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In this study, paired blood plasma (BP) and blister fluid (BF) samples from five pae-

tein and metabolite composition. The relative quantification of proteins was
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Database gas chromatography mass spectrometry (GCMS) targeted assay. In total,
562 proteins and 141 individual metabolites were identified in the samples. There
was 81% similarity in the proteins present in the BP and BF, with 50 and 54 unique
proteins found in each sample type respectively. BF contained keratinocyte
proliferation-related proteins and blood plasma contained abundant blood clotting
proteins and apolipoproteins. BF contained more carbohydrates and less alpha-
hydroxy acid metabolites than the BP. In this study, there were unique proteins
and metabolites in BF and BP which were reflective of the local wound environ-
ment and systemic environments respectively. The results from this study
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demonstrate that the biomolecule content of BF is mostly the same as blood, but

it also contains information specific to the local wound environment.
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1 | INTRODUCTION

Burns in children are often relatively minor, but have high morbidity
related to scarring and psychological trauma.® Biomarkers which can
accurately predict which patients are more likely to have adverse heal-
ing outcomes could be used to provide earlier, more effective treat-
ment. While mass spectrometry (MS) based proteomic and
metabolomic techniques have matured over the past two decades,
only a few studies have utilised these techniques to study burn
injuries.2"® Label-free MS techniques, based on the biophysical prop-
erties of molecules, have enabled the large-scale and robust quantifi-
cation of patient samples.”?1° In recent years, a variety of fluid
sample types have been used for burn injury analysis and biomarker
identification, such as blood (plasma or serum),”® BF,?~> wound fluid
(WF)® and saliva.’* BF and WF have attracted more interest recently
as a valuable sample source, as they are thought to reflect both the sys-
temic and local microenvironmental pathological changes as part of the
response to injury.>? BF and WF are produced through the perme-
ation and perfusion of blood to the wound site, and are thought to be
similar to plasma in composition. However, present unknowns include
the extent of their similarity to plasma, their role in burn injury patho-
physiology and wound healing and whether the presence of BF and
WEF can benefit wound healing or if they are a byproduct of wound
healing. Some studies have compared suction BF to plasma from
healthy people to investigate drug pharmacokinetics,*?"¢ but there has
been no comparison of burn BF with plasma from burn patients. To
investigate these differences, we compared blood and BF samples from
the burn patients using proteomic and metabolomic analyses.

2 | METHODS AND MATERIALS

2.1 | ETHICAL APPROVAL

Institutional ethics approval for this study was obtained for the collec-
tion of samples from Queensland Children's Hospital (QCH) and the
Children's Hospital at Westmead (CHW) (HREC/19/QCHQ/48683,
SSA/19/QCHQ/48683, RGS0000003284, 2019/STE16483) and from
the QUT Human Ethics Committee (#2021000233).

2.2 | Patient recruitment and sample collection

Paediatric burn patients who had burn blisters on presentation and

required treatment procedures under sedation in the operating

theatre were recruited from two hospital sites; QCH and CHW. The
children and their parents/guardians provided informed consent when
recruited into the study. BF was collected during blister deroofing, as
part of routine acute wound cleaning procedures. Blood was collected
when the participant was receiving routine wound care treatment
under a general anaesthetic, to isolate blood plasma (BP). Cellular
debris was removed from the BF samples by centrifugation at 855g
for 3 min and the supernatant was stored in aliquots at —80°C. The
blood was collected in heparinised tubes, centrifuged at 400g for
10 min and the supernatant was stored in aliquots at —80°C. Patient
demographics (age, gender), burn wound characteristics (total body
surface area [TBSA], depth, mechanism, first aid treatment), treat-
ments and healing outcomes (days until wound re-epithelialisation,
referral to scar management, requirement for grafting) were recorded.
The burn wound characteristics were determined by the consultant
surgeon in conjunction with the clinical treating team.

2.3 | Sample preparation for proteomics

Individual BF and BP samples were processed using the standard
FASP digestion method described previously.® In brief, 200 pl of urea
buffer (8 M urea [Sigma, #U5128] in 0.1 M Tris/HCl, pH 8.5, 0.025 M
DTT) was added to an aliquot of 200 ug total protein from each sample
and transferred into Microcon YM-10, 10 kDa NMWCO centrifugal filter
devices (Merck Millipore, Bayswater, Victoria, Australia). The centrifugal
filter devices were centrifuged at 14,0008 for 10 min. The rinse buffer
was then replaced by 0.05M TEAB (Sigma-Aldrich, Castle Hill,
New South Wales, Australia) and trypsin was added in a ratio with total
protein of 1:100 (w/w) for 18 h at 37°C. The digested peptides were
desalted and concentrated using custom-made Stage-Tips prepared as
described elsewhere.” Indexed Retention Time (iRT) peptides (Biognosys,

Switzerland) were spiked into each individual sample at 1:100 ratio.

