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Abstract
Background

Protein C is a critical regulator of haemostasis, exerting anticoagulant, anti-inflammatory and cytoprotective effects through tightly coordinated interactions
within the coagulation system. Protein C activity is dependent not only on circulating concentration, but also on its structure and functional interactions with
other proteins. The plasma concentration, structure and functional activity of Protein C is known to change with age, but changes in protein-protein
interactions (PPIs) of Protein C with age have not been investigated.

Methods

Co-immunoprecipitation (colP) was performed on plasma samples pooled in age groups spanning from neonates to adults using an anti-Protein C antibody.
Eluates were subjected to LC-MS/MS, enriched and depleted proteins identified, and multivariate analysis, pair-wise comparisons, and functional enrichment
analysis was performed.

Results

The Protein C co-precipitating proteome was found to change across development, with the most pronounced differences seen in the youngest cohorts.
Protein C appears to associate with age-specific haemostatic, platelet, complement, and immune-related protein networks, suggesting that the surrounding
protein context of Protein C differs across age. However, pathway analysis identified significant cross-over of pathways in which Protein C and interactors are
involved in across age ranges, despite different proteins being identified as participating in these pathways.

Conclusions

The findings of this study highlight global differences in the haemostatic system across normal development, and the complex and shifting role of the
plasma proteome with age. Data are available via ProteomeXchange with identifier PXD077907.

Background

Activated Protein C (APC) is a vitamin K-dependent serine protease which plays a vital role in the regulation of blood coagulation. Protein C is activated by
thrombin cleavage, releasing a dodecapeptide from the C-terminal domain of the heavy chain (1). APC exerts its anticoagulant role by proteolytic inactivation
of the blood coagulation factors Va and Vllla (2, 3). APC also exhibits various cytoprotective properties, including anti-apoptotic and anti-inflammatory
effects, and endothelial and epithelial barrier stabilisation (4). The zymogen Protein C is synthesized by liver parenchymal cells as a single chain polypeptide,
which is subsequently cleaved and circulates in plasma in the form of a heavy chain (41 kDa) linked by a disulfide bond to a light chain (21 kDa) (5, 6).
Different glycoforms of both the heavy and light chain exist, with slightly different molecular weights (7). The plasma concentration of Protein C in normal
healthy adults is ~ 4 pg/mL with a half-life of about 15 hours (8).

Developmental haemostasis describes the age-specific differences in levels and functional activities of most proteins associated with the coagulation
cascade (9, 10), and is well-established alongside broader age specific changes in the plasma proteome (11). More specifically, age-related differences in
Protein C antigenic and functional levels have been reported, as have structural differences. Protein C levels in healthy neonates have been shown to be
approximately 30% that of adults, with levels rising steadily throughout childhood to adult levels (9), while functional levels were found to be around 40% of
adult levels in neonates, characterised by a steep rise to around 70-80% of adult levels within the first year of age (10, 12). Exact antigenic and functional
levels determined vary with measurement techniques. Further, the presence and relative proportion of different glycoforms, and different antigen to activity
levels, of Protein C in newborns and children compared to adults have been reported, as has alternative proteolytic processing (7, 13—15). However, while
quantitative differences in protein C levels across the age spectrum are well described, far less is known about age-specific structural variation and its
functional implications.

Proteins, particularly multi-functional proteins such as Protein C, exert their functions through protein-protein interactions (PPIs) in complex with other
proteins and co factors (16, 17). Changes in PPIs modulate the functions of individual protein components within the these complexes, a phenomenon
known as moonlighting (18). Interactomics is the study of PPIs in biological systems, and has begun to shed light on the intricate and complex functioning of
living organisms (16). Co-immunoprecipitation (colP), the antibody mediated pull-down of a protein of interest and its interaction partners, coupled to mass
spectrometry-based proteomics is a common technique for investigating PPIs (19, 20).

Here, we aimed to characterise age-related differences in Protein C function by investigating differences in protein interaction partners of Protein C. We
performed colP on pooled plasma from healthy individuals within specific age ranges from neonate to adult. Proteins differentially enriched between colPs
and controls were identified in each age group, and differences between age groups were examined. This study sheds further light on the complex age
associated changes of the haemostatic system, and suggests the intricate interplay of protein-protein networks has changing functions throughout ageing,
exemplified in this instance by Protein C.

Methods
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Sample Collection:
Sample collection was performed as part of the HappiKids study (21), as outlined below regarding participant numbers, pools and age groups.
Participant Recruitment:

Healthy individuals attending Royal Children’s Hospital (RCH), Melbourne, Australia, for minor day procedures who met eligibility were recruited for the study.
Neonate samples were collected at the Royal Women'’s Hospital (RWH) from healthy babies with consent from the parents. Consent and eligibility were
confirmed by interview prior to sample collection.

