdCl buffer containing TCEP and CAA, which de-

natures, reduces, and alkylates cysteines andmay induce some cleavage around cysteine residues.67 As a consequence, we did not only iden-

tify significantly more peptides, but we also observed an increase in cysteine-containing peptides as reported previously,68 which were almost

absent in the wound fluid samples. Notably, the lack of identifying Cys containing peptides in peptidomics has been reported,69 whereas the

further amino acid composition of the identified peptides generally reflected the frequency in the Eukaryotic proteome. Therefore, care

should be taken when comparing data generated with different buffers.

Importantly, as the presence of different concentrations of the same proteasemay lead to changes in the peptidomes, we selected two con-

centrations for each enzyme. Indeed, clear differences were observed when using the ‘low’ and ‘high’ amount of these proteases. For LasB and

HNE,we found less peptides andproteins in the ‘high’ samples as compared to the ‘low’ samples, indicating extensive degradation,whereas for

CGand V8 the opposite was observed.Moreover, there was a substantial difference in identified proteins and uniquepeptides between the two

groups of each enzyme. This demonstrates the importance of selecting multiple enzyme concentrations in these types of studies.

Taken together, this study reveals a range of protease substrates in plasma and wound fluids, which may help elucidate biological roles

during health and disease. Moreover, the peptidomics data reveals potential biomarker candidates for infected wounds, which should be

verified in follow up studies with large scale patient cohorts. Finally, we provide a proof-of-concept that individual protease activity results

in unique peptides and peptide patterns, that may be used for the discovery of novel peptide-based diagnostic and prognostic biomarker

candidates in future studies on well-defined patient groups.

Limitations of the study

A limitation of this study is the low sample size. In addition, in a physiological wound environment enzymatic activity is an ever-changing pro-

cess, and many enzymes will contribute to the peptidome, making it challenging to translate findings with single enzymes and single time

points. Nevertheless, the identification of peptide regions in the V8 samples that were also unique to dressing extracts of S. aureus infected

wounds validates our approach. However, large scale studies of patient samples are needed to verify our results.

From a technical perspective, the lack of identification with ourmethod could be due to either high levels or very low levels of degradation,

as our method can only measure peptides between 500 and 8000 Dalton. Also, two cleavage sites on the same protein should be within close

proximity, to obtain peptides within this range. In agreement, the apparent increase in average peptide length with ‘high’ levels of LasB, as

compared to ‘low’ levels, is likely caused by fragmentation of larger proteins and peptides that were first above the detection level, in com-

bination with the extensive degradation of smaller peptides, to below detection limit.
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18. Senyürek, I., Kempf, W.E., Klein, G., Maurer,
A., Kalbacher, H., Schäfer, L., Wanke, I.,
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KEY RESOURCES TABLE

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources should be directed to and will be fulfilled by the lead contact, Mariena van der Plas (mariena.

van_der_plas@sund.ku.dk).

REAGENT or RESOURCE SOURCE IDENTIFIER

Biological samples

Plasma from citrated blood Healthy volunteers N/A

Sterile acute wound fluids Prof Artur Schmidtchen,

Lund University, Sweden25,26,70
N/A

Chemicals, peptides, and recombinant proteins

Pseudomonas aeruginosa elastase Elastin Products Company, Inc. Cat#PE961

Staphylococcus aureus V8 Sigma-Aldrich Cat#P2922

Human neutrophil elastase Sigma-Aldrich Cat#324681

Human neutrophil cathepsin G Sigma-Aldrich Cat#219373

NuPAGE LDS sample buffer (4x) Invitrogen� Cat#NP0007

Tris-Glycine SDS running buffer (10x) Invitrogen� Cat#LC2675

RapiGest SF Waters Cat#186001861

Critical commercial assays

Pierce� BCA Protein Assay Kit Thermo Scientific� Cat#23227

Novex� Tris-Glycine Mini Protein Gels, 10-

20%

Invitrogen� Cat#XP10205BOX

SilverQuest� Silver Staining Kit Invitrogen� Cat#LC6070

Deposited data

Mass spectrometry RAW data plasma samples This paper PRIDE: PXD037245

Mass spectrometry RAW data wound fluids This paper PRIDE: PXD037047

PEAKS search files plasma samples This paper PRIDE: PXD037245

PEAKS search files wound fluids This paper PRIDE: PXD037047

Mass spectrometry data of wound dressing

extracts

Hartman et al.26 PRIDE: PXD023244

UniProt The UniProt Consortium71 https://www.uniprot.org/

Software and algorithms

PEAKS Software Bioinformatics Solutions Inc. https://www.bioinfor.com/peaks-software/