2.4 | Sample preparation for metabolomics

The metabolites were extracted based on a previously reported
plasma and serum extraction method.*® Individual BF and BP samples
were thawed on ice for 60 min. An aliquot of 10 pl sample was com-
bined with 50 pl of ice-cold methanol, vortexed for 15 s and incu-
bated on ice for 15 min to precipitate proteins. The precipitated
protein was centrifuged at 4°C and 15,8009 for 15 min. The superna-
tant was transferred directly into a GCMS vial and dried down in a

centrifugal vacuum evaporator for 4 h at 30°C.
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2.5 | Proteomics analysis

Both data dependent and independent acquisitions (DDA and DIA,
respectively) were performed in an Eksigent 400 nanolLC system tan-
dem A Triple TOF 6600 mass spectrometer (SCIEX, Mt Waverley,
Victoria, Australia). Samples were first loaded into Trajan ProteCol
trap column (120 A, 3 pm, 10 mm x 300 pm) and flushed for 3 min at
10 pl/min (0.1% formic acid) prior to elution onto the analytical col-
umn. The peptides were eluted from a C18 nano-LC resolving column
(Eksigent ChromXP C18 3 pm 120 A [3C18-CL-120], 3 pm, 120 A, 0.3
x 150 mm) with an 87 min gradient at a flow rate of 5 pl/min. The
gradient starts with a 68 min linear gradient of Buffer B (0.1% formic
acid [v/v] in acetonitrile) from 3% to 25%, followed by a 5 min linear
gradient of 25%-35% mobile phase B. Then the column was flushed
with 80% mobile phase B for 5 min and re-equilibrated with 97%
Buffer A (0.1% formic acid) for 8 min before the next injection.

The MS parameters for DDA and DIA (sequential window acquisi-
tion of all theoretical mass spectra [SWATH]) were set as below: ion
spray voltage floating 5500V, curtain gas 30, interface heater
temperature + 100°C, ion source gas 1 and gas 2 both set at 30, and
de-clustering potential 80 V. For DDA parameters, 0.25 s MS survey
scan in the mass range m/z 400-1250 were followed by 30 MS/MS
scans in the mass range of 100-1500 Da (0.05s per each scan).
SWATH variable windows were calculated through SWATH Variable
Window Assay Calculator Version 1.1 [SCIEX, March 9, 2020], with a set
of 100 overlapping windows over the range m/z 389.5-1250.5 (1 m/z
for the window overlap), based on precursor m/z frequencies in DDA
run. In this method, time-of-flight (TOF) MS scans were collected over
a range of m/z 350-1500 for 0.05 s, then the 100 predefined m/z
ranges (SWATH windows) were sequentially subjected for TOF
MS/MS scans over the range of m/z 100-1800 and 0.05 s per win-
dow resulting in the total duty cycle of 3.1 s.

2.6 | GCMS targeted metabolomics analysis
The dried samples were loaded onto the GCMS (Shimadzu TQ 8050
NX, Kyoto, Japan) through an online AOC 6000 plus auto-sampler
(Shimadzu) for chemical derivatisation and sample injection. The
derivatisation was achieved through addition of 25 pl of 30 mg/ml
methoxyamine hydrochloride in pyridine and incubation at 37°C
for 120 min with vortexing at 700 rpm. An aliquot of 25l of
N,O-Bis(trimethylsilyl)trifluoroacetamide (BSTFA) was also added, with
further incubation at 37°C for 60 min with vortexing at 700 rpm.
Derivatised sample was then incubate at room temperature for 1 h. One
microliter of the derivatised samples was injected onto the GCMS-
TQ8050 NX system and analysed in MRM mode using the Shimadzu
Smart Metabolite Database containing 521 MRM metabolite targets.???°
Blank samples were run six times at the beginning and the end of
the batch. Quality control (QC) samples, which contained glyoxylic
acid (Sigma, # 10601-10G), pyruvic acid (Sigma, # 107360-25G), ala-
nine (Sigma, # AAS18-5mL), glycine (Sigma, # AAS18-5mL), oxalic acid
(Sigma, # 73139-100mL), valine (Sigma, # AAS18-5ml), leucine

(Sigma, # AAS18-5mL), isoleucine (Sigma, # AAS18-5mL), proline
(Sigma, # AAS18-5mL), succinic acid (Sigma, # 43057-100mL), fumaric
acid (Sigma, # 47910-5G), Serine (Sigma, # AAS18-5mL), threonine
(Sigma, # AAS18-5mL), oxalacetic acid (Sigma, # 0O4126-5G), malic
acid (Sigma, # 240176-50G), Aspartic acid (Sigma, # AAS18-5mL),
methionine (Sigma, # AAS18-5mL), 2-Ketoglutaric acid (Sigma, #
75890-25G), ornithine (Sigma, # 57197-100MG), glutamic acid
(Sigma, # AAS18-5mL), phenylalanine (Sigma, # AAS18-5mL), xylose
(Sigma, Monosaccharides Kit, # 47267), arabinose (Sigma, # 47267),
asparagine (Sigma, #A4159-25G), rhamnose (Sigma, # R3875-5G),
aconitic acid (Sigma, # A3412-1G), glutamine (Sigma, # G8540-25G),
Fucose (Sigma, # F2252-5G and F8150-5G), citric acid (Sigma, #
251275-5G), arginine (Sigma, # AAS18-5mlL), fructose (Sigma,
Monosaccharides Kit, # 47267), mannose (Sigma, Monosaccharides
Kit, # 47267), galactose (Sigma, Monosaccharides Kit, # 47267),
glucose (Sigma, Monosaccharides Kit, # 47267), lysine (Sigma, #
AAS18-5mL), histidine (Sigma, # AAS18-5mL), tyrosine (Sigma, #
AAS18-5mL), inositol (Sigma, # 15125-50G and 18132-5MG),
tryptophan (Sigma, # T0254-5G), fructose 6-phosphate (Sigma, #
F3627-100MG), glucose 6-phosphate (Sigma, # G7250-500MG), and
trehalose (Sigma, # PHR1344-500MG) (carbohydrates 0.1 nmol/pl,
phosphates 1 nmol/pl, organic acids 0.5 nmol/pl, and amino acids
1 nmol/pl), were run at the beginning, in the middle and at the end
of the batch. The metabolite identification and quantification were
completed using LabSolutions Insight software (Shimadzu).