Samples collection and preparation:

Blood samples were collected by anaesthetists from paediatric patients prior to the administration of anaesthetic. Neonatal samples were collected by our
specialist collectors. S-Monovette citrate tubes with a ratio of 1 part sodium citrate to 9 parts blood were used for sample collection and thereafter
transported to the Melbourne Children’s Campus biobanking facility for centrifugation and aliquoting. Samples were processed within 4 hours of collection.
Tubes were spun at 3000 rpm for 10 minutes and PPP faction was removed, aliquoted and stored at -80 C until used.

A total of 180 healthy participants were recruited into the study, separated into three pools, each consisting of 6 age groups with 10 individuals per group (5
males and 5 females). Participant plasma samples were allocated to one of 6 age groups: Neonates, 28 days to 1 year, 1 to 5 years, 6 to 10 years, 11 to 17
years and adults.

Ethics approval:

All procedures were approved by the Royal Children’s Hospital Human Research Ethics Committee HREC Reference Number: 34183, 32287 B
HREC/14/RCHM/61

Co-ImmunoPrecipitation (colP)

Dynabeads Protein G Immunoprecipitation Kit (Thermo Fisher, Australia) magnetic beads, conjugated with mouse anti-human PC monoclonal antibody Clone
067 (IMSAHUO067CLY, Innovative Research, USA) were utilised for colP. The antibody was conjugated with the Dynabeads by incubation for 2.5 hours at room
temperature. Following incubation and thrice washing with 1 mL Phosphate Buffered Saline with 0.02% Tween 20 (PBST) and 1 mL conjugation buffer, Pierce
BS3 crosslinker (Thermo Scientific) was used to crosslink the 067 antibody with the magnetic beads for 1 hour with rotation. Reactions were quenched for 1
hour with the addition of 12.5 pL of 1M Tris at pH 7.6. Following incubation, 200 pL of 0.2 M Glycine at pH 2.6 was added for a 1-minute incubation to elute
any non-specifically bound material. The magnetic beads conjugated with the 067 antibody were subsequently washed thrice with 1 mM CaCl, PBST.
Plasma, diluted 1:1 with PBS and brought to a final concentration of T mM CaCl,, was subsequently introduced to antibody-conjugated magnetic beads and
incubated for three hours at 4°C with gentle agitation to allow capture of Protein C by the 067 antibody. After incubation, the Dynabeads and any bound
proteins were separated from the plasma via magnet, and the plasma supernatant removed. Beads were washed thrice with TmM CaCl, PBST, 5-minute
incubation with mild agitation, with the supernatant removed after separation of the beads from solution via magnet. After washing, proteins bound to the
antibody conjugated beads were eluted using elution buffer with 2% sodium dodecyl sulfate (SDS), 1M Tris (tris(hydroxymethyl) aminomethane) pH 7.6, 0.5M
EDTA (Ethylenediaminetetraacetic acid), reverse osmosis water (RO H,0) and incubation at 50°C for three minutes, repeated three times. The eluates were
then aliquoted and stored at — 80 C for mass spectrometry analysis.

Mass Spectrometry (MS)
MS sample preparation

For protein-C immunoprecipitation eluates samples were prepared using the filter-assisted sample preparation (FASP) protocol as described previously (22).
Resultant peptide digests were vacuum centrifuged to dryness, and peptides reconstituted in 0.1% formic acid (FA), 2% acetonitrile (ACN) in preparation for
LC-MS/MS.

MS Acquisition

Mass spectrometry analysis was performed using the timsTOF pro MS (Bruker). Peptides were separated on a C18 fused silica column (inner diameter 75
pm, OD 360 pm x 15 cm length, 1.6 um C18 beads) packed into an emitter tip (Aurora Elite, lonOpticks) using a custom nano-flow HPLC system (Thermo
Ultimate 300 RSLC Nano-LC, PAL systems CTC autosampler). The HPLC was coupled to a timsTOF Pro equipped with a CaptiveSpray source. Peptides were
loaded directly onto the column at a constant flow rate of 600 nL/min with buffer A (99.9% Milli-Q water, 0.1% FA) and eluted with a 30-min linear gradient
from 2 to 34% buffer B (90% ACN, 0.1% FA). The timsTOF Pro (Bruker) was operated in diaPASEF mode using Compass Hystar 5.1. The settings on the TIMS
analyser were as follows: Lock Duty Cycle to 100% with equal accumulation and ramp times of 100 ms, and 1/K0 Start 0.6 V.-/cm? End 1.6 V-s/cm?, Capillary
Voltage 1400V, Dry Gas 3 I/min, Dry Temp 180°C. The DIA methods were set up using the instrument firmware (timsTOF control 2.0.18.0) and included two
windows in each diaPASEF scan across 16 x 25 m/z precursor isolation windows (32 windows) defined from m/z 400 to 1,200, with 1 Da overlap, and CID
collision energy ramped stepwise from 20 eV at 0.8 V-s/cm? to 59eV at 1.3 V-s/cm?.