Graphpad Prism Dotmatics https://www.graphpad.com/

VennDis Ignatchenko et al.72 http://kislingerlab.uhnres.utoronto.ca/

projects/

BoxPlotR Spitzer et al.73 http://shiny.chemgrid.org/boxplotr/

Imgflip Imgflip LLC https://imgflip.com/chart-maker

Peptigram Manguy et al.74 http://bioware.ucd.ie/peptigram/

iceLogo Colaert et al.27 http://iomics.ugent.be/icelogoserver/

CLIPPER 2.0 Kalogeropoulos et al.75 https://github.com/UadKLab/CLIPPER-2.0

Other

Microcon-30kDa centrifugal filters Merck Cat#MRCF0R030
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Materials availability

This study did not generate new unique reagents.

Data and code availability

� The mass spectrometry data have been deposited to the ProteomeXchange consortium via the PRIDE76 partner repository with the

dataset identifiers PXD037245 (plasma) and PXD037047 (acute wound fluid). This paper also analyses existing, publicly available

data with dataset identifier PXD023244.

� This paper does not report original code.
� Any additional information required to reanalyse the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Plasma was collected from citrated venous blood from three healthy female donors after 10 min centrifugation at 2000 g. The protocol for the

collection of human plasma from blood (permit DNR2015/801) was approved by the Ethics Committee at Lund University. The human sterile

acute wound fluids, obtained from surgical drainages aftermastectomy,70 were a kind gift fromProfessor Artur Schmidtchen (LundUniversity).

Informed consent was obtained from all subjects. All samples were aliquoted and stored at �20�C before use.

Notably, although all samples were derived from adult females with European ancestry, this does not bias the results, as sex or age does

not change protein sequences as such. Nevertheless, ethnicity related polymorphisms in individual protein sequences at cleavage sites

cannot be excluded.

METHOD DETAILS

In vitro digestion of plasma/acute wound fluids

Due to large variations in protein content of the donor fluids (plasma samples ranged from 34.9 to 61.6 mg/ml; acute wound fluid samples

ranged from 33.3 to 41.3mg/ml), asmeasured by using the Pierce BCA Protein Assay Kit (Thermo Scientific, USA) according tomanufacturer’s

instructions, sample protein content was normalized. For this purpose, 2.7 mg of plasma or acute wound fluid were mixed with 10 mM Tris

buffer (pH 7.4), with or without the proteases P. aeruginosa elastase B (Elastin Products Company, Inc., USA), S. aureus V8 protease (Sigma-

Aldrich, Germany), human neutrophil elastase (Sigma-Aldrich) or human neutrophil cathepsin G (Sigma-Aldrich), to obtain a total volume of

250 ml. Next, the samples were incubated for 24 h at 37�C, followed by SDS-PAGE analysis directly or storage at -80�C before peptide extrac-

tion and LC-MS/MS analysis.

SDS-gel electrophoresis

In vitro digested and undigested samples (6 mg) were denatured at 95�C for 5 min in NuPAGE LDS Sample Buffer followed by separation on

10-20% Tris-Glycine mini gels in 1 x Tris-Glycine SDS running buffer at 225 V for 40 min. Gels and buffers were from Invitrogen (USA). After-

wards, gels were stained with the SilverQuest Staining kit (ThermoFisher, USA) according to manufacturer’s instructions and visualized on a

Gel Doc� Imager (Bio-Rad Laboratories, USA).