2.7 | lon library generation and SWATH data
extraction

The database was created based on a SwissProt human database
(generated on 12 February 2019) with the common Repository of
Adventitious Proteins (https://www.thegpm.org/crap/) and iRT pep-
tide sequences included.?* The peptide ion library was generated from
the DDA data of a pooled sample of a small aliquot of each individual
sample and previous published DDA data using the cloud toolkit
OneOmics (SCIEX)®™> with a threshold of 1% Global false discovery
rate (FDR) at both protein and peptide level. The modified peptides
were excluded, the number of peptides per protein was set to 15, and
the number of transitions per peptide was set to 6. The Extraction
step employed iRT peptides for RT calibration, a 50 ppm extracted ion
chromatogram extraction width, and an 8 min XIC extraction window.
The MS proteomics data were deposited to the ProteomeXchange
Consortium?? via the PRIDE?® partner repository with the data set
identifier PXD034978.

2.8 | Statistical analysis

The raw SWATH protein abundance data and metabolite abundance
data were processed using NormalyzerDE2* online tool (http://130.
235.214.136/) to determine the most appropriate normalisation
method.?> Comparison between eight different normalisation
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methods (log?, Variance Stabilisation Normalisation [VSN], Global
Intensity, median intensity, mean intensity, quantile, cyclic locally esti-
mated scatterplot smoothing and Robust Linear Regression), indicated
that VSN would provide the lowest variation based on Pooled Coeffi-
cient of Variation (PCV), Pooled Median Absolute Deviation (PMAD)
and Pooled Estimate of Variance (PEV) for both datasets (Figure S1),
and the data were normalised using this method. Patients who had
more than one BF sample collected had the average protein abun-
dances of the two samples collated so that the dataset would not be
skewed by overrepresentation of that patient. Normalised data were
then exported to MetaboAnalyst 4.0 (http://www.metaboanalyst.ca/)
to undergo multiple statistical analyses (PCA for dimensionality reduc-
tion, PLS-DA for further discrimination between fluid types, Student's
t-test, and correlation heat maps) and visualisation. The normalised
proteomic data had a total of 15 missing abundance values when
uploaded to MetaboAnalyst, so these were replaced with values that
were one fifth of their group's lowest abundance value for that pro-
tein. No data filtering was performed. Volcano plots of non-
normalised protein abundance data were generated using RStudio
(https://www.R-project.org/) and the R package ggplot2 to visualise
the relationship between fold change and the p-values derived from
MetaboAnalyst. Two-fold change and 1.8-fold change were used to
capture an appropriate number of proteins and metabolites, respec-
tively. The gene ontology enrichment analysis of the proteomics was
performed using Cytoscape?® v3.9.1 (https://cytoscape.org/)?® with
the BiNGO application (http://apps.cytoscape.org/apps/bingo),?” for
the unique proteins identified in the BF and plasma samples and the
significant proteins (p < 0.05) with high fold change (>2) from the vol-
cano plot. In brief, a hypergeometric test and Benjamini and Hochberg
FDR correction were used for over-representation analysis and the
significance level of the biological process, cellular component, or
molecular function was set at 0.05. The pathway enrichment analysis
of the proteomics and metabolomics was performed using MetaboA-
nalyst, Hypergeometric Test was used for enrichment analysis, topol-
ogy measure was degree centred, and the integration was p-value
combined at the pathway-level. The box and whisker plots were cre-
ated with GraphPad Prism v9.3.1 (California), and the p-values for
these plots were calculated using raw, unnormalized data, which was

different from the p-values above.

3 | RESULTS

In order to have the most unbiased analysis, we collected BF
and BP samples from the same patient. A total of 12 samples from
five patients were collected: 5 BP and 7 BF. The patient demo-
graphics and burn wound characteristics are shown in Table 1.

To compare the protein composition of BF and BP, a total of
562 proteins were identified in these two types of sample, and 81%
(458) of these proteins were common to both the BP and BF
(Figure 1A). There were 50 proteins unique to the BP, and 54 pro-
teins unique to the BF (Table S1). A total of 141 metabolites (includ-
ing some heavy isotopes) were identified in both BF and BP. There
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TABLE 1 Demographic table of blister fluid and blood plasma
matched sample patients (n = 5)

N %

Patients
Sex

Male 5 100

Female 0 0
Depth (by clinical judgement)

Superficial partial thickness 2 40

Deep partial thickness 2 40

Full thickness 1 20
Mechanism of injury

Scald 2 40

Flame 3 60
Skin grafting

Yes 1 20

No 4 80

Median Range
Age at injury (months) 66 6-137
Burn total body surface area (%) 6 3-10
Collection day post-burn 0.6 0.2-0.8
Days to re-epithelialisation 22 10-46
Blister fluid Blood plasma
Samples 7° 5
Median  Range Median  Range

Protein 58.3 48.5-614 720 46.1-74.2

concentration

(mg/ml)

2Two patients had two blisters.

were 34 amino acids, 34 carbohydrates, 20 fatty acids, 5 alpha
hydroxy acids, 4 beta hydroxy acids and some other organic com-
pounds. When comparing the total metabolite abundance in each
subclass between BF and BP (Figure 1B), most subclasses had similar
abundance in the two sample types. The biggest difference was the
alpha hydroxy acids, which were 15.4% of all metabolite abundance
in BP but only 8.2% in BF. Additionally, the carbohydrates in BF
were 6.1% higher than in BP (38.5% vs. 32.4%). It is worth noting
that the 20 fatty acids only accounted for about 1% of total metabo-
lite abundance.