Database searching was performed using Spectronaut software (v.19.0) against the human-reviewed databases (UniProt downloaded July 2022) using the
BGS standard settings, including cross-run normalisation but no imputation. Cysteine carbamidomethylation was included as a fixed modification, and
variable modifications were set as N-terminal acetylation and methionine oxidations. The FDR and PEP cutoff were set to less than 1% at the peptide and
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protein levels, and a minimum length of seven amino acids for peptides was specified. Enzyme specificity was set trypsin proteases with a maximum of two
missed cleavages.

Statistical Analysis of Protein C interactome

Data processing and analysis of the Spectronaut output were performed using R software (v.4.4.1). Protein groups included in the statistical analysis were
derived from proteotypic peptides and were identified in 67% of samples in at least one group were kept. No imputation was applied, except for proteins
entirely missing in one group but present in others to allow for statistical analysis. For these cases, missing values were replaced with random numbers
drawn from a normal distribution, with a 1.8 standard deviation downshift and a width of 0.3. A total of 496 proteins were analysed, and their intensities were
log2-transformed. Data normalization was performed using the RUV-IIIC method (v. 1.0.19) [4], utilizing 236 empirically chosen proteins as negative controls,
specifically those that remained invariant across all conditions (P-value > 0.5). Multivariate analysis, including Principal Component Analysis (PCA), was
employed to identify any potential outliers. Pair-wise comparisons were conducted using the limma package (v. 3.60.3) in R. Adjustments for multiple
comparisons were applied using the Benjamini-Hochberg procedure to control the false discovery rate. A protein was deemed significantly differentially
expressed if its false discovery rate (FDR) was 5% or lower.

Functional enrichment analysis was performed on the sets of differentially expressed proteins to identify over-represented biological pathways and
functions. This analysis utilized the databases Reactome (23) and Gene Ontology (GO) (24, 25), employing the clusterProfiler (v. 4.12.2) R-package.
Visualization of the data and the results of the analyses was performed using ggplot2 (v. 3.5.1).

The mass spectrometry proteomics data have been deposited to the ProteomeXchange Consortium via the PRIDE (26) partner repository with the dataset
identifier PXD077907 (Username: reviewer_pxd @ebi.ac.uk, Password: rQ111GOgcK4j).

STRING protein network analysis

Protein network analysis was performed using STRING v12.0 (https://string-db.org/) (27), inputting the full list of significantly enriched proteins from each
age group, and using default settings including known interactions (from curated databases and experimentally determined), predicted interactions
(neighbourhood in the genome, gene fusions, co-occurrence across genomes) and textmining (co-mention in Pubmed abstracts, including putative homologs
mentioned together in other organisms), co-expression (including putative homologs co-expressed in other organisms) and protein homology.

Results

Immunoprecipitation (IP) enrichment of Protein C and its co-interacting proteins (colP) was successfully performed in pooled plasma samples in six groups
spanning neonates through to adults. A non-redundant total of 496 plasma proteins were included in the analysis post-reproducibility filtering and pre-
processing.

Non-redundant statistically significant proteins were identified as enriched in pairwise comparison in each of the six age groups, where the colP condition
and its unconjugated control were directly compared (Fig. 1). These significant proteins were considered to engage in PPI with Protein C based on an
adjusted p-value cut-off of 0.05. Enriched proteins unique to each age group or jointly between age groups were identified. The number and identities of
enriched and depleted proteins varied across age groups, with the highest number of Protein C PPI partners observed in the 11-16 year-old group. We did
not observe that the number of PPl identified followed any trends with age. Partial Least Squares Discriminant Analysis (PLS-DA) showed clear separation of
enrichments between all age groups, with some overlap seen between the 11-16 year-old and adult groups (Figure S1).

The fold-change increase in Protein C was not consistent across age groups through the six paired comparisons. This was consistent with the relative
enrichment of PROC in each age-group plasma pool. Protein C enrichment from plasma was lowest in neonates, followed by the 1 month-1 year-old group
(Figure S2). Strikingly, in the neonates and the 1 month-1 year-old group, Protein C was not the most highly enriched protein in the colP treatment. In all other
groups Protein C had the highest fold-change of all enriched proteins (Fig. 1, Table 1).