Peptide extraction

Acute wound fluid and plasma samples (250 mL) were defrosted andmixedwith 750 ml freshlymade urea (6M final concentration in 10mMTris,

pH 7.4) supplemented with RapiGest SF (0.05% final concentration; Waters, USA) followed by incubation for 30 min at room temperature,25

or with 750 ml GdCl buffer containing 6 M guanidinium chloride (GdCl), 10 mM tris (2-carboxyethyl) phosphine (TCEP) and 40 mM

2-chloroacetamide (CAA) in 50 mM HEPES buffer at pH 8.5. Next, centrifugal filters with 30 kDa cut-off (Microcon 30, regenerated cellulose,

Millipore, Ireland) were loaded with sample and centrifuged at 10000 g for 20 min at RT, then washed with 200 ml buffer followed by another

20 min centrifugation (10000 g at RT). Finally, the filtrates of both centrifugation steps were pooled and stored at -80�C before analysis by

liquid chromatography tandem mass spectrometry (LC-MS/MS).

LC-MS/MS analysis

Before LC-MS/MS analysis, 80 ml of each peptide extract was acidifiedwith 40 ml 2% TFA and then trapped and enriched on StageTip columns.

In short, columns were activated first by MeOH, then 80% ACN and 0.1% FA, and finally with 3% ACN and 1% TFA. Next, peptides were trap-

ped on the column, washed with 0.1% FA, eluted with 40% ACN and 0.1% FA, and dried down before reconstitution in 2% ACN and 1% TFA

with iRT peptides. Sample concentrations were measured using a nanodrop spectrophotometer (DeNovix, USA), and 500 ng was injected for

LC-MS/MS analysis. For each sample, peptideswere loadedonto a 2 cmC18 trap column (ThermoFisher 164705), connected in-line to a 50 cm

C18 reverse-phase analytical column (Thermo EasySpray ES803) using 100% Buffer A (0.1% FA) at 750 bar, using the Thermo Easy-nLC 1200

HPLC system, and the column oven operating at 45�C. Peptides were first eluted over a 140 minute gradient ranging from 6% to 60% of 80%

ACN, 0.1% FA at 250 nl/min, then they were introduced to the Orbitrap Eclipse Tribrid instrument (Thermo Fisher Scientific) coupled to

FAIMSPro interface (Thermo Scientific, FMS02-10001) with a compensation voltage (CV) of either -50 or -70V, and were run in a DD-MS2

top speed method. Full MS spectra were collected at a resolution of 120,000, with an AGC target of 43105 or maximum injection time of
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50ms and a scan range of 400–1500m/z. TheMS2 spectra were obtained in the ion trap operating at rapid speed, with an AGC target value of

13104 ormaximum injection time of 35ms, a normalisedHCDcollision energy of 30 and an intensity threshold of 1.7e4. Dynamic exclusionwas

set to 60 s, and ions with a charge state <2, >7 or unknown were excluded. MS performance was verified for consistency by running quality

control standards, and chromatography was monitored to check for reproducibility.

QUANTIFICATION AND STATISTICAL ANALYSIS

MS/MS spectra were searched by PEAKS software. UniProt Human including 20,384 entries was used with nonspecific cleavage, 5 ppm pre-

cursor tolerance and 0.5 Da fragment tolerance for all samples. Oxidation (M) and deamidation (NQ) were treated as dynamicmodification for

AWFs and plasma samples, while carbamidomethyl (C) was used as a static modification for all plasma samples due to the use of GdCl buffer

containing CAA. Search results were filtered based on PEAKS peptide score (a 25 score for the AWF samples and a 26 score for the CP sam-

ples), and at least two unique peptides for each protein.

For data visualization, heatmaps were generated by GraphPad Prism version 9 , venn diagrams were made in VennDis,72 boxplots were

made in BoxPlotR,73 pie charts were made in Imgflip (https://imgflip.com/chart-maker), while peptide profiles and peptide alignment maps

were made using the web-based application Peptigram.74 Finally, iceLogos were generated using the iceLogo server,27 using the cleavage

environment of the detected peptides obtained with CLIPPER 2.0.75 For this purpose, the Uniprot database71 was used to retrieve the full

protein sequences of the identified peptides. These sequences were used to extract the four preceding or the four following residues around

the N-terminal and C-terminal cleavage sites for each peptide. These cleavage environments, spanning 8 residues across the cleavage site,

were pooled for each condition, and the resulting cleavage list was used as input in Icelogo. Cleavage specificity logos were visualized as

percentage change compared to background residue distribution, with the non-digested 24 h control samples or the Homo sapiens

Swiss-Prot compiled residue frequency as background proteome.
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