To determine whether the proteome and metabolome can differ-
entiate between BF and BP, a PCA analysis of the protein abundance
of all samples was applied (Figure 2A) and showed there was a com-
plete separation between the two groups, suggesting very distinct
protein compositions of the BF and BP samples. Interestingly, the
50_5 BF and 50_5 BP samples (which were collected from a different
hospital site to the remaining samples) were more separated from the
rest of the samples. Similar results were observed for the metabolo-
mics PCA of the same samples (Figure 2B), there was only slight
overlap around sample 50_5 BF and 50_5 BP.
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27_BF
49.BF 5 BF

50_5_BF

49_BF —50_5_P 27_P

9_BF

0

FIGURE 1 Comparison of the
proteins and metabolites in BF and

BP. (A) Venn diagram of proteins
identified in matched BF versus BP
samples, n = 12. There are 81% common
proteins between BF and BP. (B) The
fraction (%) of subclasses of metabolites
identified in BF and BP samples, based on
the abundance of the metabolites, n = 12.
[Color figure can be viewed at
wileyonlinelibrary.com]

FIGURE 2 BF and BP exhibit distinct
protein and metabolite profiles. PCA plots
based on the protein and metabolite
abundance within each sample.

(A) Unsupervised PCA plot based on the
VSN normalised protein abundance

27_BF 9_  27P
o{ 48_BF P

PC 2 (17.2%)
5

PC 3 (15.8%)

50_5_B

-20
m

50_5_

-10

-40

9 P

between BF and BP, n = 12.

(B) Unsupervised PCA plot based on the
VSN normalised metabolite abundance
between BF and BP, n = 12. [Color figure
can be viewed at wileyonlinelibrary.com]

-20 -10 0 10 20 -15 -10 -5
PC 1 (26.6%)

In order to determine what proteins and metabolites have the
largest alteration between BF and BP, the scores of variable impor-
tance in projection (VIP) from the partial least-squares discriminant
analysis (PLS-DA) was utilised and this showed the 15 proteins
(Figure 3A) and 15 metabolites (Figure 3B) that most contributed to
the differentiation between the BF and the BP matched samples.
Notably, histone proteins (H2B Clustered Histone 18 [H2BC18], H2A
Clustered Histone 20 [H2AC20], H2A Clustered Histone
18 [H2AC18], H1.3 Linker Histone [H1-3]) are higher in BF samples,
and Haemoglobin subunit alpha (HBA1), Haemoglobin subunit beta
(HBB), blood clotting-related proteins—Fibrinogen alpha chain (FGA),
Fibrinogen beta chain (FGB), Fibrinogen Gamma Chain (FGG),
Glycoprotein V Platelet (GP5) are higher in BP (Figure 3A). In the
metabolomic analysis, 5-Methoxytryptamine, Cholesterol, Mannitol,
Taurine, Taurine-13C2, Lactic acid, Octanoic acid and Trehalose had a
higher abundance in BP. However, 2-Ketobutyric acid, Pyruvic acid,
Turanose, Glutamic acid, 2-Ketoglutaric acid, Sorbose and Galactose
were more abundant in BF (Figure 3B).

To see the proteome and metabolome similarity between samples
and the abundance change in each individual sample of top protein and
metabolites, a dendrogram clustering and heatmap was used for visuali-
sation (Figure 4). This showed that the samples were clustered into sep-
arate groups, with clear distinction between the proteins and
metabolites present within the BP and BF samples. The heatmap also

showed that there was a distinct separation in the abundance

5 10 15 20

PC 1 (29%)

differences in the samples, as seen by the colour intensity differences.
Heat Shock Protein Family B Member 1 (HSPB1), H4 Clustered Histone
1 (H4C1), H2AC20, H2BC18, H2AC18, H1-3, GC Vitamin D Binding
Protein (GC), Triosephosphate Isomerase 1 (TPI1), Serine Peptidase
Inhibitor Kazal Type 5 (SPINKS5), Stratifin (SFN), Histone H2B type 1-M
(H2BC14) and YWHAE were decreased (blue) in almost all the BP sam-
ples (Figure 4A). Complement C1s (C1S), Apolipoprotein C1 (APOC1),
PF4Vv1, HBA1, HBB, FGG, FGB, FGA, Immunoglobulin J chain
(JCHAIN), THBS1, Protein S (PROS1), PPBP and Apolipoprotein L1
(APOL1) were increased in almost every BP sample. The metabolomics
results were slightly more variable, however it was still apparent that
4-Hydroxyphenyllactic acid, Fucose, Lactic acid, 5-Methoxytryptamine,
Cholesterol, Taurine, Docosahexaenoic acid and Monostearin have a
higher abundance in BP, whereas Pyruvic acid, 2-Ketoglutaric acid,
Ornithine,
2-Ketobutyric acid have a higher abundance in BF (Figure 4B).

Dopamine, Tyrosine, Tyramine, Lysine, Cystine and

To determine the proteins with both large fold change and high
significance, volcano plots were utilised. Volcano plot analysis
revealed several significant (p < 0.05) proteins that exhibited greater
than twofold difference in abundance between BF and BP samples.
The most significant proteins that exhibited a lower abundance in
BF were Fibrinogen alpha chain (FGA), Platelet Factor 4 Variant
1 (PF4V1), Fibrinogen beta chain (FGB) and Pro-Platelet Basic
Protein (PPBP) (p < 0.05) (Figure 5A). Conversely, H2A Clustered