Overall, we observed clear enrichment of Protein C in all conditions at levels consistent with expectations for plasma given the extreme dynamic range of this
biofluid and the persistence of abundant, non-specific plasma protein binders.
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Table 1

The five most highly enriched proteins in the colP treatment as compared to controls in each age group, listed in order of log2 fold-change increase (FC). The
‘bait’ of Protein C is bolded. Right hand column indicates whether the protein was found to be significantly enriched only in that age group (unique) or not.

Protein Protein Descriptions Gene FC P unique
Accessions Adj. y/n
Neonate

P01137 Transforming growth factor beta-1 proprotein TGFB1 519 7e-3 y
P62851 40S ribosomal protein S25 RPS25 485 7e3 y
P29508 Serpin B3 SERPINB3  4.44 2e-2 y
P14555 Phospholipase A2, membrane associated PLA2G2A 413  4e-3 n
P04070 Vitamin K-dependent Protein C PROC 409 3e2 n

1 month - 1 year

Q15582 Transforming growth factor-beta-induced protein ig-h3 TGFBI 6.01 8e-4 n
P04070 Vitamin K-dependent Protein C PROC 551 8e-3 n
P63104 14-3-3 protein zeta/delta YWHAZ 537 4e2 y
Q9Y6R7 IgGFc-binding protein FCGBP 467 2e5 n
Q96Qz7 [\I/Iembrane—associated guanylate kinase, WW and PDZ domain-containing protein ~ MAGI1 449 5e3 y
1-5years
P04070 Vitamin K-dependent Protein C PROC 8.28 le4 n
095810 Caveolae-associated protein 2 CAVIN2 6.61 1e-3 y
P13224 Platelet glycoprotein Ib beta chain GP1BB 562 5e-2 y
Q13103 Secreted phosphoprotein 24 SPP2 513 1e-3 n
Q13201 Multimerin-1 MMRN1 509 4e3 y
6-10 years
P04070 Vitamin K-dependent Protein C PROC 742 le4 n
P03952 Plasma kallikrein KLKB1 6.88 1e-3 y
P12259 Coagulation factor V FS 539 5e-3 y
075636 Ficolin-3 FCN3 505 1e3 n
000187 Mannan-binding lectin serine protease 2 MASP2 331 4e3 n
11-16 years
P04070 Vitamin K-dependent Protein C PROC 8.81 le4 n
P19652 Alpha-1-acid glycoprotein 2 ORM2 749 2e5 n
P02760 Protein AMBP AMBP 6.95 6e-9 y
075223 Gamma-glutamylcyclotransferase GGCT 562 3e-2 y
P29622 Kallistatin SERPINA4 527 6e-4 y
Adult
P04070 Vitamin K-dependent Protein C PROC 7.24  Te4 n
Q96N96 Spermatogenesis-associated protein 13 SPATA13 534 1le2 n
P21333 Filamin-A FLNA 446 1e2 n
P14618 Pyruvate kinase PKM PKM 425 Te4 n
AOAOQC4DH35 Probable non-functional immunoglobulin heavy variable 3-35 IGHV3-35 414 7e-4 y

Unique PPIs based on age were detected in all pairwise comparisons between colP and unconjugated controls (Fig. 2). Protein C was the only protein
identified as statistically significantly enriched across the six pairwise comparisons. Only three proteins were significantly enriched in 5/6 age pairwise
comparisons. These were Fibulin-1, enriched in all groups except neonates, and Clusterin and Immunoglobulin heavy constant mu, which were enriched in all
but the 6—10-year-old group (full data set at ProteomeXchange: identifier PXD077907).
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The highest number of enriched proteins in the Protein C IP samples were seen in the 10—16-year-old group (54 proteins), which also had the highest number
(33 proteins) and highest proportion (61.1%) of uniquely enriched proteins. The neonate group had the second highest proportion of uniquely enriched
proteins (55.6%), while the 5-10-year-old group had the lowest number of enriched proteins (7), and the 1 month-1 year old group had the lowest proportion
of uniquely enriched proteins (11.2%) (Fig. 2, Table S1).

STRING Interaction Analysis:

STRING v12.0 (https://string-db.org/) (27) was used to gain biologically meaningful insight into Protein C and PPI partners. Significantly enriched proteins
were inputted for each age group, and distinct interaction networks were predicted for each age group (Fig. 4, Table 2). Unsurprisingly, these were found to
show increasing complexity with increasing number of interactors identified.