Histone 20 (H2AC20), H1.3 Linker Histone (H1-3), H2B Clustered
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FIGURE 3 The proteins and metabolites which most discriminate between the BF and BP samples in supervised partial least-squares
discriminant analysis (PLS-DA). (A) Top 15 proteins with highest variable importance in projection (VIP) scores, fibrinogen alpha chain (FGA),
haemoglobin subunit alpha (HBA1), histone H2B type 2-F (H2BC18), fibrinogen beta chain (FGB), platelet glycoprotein V (GP5), histone H2A type
2-C (H2AC20), platelet factor 4 variant (PF4V1), haemoglobin subunit beta (HBB), histone H1.3 (H1-3), platelet basic protein (PPBP), fibrinogen
gamma chain (FGG), histone H2A type 2-A (H2AC18), 60S acidic ribosomal protein P1 (RPLP1), 14-3-3 protein epsilon (YWHAE), and
thrombospondin-1 (THBS1). (B) Top 15 metabolites with highest VIP scores. [Color figure can be viewed at wileyonlinelibrary.com]
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FIGURE 4 Most significant protein and metabolite abundance changes in each individual sample, based on p value. Red in the heatmap
indicates higher abundance and blue indicates lower abundance. Yellow in the top bar represents BF samples and red represents BP samples.

(A) Top 25 most significant proteins. Heat shock protein beta-1 (HSPB1), histone H4 (H4C1), histone H2A type 2-C (H2AC20), histone H2B type
2-F (H2BC18), histone H2A type 2-A (H2AC18), histone H1.3 (H1-3), vitamin D-binding protein (GC), triosephosphate isomerase (TPI1), serine
protease inhibitor Kazal-type 5 (SPINKS5), 14-3-3 protein sigma (SFN), histone H2B type 1-M (H2BC14), 14-3-3 protein epsilon (YWHAE),
complement C1s subcomponent (C1S), apolipoprotein C-I (APOC1), platelet factor 4 variant (PF4V1), haemoglobin subunit alpha (HBA1),
haemoglobin subunit beta (HBB), fibrinogen gamma chain (FGG), fibrinogen beta chain (FGB), fibrinogen alpha chain (FGA), immunoglobulin J
chain (JCHAIN), thrombospondin-1 (THBS1), vitamin K-dependent protein S (PROS1), platelet basic protein (PPBP) and apolipoprotein L1
(APOL1). (B) Top 25 most significant metabolites. [Color figure can be viewed at wileyonlinelibrary.com]

Histone 14 (H2BC14) and Tyrosine 3-Monooxygenase/Tryptophan
5-Monooxygenase Activation Protein Epsilon (YWHAE), exhibited a
significantly higher abundance in BF (p < 0.05) (Figure 5A). Similarly,

some significant metabolites (p < 0.05) exhibited a fold change
greater than x 1.8 between BF and BP (Figure 5B). The abundance of
5-Methoxytryptamine, Lactic acid, Taurine-13C2, Cholesterol, and
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Significant proteins and metabolites which also showed large fold change differences in abundance between BF (n = 5) and BP

(n = 5) samples. Red points have higher abundance in BF while blue points have a higher abundance in BP. Grey points are p > 0.05.

(A) Significant proteins with >2-fold change. Heat shock protein beta-1 (HSPB1), histone H4 (H4C1), histone H2A type 2-C (H2AC20), histone
H2B type 2-F (H2BC18), histone H2A type 2-A (H2AC18), histone H1.3 (H1-3), vitamin D-binding protein (GC), triosephosphate isomerase
(TPI1), serine protease inhibitor Kazal-type 5 (SPINKS5), 14-3-3 protein sigma (SFN), histone H2B type 1-M (H2BC14), 14-3-3 protein epsilon
(YWHAE), complement C1s subcomponent (C1S), apolipoprotein C-1 (APOC1), platelet factor 4 variant (PF4V1), haemoglobin subunit beta (HBB),
fibrinogen gamma chain (FGG), fibrinogen beta chain (FGB), fibrinogen alpha chain (FGA), immunoglobulin J chain (JCHAIN), thrombospondin-1
(THBS1) and vitamin K-dependent protein S (PROS1). (B) Significant metabolites with >1.8-fold change. [Color figure can be viewed at

wileyonlinelibrary.com]

TABLE 2 Gene ontologies overrepresented in the BF and BP proteomes

Biological process
Blister fluid Actin filament polymerisation
Protein polymerisation
Epidermis development
Actin polymerisation or depolymerisation
Ectoderm development
Response to organic substance
Macromolecular complex subunit organisation
Disruption by host of symbiont cells
Killing by host of symbiont cells
Positive regulation of cell proliferation

Blood
plasma

Response to wounding
Blood coagulation
Coagulation
Haemostasis

Lipoprotein particle clearance

Killing of cells of another organism

Very-low-density lipoprotein particle assembly
Response to stress
Regulation of body fluid levels

Regulation of Actin polymerisation or
depolymerisation

Cellular component

Molecular function

Extracellular region

Extracellular space

Extracellular region part

Membrane-bounded vesicle

Vesicle

Desmosome

Soluble fraction

Pigment granule

Melanosome

Cytoplasmic membrane-bounded vesicle

Platelet alpha granule
Vesicle lumen

Extracellular region

Platelet alpha granule lumen

Cytoplasmic membrane-bounded vesicle

lumen

Cytoplasmic vesicle part

Stored secretory granule
Extracellular space
Fibrinogen complex

Extracellular region part

Eukaryotic cell surface binding
Cell surface binding

Receptor binding

Actin binding

Cholesterol binding

Threonine-type endopeptidase
activity

Threonine-type peptidase activity

Sterol binding

Lipid binding

Calcium-dependent protein
binding

Note: Proteins which were unique to each fluid type or which were significantly different (p < 0.05) and had higher (>2) or lower (<0.05) fold change in

abundance were included in the analysis.
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Taurine all were significantly lower in BF compared with BP, To investigate the underlying biological processes, molecular
whereas 2-Ketobutyric acid, Pyruvic acid, Cystine, Tyramine and functions, and cellular components in each of the sample types, a
Lysine all had a higher abundance in BF compared with BP Gene Ontology enrichment analysis was performed using the unique
(Figure 5B). proteins and over-represented proteins (p < 0.05 and fold change 22)

FIGURE 6 The integrated proteomic and
metabolomic results showed that several
biological pathways were enriched, and these
pathways contained proteins and metabolites
that were significantly upregulated in BF or

BP. (A) The enriched pathways of significant
proteins and metabolites, the colour of the dots
represent significance based on the combined
p-value, with red more significant and yellow less
significant, and the size of the circle represents
the pathway impact factor. (B) The pathway of
cysteine and methionine metabolism, pyruvate
metabolism and glycolysis or gluconeogenesis.
Squares are identified proteins, circles are
identified metabolites, and text which is not
within a square/circle are proteins and
metabolites included in the pathways but not
identified in this study. Green indicates proteins
and metabolites which showed no significant
differences between the two sample types, red
represents significantly higher abundance in BF,
and blue represents significantly lower abundance
in BF. [Color figure can be viewed at
wileyonlinelibrary.com]
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in BF and BP respectively (Table 2). The 10 most significant terms in
Biological Process, Cellular Component (CC) and Molecular Function
(MF) showed that the BF protein profile represents more local
responses including biological processes such as actin filament poly-
merisation, epidermis development, ectoderm development and positive
regulation of cell proliferation, which are all related to wound closure
and healing. On the other hand, the BP protein profile exhibited more
systemic responses to acute burns, including response to wounding,
blood coagulation, haemostasis, response to stress and regulation of body

fluid levels. Both BF and BP proteins were overrepresented in
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FIGURE 7

responses against infection, for example killing by host of symbiont cells
in BF and killing of cells of another organism in BP. Although both BF
and BP proteins were over-represented in the cellular component for
extracellular region, they have different GO annotations. For instance,
BF was overrepresented in pigment granule and melanosome, which
are skin related cellular compartments, as well as membrane-bounded
vesicle and cytoplasmic membrane-bounded vesicle. As expected, the
BP proteome was overrepresented in platelet alpha granule and fibrin-
ogen complex as well as vesicle lumen and cytoplasmic membrane-

bounded vesicle lumen. Interestingly, the BF proteome was not
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Individual protein and metabolite abundance changes between BF and BP. Box-Whisker plots of significant metabolites and

proteins, y-axis represents the raw MS intensity. p-value is calculated based on raw data, *<0.05, **<0.01, ***<0.001 and ****<0.0001.
Metabolites identified in the enriched pathways (A) cholesterol, (B) lactic acid, (C) pyruvic acid, (D) cystine and (E) 2-ketobutyric acid. Box-
Whisker plots of significant proteins with p-value <0.01 and more than 2-fold-change, (F) apolipoprotein C-I, (G) immunoglobulin J chain,

(H) platelet basic protein, (I) vitamin K-dependent protein S, (J) platelet factor 4 variant, (K) complement C1s subcomponent and (L) 14-3-3 protein

sigma. [Color figure can be viewed at wileyonlinelibrary.com]
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significantly overrepresented in any Molecular Functions. However,
cholesterol binding was overrepresented in the BP proteome, which
aligns with the metabolomic results since the cholesterol level was
significantly higher in BP than in BF (Figure 5B).

A GO enrichment analysis was also performed using the common
proteins in BF and BP (Table S2). The top overrepresented biological
processes in common were acute inflammatory response, response to
wounding, activation of plasma proteins involved in acute inflammatory
response, inflammatory response, complement activation, defence
response, protein maturation by peptide bond cleavage, regulation of
response to stimulus, response to stress and immune response.

All of the BF samples were collected within 1 day post-burn.
During this study, we also had the opportunity to analyse two laser
wound fluid (LWF) samples that had been collected from the skin sur-
face during CO, ablative laser scar reconstruction treatment of scars,
along with matching BP samples also collected at the same time from
the same patients. These LWF samples were also essentially acute
(laser) burn wound samples but were collected at 5139 and 5812 days
post-burn and represented a unique opportunity to examine the role of
the local wound environment versus systemic response in a scar. The
proteins identified in the LWF samples were very similar to BF, except
for only five proteins (Platelet glycoprotein V, Aminopeptidase N, Pro-
tein S100-A7, Ganglioside GM2 activator and Immunoglobulin lambda
variable 1-36) which were below the limit of detection in some of the
BF samples. Likewise, the metabolome subclasses in LWF were the
same as BF and BP. However, the quantity of the proteome and meta-
bolome of LWF was very different from both BF and BP (Figure S2).
The proportion of amino acids in LWF was much higher than BF, BP
and laser scar reconstruction blood plasma (LBP), while alpha and beta
hydroxy acids were much lower (Figure S2A). Through the PCA score
plot of proteomics, LWF samples were in the middle of BF and BP
(Figure S2B), which indicates the LWF protein composition was slightly
different to both BF and BP. The metabolomic PCA plot of LWF was
quite different from both BF and BP (Figure S2C), which indicates the
metabolites present in laser surgery scar wounds were very different
from the metabolites in an acute burn injury blister fluid and plasma.