Table 2

Number of nodes and edges identified in STRING analysis of Protein C and co-precipitating proteins. Edges
represent the predicted functional associations and nodes represent proteins.

number of nodes: Neonate 1 month-1year 1-5years 6-10years 11-16years Adult ‘

26 15 26 7 50 18 ‘

number of edges: 43 9 59 10 160 22 ‘

Outside of providing a visual representation of predicted protein networks, STRING can also predict proteins that will interact directly with a nominated
protein based on known and predicted interactions. Direct Protein C interactors predicted by STRING analysis in each age group were identified (Fig. 3,
Table 3). Interestingly, while the largest number of direct interactors were predicted for the 11-16 year-old group, the group having the largest number of
enriched interactors, the number of predicted direct interactors did not correspond with the number of significantly enriched proteins across the age groups.

Table 3

Direct Protein C interactors predicted by STRING analysis among the enriched proteins in each age group. Proteins present in multiple groups are
shown in italics, proteins among the top 5 most highly enriched in each age group are bolded.

Neonate MASP1  SERPINAS

1 month — 1year CD5L FCN3

1-5years APOH CD5L CFH FCN3 GP1BB  SERPINF2  SPP2

6-10 years F5 FCN3 KLKB1 MASP2

11-16 years AMBP APOH CD5L CPB2 F10 F13A1 F9 MASP1  MASP2 PF4 SPP2 TGM1
Adult CD5L FCN3

Notably, a number of proteins were both predicted to be direct Protein C interactors and among the most highly enriched proteins. These were GP1BB
(platelet glycoprotein Ib beta chain) and SPP2 (secreted phosphoprotein 24) in the 1-5 year-old group, AMBP (alpha-1-microglobulin/ bikunin precursor) in
the 11-16 year-old group, and all in the 6—10 year-old group. Only in the 6-10 year-old group were all proteins predicted by STRING to be direct interactors
among the most highly enriched.

Pathway Analysis:

Significantly enriched proteins were searched against the Gene Ontology (GO) database (24, 25) and the Reactome database (23) to identify over-
represented biological pathways and functions. 23 GO pathways and 102 Reactome pathways were found to be significantly enriched based on adjusted p-
value in the colPs across all age groups (see Table S2 and Table S3 for full pathway analysis details).

GO biological process (GO-BP) pathways enriched in ColPs showed differences and similarities between age groups. The most significant (based on
adjusted p value, gene ratio and count) enriched pathways in the neonates and 6—10 year groups are very similar to one another and both similar to the 11—
16 year old groups, with most enriched pathways including those involved in wound healing, coagulation and haemostasis. The 1 month - 1 year group is
most similar to adults, with more pathways involving immunity more highly enriched (Fig. 4). GO biological process (GO-BP) pathways enriched in ColPs
strictly containing PROC in the gene list were limited to processes associated with haemostasis, coagulation and healing, while processes enriched that did
not necessarily include PROC in the gene list included pathways associated with immune responses (Fig. 4).

Differences and similarities were likewise seen in Reactome pathways between all age groups. The top 5 Reactome pathways enriched in IP samples were
predominantly connected to platelet activation and degranulation, fibrin clot formation, the complement cascade, and cell signalling (Table S2).

Many of the most significantly enriched Gene Ontology (GO) pathways identified were found to be significantly enriched across most or all of the age groups.
However, in most cases, different proteins were found to be driving enrichment of these pathways. In many age groups, proteins found to either be among
the most highly enriched and/or predicted to be direct Protein C interactors feature prominently in the enriched pathways (Table 4). For example, in the 1-5
year-old group, GP1BB (Platelet glycoprotein Ib beta chain, a component of the von Willebrand factor (VWF) receptor complex that is necessary for platelet
formation and activation (28)) was found to participate in many of the most significant pathways identified — unsurprisingly, those associated with
coagulation — as well as being the third most highly enriched protein in the colP and being predicted to be a direct interactor of Protein C. This protein was
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not found to be significantly enriched in any other group. In the 6—10 year-old group, the proteins predicted to be direct interactors were the top 5 most highly
enriched and participated in almost all of the most significantly enriched pathways.

Interestingly, this was the only group in which pathways associated with immune responses were not significantly enriched. In the 11-16 year-old group,
many of the predicted direct interactors feature in many of the enriched pathways. However, none of these were among the most highly enriched proteins.
FBLN1 (Fibulin-1) and CLU (Clusterin), which were identified in 5/6 age group colPs, but were not among the most highly enriched or predicted direct
interactors, contribute to most of the more significantly enriched pathways in most age groups. These will be discussed in more detail below.

Table 4

Gene names of proteins driving significant highly enriched GO (biological process) pathways between age groups. Proteins among the 5 most highly enriche
protein’ (PROC) is shown in red.