The proteomic and metabolomic data from the blister fluid and
blood plasma samples was integrated through pathway enrichment
analysis using the 54 significant proteins (p < 0.05) and 15 significant
metabolites (p < 0.05). Cysteine and methionine metabolism; pyruvate
metabolism; and glycolysis or gluconeogenesis were the most signifi-
cantly enriched pathways with a high impact (number of matched hits)
(Figure 6A). There were 6 proteins and 4 metabolites identified in the
cysteine and methionine metabolism pathway (Figure 6B, left), with
cystine, pyruvic acid and 2-ketobutyric acid showing significant abun-
dance change between BP and BF. In the Pyruvate metabolism path-
way (Figure 6B, bottom), there were two metabolites which showed
significant changes—pyruvic acid and lactic acid, among the seven pro-
teins/metabolites identified in the whole pathway. In the Glycolysis or
Gluconeogenesis pathway (Figure 6, top), there were 13 proteins/
metabolites identified in the whole pathway, while only triosepho-
sphate isomerase 1, pyruvic acid and lactic acid were significant. In all

these three pathways, pyruvic acid and lactic acid were involved.
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Through the statistical and pathway enrichment analysis con-
ducted, the abundance levels of a few metabolites and proteins were
chosen for further study as they had comparatively high significance
levels; large fold change; and were involved in over-represented path-
ways (for metabolomics only). Cholesterol exhibited the highest signif-
icance level and largest fold difference between BF and BP, with
lower abundance in BF compared with BP (p = 0.0002) (Figure 7A).
Lactic acid exhibited a similar abundance difference to cholesterol
(p = 0.0047) (Figure 7B). Pyruvic acid, cystine and 2-ketobutyric acid
all had a higher abundance in BF (p = 0.0086; p = 0.0439;
p = 0.0174, respectively) (Figure 7C-E). The proteins Apolipoprotein
C-l (p < 0.0001) (Figure 7F), Immunoglobulin J chain (p = 0.0003)
(Figure 7G), Platelet basic protein (p = 0.0024) (Figure 7H), Vitamin K-
dependent protein S (p = 0.0014) (Figure 71), Platelet factor 4 variant
(p = 0.0047) (Figure 7J) and Complement C1s subcomponent
(p = 0.0038) (Figure 7K) were all significantly lower in BF. However,
14-3-3 protein sigma had a higher abundance in BF (p = 0.0073)
(Figure 7L). These data indicate that although the metabolite and pro-
tein composition of BF and BP are mostly the same, the relative abun-
dance of individual proteins and metabolites are significantly different

between these two fluids.

4 | DISCUSSION

This study is the first to compare the biochemical composition of
matched BF and BP from paediatric burn patients. Through the com-
parison of 562 proteins and 141 metabolites in each individual sam-
ple, we found that BF and BP were mostly similar, although some
proteins and metabolites showed significant, large fold abundance
changes between the two sample types. The common biological pro-
cesses between the sample types related to the acute inflammatory
response, complement activation and immune/defence response. This
indicates that both BF and BP can be used to profile the changes to
inflammation and immune response after burn injury, and that blister
fluid is a valuable non-invasive biosample in children, to examine
levels of these systemic markers without needing to collect blood.

In addition, the unique proteins and metabolites found in BF can
provide more information on the local wound healing process, which
cannot be obtained from a blood sample. Obvious systemic responses
to wounding were observed in the plasma samples, such as response
to wounding, and blood coagulation, and processes which reflect the
known fluid loss and dehydration experienced by burn patients,?®-3¢
including haemostasis and regulation of body fluid levels. However, the
processes occurring in the BF included actin filament polymerisation,
epidermis development, ectoderm development and positive regulation of
cell proliferation, which indicates that wound healing is already occur-
ring at the wound site and wound healing processes have already
been initiated within a few hours after injury. This would suggest BF
is a valuable matrix for early clinical prediction of burn wound healing.

In the proteomic analysis, haemoglobin subunit alpha (HBA1) and
haemoglobin subunit beta (HBB) were identified in BF. Previous stud-

ies by our group and others have also demonstrated an increase in



ZANG ET AL

570 | Wl LEY—mv_

abundance of these proteins in relation to burn depth, and they can
be used as potential biomarkers for burn depth diagnosis in both BF
and BP.2%%32 |n this study, both HBA1 and HBB had a higher abun-
dance in BP, and this is the first comparison of these proteins
between BF and BP from the same patient. This suggested that BP
might be used to evaluate HBA1 and HBB for burn depth diagnosis if
their abundances are consistent with increasing burn depth. Further
investigation of HBA1 and HBB abundance change in BP from
patients with different burn depths is required.

Cholesterol exhibited a significant fold change in abundance
between BF and BP in this study, with significantly lower cholesterol
in the skin exudate, compared with the blood plasma. As BF is a perfu-
sion from BP into the wound, we would expect similar composition of
these two body fluids, except for molecules which are consumed/
produced at the wound site, or molecules which are deposited into, or
transported away in the blood. Cholesterol is mostly stored in the
liver, but also in the stratum corneum of the epidermis. It serves to
maintain the integrity of cell membranes and it is also a precursor for
the formation of steroids, hormones and vitamin D.3 Previous studies
have reported significant decreases of serum cholesterol after severe

burn injury,3*35

which are associated with poor clinical outcomes, but
that is the opposite to reported here. Potentially, after a more minor
burn injury, cholesterol is sequestered from the skin and periphery,
and this mobilisation of cholesterol enables the quick and successive
production of sympathetic nervous system molecules such as epi-
nephrine to aid in the body's defence. Unfortunately, it is difficult to
tell whether cholesterol was consumed at the wound site or choles-
terol accumulated in the blood as this study did not contain any longi-
tudinal samples, from multiple time points post-burn. Previous studies
have also reported increases in serum free-fatty acids post-burn.®®
However, there was no significant change in lipids identified in this
study. In addition, the identified lipid abundances here were much
lower than the amino acids, carbohydrates and other organic acids.
The metabolite extraction process used here was a general method
for all types of metabolites and GCMS can only measure TMS-
derivatised metabolites, which are volatile, semi-volatile and low polar
compounds. TMS-derivatisation can reduce the boiling point and
polarity of compounds, so for those non-volatile and polar metabolites
cannot be derivatised, they cannot be detected in GCMS. In the
future, more specific extraction methods could be used for each
metabolite subclass and LC-MS based metabolomics could be used
to assess non-TMS derivatised metabolites. The use of these
techniques and lipidomic assays could improve the identification and
quantification of lipids in BF and plasma from burn patients.

Pyruvic acid and lactic acid are both output metabolites from gly-
colysis, pyruvate is a product of aerobic glycolysis and lactate is a
product of anaerobic metabolism, when there is a lack of oxygen. In
the hypoxic burn wound environment, lactate is thought to be a
mobile energy source, as it can travel in the circulation to the liver,
where it is converted to pyruvate through the Cori Cycle, or to other
tissues. Lactate and pyruvate are also rapidly interconverted inside
cells by lactate dehydrogenase (LDH), and lactate and pyruvate

can enter the circulation via cell membrane monocarboxylic

transporters.®” In this study, there was a greater abundance of pyru-
vate in the tissue, and a greater abundance of lactic acid in the blood.
This suggests there is active glycolysis occurring in the tissue, to pro-
vide energy for wound healing processes, and pyruvate is produced.
As lactic acid is higher in the plasma, this indicates that lactate is being
produced from pyruvate and released into the bloodstream,®” to pro-
vide an additional energy supply. The lactate shuttle hypothesis
describes the generation and distribution of lactate under aerobic and
anaerobic conditions, and within and between cells.3®%° There is
evidence that some lactate within the wound environment can
stimulate collagen synthesis, collagen deposition and angiogenesis.*°~4?
However, excess lactate (220 mmol/L) has been shown to reduce fibro-
blast cell viability and migration, and has been detected in chronic
wound exudate—prompting suggestion that measurement of lactate in
wound exudate has potential as a wound diagnostic.**

The comparison of acute wound BF and BP to laser scar wound
fluid indicated that ablative laser scar wounds contain more amino
acids (and aminopeptidase) and less beta hydroxy acids than acute
burns. The molecular differences may be related to the effectiveness
of ablative laser in remodelling scarring, and study of additional LWF
samples may help to further elucidate these mechanisms. In this study,
we were not able to compare acute burn fluid to healthy control tis-
sue fluid, however there have been a few previously reported studies
which collected suction blister fluid (SBF) from healthy adults.**4°
When we compared the proteins from paediatric burn BF identified in
this study with proteins identified in SBF previously, there were
298 proteins in common, with 215 unique proteins in BF and 435 pro-
teins in SBF (Figure S3A). GO enrichment analysis showed that the
most unique proteins in burn BF are related to responses to injury,
such as immune system process, haemostasis, cellular component move-
ment, regulation of body fluid levels, coagulation and blood coagulation
(Figure S3B). As expected, the unique proteins from SBF did not
involve any biological processes related to trauma, although they also
reflected the immune response and skin tissue development. These
comparisons to other skin fluid samples highlight the unique informa-
tion that burn blister fluid provides on the burn environment and the
healing processes that have been initiated in the burn wound.

The main limitation of this study is that the sample size is small,
with matched BF and BP samples collected from only five patients.
As not all burns will have blisters on presentation, and BP was only
collected when patients were sedated under a general anaesthetic,
generally only larger burns or burns in more painful anatomical areas,
which also had BF, could be collected. This may have led to bias in the
types of proteins and metabolites that were detected. Collection of
more samples in the future will bring higher statistical power and
enable analyses related to different clinical parameters and outcomes
(e.g., re-epithelialization time or scarring). Ideally, the temporal collec-
tion of samples over multiple time points after burn injury would pro-
vide more information regarding how these metabolic and biological
processes change as the burn wound heals. However, serial samples
are only possible for BP, as BF is not able to be collected again after
the blister is deroofed and the wound is cleaned of devitalised tissue.

An alternative option would be to collect wound exudate from
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negative pressure therapy® as this would enable multiple collections and
monitoring of metabolic changes in inflammatory and healing processes,
as the wound heals. In addition, there have been some studies in other
areas which indicate that the blood metabolome is associated with

49-48 \which means the same person will have different metabolomic

age
profiling at different ages. Therefore, our metabolomic results are limited
to paediatric patients and may not be applicable to older burn patients.
Moreover, other medical comorbidities will also lead to changes in the
blood metabolome, which will also limit the application of our results.

Through this comprehensive comparison of paired proteins and
metabolites, we found that the biochemical composition of BF and BP
is mostly similar. For clinical diagnostic biomarkers identified in both
BF and BP, BF can be an alternative sample source when blood is not
available or collection of blood is inappropriate, such as for paediatric
patients. However, there are a few proteins and metabolites that
exhibit significant (p-value <0.05) abundance change (more than two-
fold change). These different biochemical compounds reflect local
microenvironmental changes compared with systemic changes after
paediatric burn injuries. Therefore, plasma is not the best choice for
all diagnostic or pathological analysis. Clinicians and pathologists may
need to consider using BF as the sample source when they want to
understand the local microenvironment. An early BF sample might
also enable clinicians to better predict burn would healing and the
subsequent risk of scarring. This study demonstrates that BF can be a
valuable matrix for wound diagnosis and treatment investigations and
can provide additional information on the biological processes occur-
ring within the wound. Through a better understanding of the local vs
systemic responses, targeted diagnostics for wound status monitoring
and locally acting therapies can be developed which can enhance
wound healing.
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