Biological
process

(GO BP)

wound
healing

G0:0042060

blood
coagulation

G0:0007596

Coagulation

G0:0050817

Hemostasis

G0:0007599

reg. body
fluid levels

G0:0050878

humoral
immune
response

G0:0006959

complement
activation

G0:0006956

leukocyte
mediated
immunity

G0:0002443

lymphocyte
mediated
immunity

G0:0002449

adaptive
immune
response

G0:0002460

neonates

TGFB1/APCS/PROC/CTSG/CD36/CD9/
TLN1

PROC/CTSG/CD36/CD9/
TLN1

PROC/CTSG/CD36/CD9/
TLN1

PROC/CTSG/CD36/CD9/
TLN1

PROC/CTSG/CD36/CD9/
TLN1

IGHM/CTSG/CLU/MASP1

IGHM/CLU/
MASP1

TGFB1/IGHM/CTSG/CLU

TGFB1/IGHM/CLU

TGFB1/IGHM/CLU

1 mnth-1yr

PROC/FLNA/
FBLN1

PROC/FLNA/
FBLN1

PROC/FLNA/
FBLN1

PROC/FLNA/
FBLN1

PROC/FLNA/
FBLN1

CDSL/FCN3/
JCHAIN/IGHM/
IGHA1/CLU/
IGHA2
CDSL/FCN3/
IGHM/IGHA1/
CLU/IGHA2
IGHM/IGHA1/
ARG1/CLU/
IGHA2

IGHM/IGHA1/
ARG1/CLU/
IGHA2

IGHM/IGHA1/
ARG1/CLU/
IGHA2

1-5years

APCS/APOH/

PROC/SERPINF2/
GP1BB/FBLN1/

ACTB/MMRN1/

AJUBA

APQOH/PROC/
SERPINF2/GP1BB/FBLN1/ACTB/
MMRN1

APQOH/PROC/
SERPINF2/GP1BB/FBLN1/ACTB/
MMRN1

APOH/PROC/
SERPINF2/GP1BB/FBLN1/ACTB/
MMRN1

APOH/PROC/
SERPINF2/GP1BB/FBLN1/ACTB/
MMRN1

CDSL/FCN3/

JCHAIN/IGHM/

IGHA1/CFH/CLU

CDSL/FCN3/IGHM/IGHA1/CFH/CLU

IGHM/IGHA1/
ARG1/CLU

IGHM/IGHA1/
ARG1/CLU

IGHM/IGHA1/
ARG1/CLU

6—-10 years

KLKB1/PROC/

F5/FBLN1

KLKB1/PROC/

FS5/FBLN1

KLKB1/PROC/
F5/FBLN1

KLKB1/PROC/
F5/FBLN1

KLKB1/PROC/
FS5/FBLN1

MASP2/FCN3

MASP2/FCN3

n/a

MASP2

MASP2

11-16 years

F13A1/F10/APOH/I
PRDX2/F9/CPB2

F13A1/F10/APOH/I
PRDX2/F9/CPB2

F13A1/F10/APOH/I
PRDX2/F9/CPB2

F13A1/F10/APOH/I
PRDX2/F9/CPB2

F13A1/F10/APOH/I
PRDX2/F9/CPB2

MASP2/CD5L/
IGHM/PF4/CLU/
MASP1/IGHA2

MASP2/CD5L/
IGHM/CLU/
MASP1/IGHA2
IGHV3-74/
MASP2/IGHM/
CLU/PRDX1/
IGHA2/IGHD
IGHV3-74/
MASP2/IGHM/
CLU/PRDX1/
IGHA2/IGHD
IGHV3-74/
MASP2/IGHM/
CLU/IGHA2/IGHD
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Discussion

We investigated age-related changes in the interactome and PPI of Protein C, a key component of the haemostatic system. Important differences, at the
individual protein level and at the pathway level, were found across the age range, particularly in neonates and infants. Developmental changes in the
coagulation system are known (9, 11). Different antigenic and functional levels of key coagulant and anticoagulant proteins, including Protein C, across the
age range point towards overall differences in the functioning in the coagulation system in neonates and children, as does the reduced risk of both bleeding
and clotting experienced by children (9, 10). Identification of interaction partners within the coagulation system can help reconcile these differences.

Differences in Protein C immunoprecipitation enrichment between the age groups, both at the level of the individual interacting proteins identified and at the
pathway level, warrant further discussion, particularly in the younger age groups. The fold-change increase of Protein C was lowest in the neonate group,
followed by the 1 month - 1 year-old group. This may be partly due to the naturally lower abundance of Protein C in neonates and in the 1 month-1-year-old
group (40-50% that of adult levels) (9). However, the values reported here are log2 fold change. A log2 fold-change of 4 compared to log2 fold-change of 8
therefore represents a comparative enrichment considerably lower than would be explained by availability due to abundance. This may indicate that the
binding of Protein C by clone 067 antibody varies across the age range and is weakest in the neonate group. This may be due to differential post-translational
modifications or conformational differences in the protein in infants or may be caused by other PPIs interfering with antibody binding, or a combination of
both.

A combination of Gene Ontology (GO) pathway analysis and prediction of interaction networks (STRING analysis) can help shed light on the biological
relevance of the interactors and interactions identified in our ColPs. Many of the pathways enriched in the Protein C ColPs of all age groups were related to
wound healing, coagulation and immune responses, as would be expected for plasma protein interactomes of a protein of the coagulation cascade.
Considerable overlap exists between proteins involved in the most significantly enriched pathways, proteins most significantly enriched, and those predicted
to be direct interactors, suggesting these individual proteins may be of interest in relation to Protein C. In the neonate group, four proteins were enriched with
higher fold-change increases than Protein C. Outside of the 1 month - 1 year group, which had one protein more highly enriched, all other groups saw Protein
C enriched with the highest fold-change of all enriched proteins, as would be expected for an IP enrichment using an anti-Protein C antibody. Proteins with
increased abundance in Protein C co-IP as compared to control in the neonate group, in order of highest fold-change, were: Transforming growth factor 31
(TGF-B1), 40S ribosomal protein S25 (RPS25), serine protease inhibitor B3 (SERPINB3), and Phospholipase A2 Group IIA (PLA2-11A). Of these, the first three
were enriched only in the neonate group and PLA2-1IA was enriched in neonates and the 10-16-year-old group.

The cytokine TGF-B1 is involved in regulation of several cellular processes including cell proliferation, differentiation, wound healing, and immune response
(29). TGF-B1 regulates multiple events in bone marrow, including quiescence of hematopoietic stem cells (30). TGF-B1 is highly expressed by platelets and
megakaryocytes, and has been shown to regulate megakaryopoiesis by downregulating thrombopoietin production in liver (31). Furthermore, TGF-B has been
implicated in aging of the haematopoietic system (30).

Phospholipase A2, Group IIA (PLA2-11A) is a secretory calcium-dependent phospholipase A2 with implications in host antimicrobial defence, inflammatory
response, and tissue regeneration. PLA2-IIA is constitutively expressed in platelets and endothelial cells, among others, and primarily targets (hydrolyses)
extracellular phospholipids (32-34). Given the known involvement of phospholipids in Protein C activation (35-37), the association of PLA2-1I1A and Protein C
in two age groups is interesting. PLA2-11A binds to and activates integrins ITGAV:ITGB3, ITGA4:ITGB1 and ITGA5:ITGB1, receptors for fibrillin, fibronectin and
fibrinogen (38, 39). Interestingly, Fibulin-1 (FBLN1), which was found to be enriched in all groups except neonates and featured strongly in many highly
enriched pathways, mediates platelet adhesion via binding fibrinogen [49]. Age related differences in PLA2-IIA interaction have been reported, and it has been
shown to be important in the transition from the neonatal immune system to adult (40). Its increased association with Protein C in the neonate group may
indicate an increased role for PLA2-IIA in the haemostatic system of neonates. Interestingly, direct interactions between TGF-B1, PLA2-1IA, CD36 and CD9
(involved in many of the highly enriched pathways) in the neonate group are predicted in our STRING analysis (Fig. 3).

RPS25 is involved in alternative protein translation initiation routes (41), has a potential role in inflammatory responses (42) and tumour suppression via the
p53 pathway (43, 44). RPS25 was found to be down-regulated in acute myocardial infarction (AMI) in endothelial cells (45) and in megakaryocytes (46). This
may infer a protective role for this protein being more strongly associated with Protein C in neonates. However, ribosomal proteins are not considered a
normal component of the plasma proteome, and their association with Protein C in neonates may warrant further investigation.

SERPINB3 is involved in cell motility, migration and differentiation, angiogenesis, and is important in regulating differentiation of the squamous epithelium
(47, 48). SERPINB3 has been identified as a biomarker in a number of conditions (48-51), and has been associated with wound healing (52). Higher
SERPINB3 expression was found in infant skin samples as compared to adult (47). SERPINB3 has been associated with upregulation of TGF B1 (48, 53),
which is interesting in light of the current study, as TGF B1 was also found to have increased interaction with Protein C in our neonate samples. Studies have
shown a correlation between increased SERPINB3 levels and increased TGF B1 expression in disease states (54), but their association in healthy individuals,
particularly in paediatric populations, has not been investigated, nor has their association with Protein C.

In the 1 month - 1 year group TGFBI (Transforming growth factor-beta-induced protein ig-h3) was enriched with higher fold change than Protein C. This
protein was also significantly enriched in the 1-5 year-old and 11-16 year-old groups. Involved in angiogenesis, wound healing and inflammation, TGFBI is
known to have many interaction partners in extracellular matrix, including collagen, fibronectin, laminin, and glycosaminoglycans (55), but interacting proteins
in blood or plasma have not been reported.

Sequence alignment (BLASTp (56)) performed between Protein C and these more highly enriched proteins revealed no significant homology, indicating these
were likely not interacting directly with the clone 067 antibody Protein C binding site, and suggesting interactions with Protein C and other interacting
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proteins. Increased interaction of these proteins with Protein C in neonates and young infants underscores the complex and varying nature of the coagulation
system across the age range.

Other individual proteins of interest in the neonate group are the predicted direct interactors SERPINA5 (Protein C inhibitor; enriched only in the neonate
group) and MASP1 (Mannan binding lectin serine peptidase 1), direct interactor in neonate and 11-16 year-old groups). SERPINA5 can act as a procoagulant
and pro-inflammatory factor by inhibiting both APC activity (57) and generation by the thrombin/thrombomodulin complex (58). However, SERPINA5 can also
act as an anticoagulant factor by inhibiting factor Xa, thrombin (59), plasma kallikrein and factor XI (60), with a stronger anticoagulant activity observed with
reduced Protein C levels (58). This, and the stronger association of Protein C and SERPINAS in neonates compared to other groups, may help to explain why
lower Protein C levels observed in neonates do not lead to increased thrombosis, with SERPINA5 contributing more to anticoagulant activity at this stage of
development.

MASP1 and MASP2, both predicted to interact directly with Protein C in 2 age groups, are mannose-binding lectin-associated serine proteases involved in
triggering of the lectin pathway of the complement system (61). FCN3 (Ficolin-3), predicted to be directly interacting with Protein C in 4 age groups, is a
soluble, calcium-dependent defence protein with lectin-like activity, which acts as a pattern recognition receptor that activates the MASP1 serine protease
and initiates the proteolytic cascade of the lectin complement pathway (62). Interestingly, either FCN3, MASP1 or MASP2 were found in all groups and were
predicted by STRING analysis to be direct interactors of Protein C. This may suggest a stronger interplay between Protein C and the complement system,
especially the lectin pathway, than previously investigated, and again highlights the changing roles of proteins within pathways throughout development.

CD36 (Platelet glycoprotein 4) features strongly in neonate pathway analysis, is involved in angiogenesis (63), is a receptor for thrombospondin (enriched in
11-16 year-old group), and is a known interactor of CD5L (64, 65) (predicted direct Protein C interactor in 3/6 groups). CD5L (CD5 antigen-like molecule) was
predicted to be directly interacting with Protein C in 4 age groups. Mainly expressed by macrophages, this secreted protein acts as a pattern recognition
molecule, regulates the expression of pro-inflammatory genes by regulation of lipid synthesis, and inhibits apoptosis in macrophages, promoting
macrophage survival in atherosclerosis (66-69).

SPP2 (Secreted phosphoprotein 2, predicted direct Protein C interactor in 2 age groups), is a liver-derived protein known to have a role in bone growth and
turnover, to activate intracellular signalling pathways and to bind cytokines of the TGF-8 superfamily (70). TGF-B1 was significantly enriched in (and only in)
our neonate group, but SPP2 was not. In GO pathway analysis, SPP2 was found to be involved in peptidase regulation, and Reactome pathways show it to be
involved with platelet activation and degranulation. Interestingly, in the neonate group, TGF-B1 contributes to platelet degranulation pathways (Reactome
analysis), and peptidase regulation (GO pathways) (see supplementary).

CLU (Clusterin) is an extracellular chaperone (71) enriched in 5/6 age group ColPs, and was found to participate in many immune related pathways. Given its
role in clearance of misfolded proteins, this may have been present and binding in our samples as an artifact rather than a biologically functional interactor of
Protein C. However, as a multifunctional protein with cytoprotective functions (72), as Protein C has, CLU and Protein C may function together in an as yet
undescribed protective protein complex.

At all levels of analysis, the data point to significant differences in the interactome of Protein C with age. This is in line with current knowledge about the
changes in the plasma proteome with age, and underlines the complex, changing and multifaceted roles of many proteins involved in the coagulation and
immune systems. Differences seen between age groups, despite all samples being treated the same, highlight the fundamental differences in the plasma
proteome and haemostatic system between children and adults.

Conclusion

We present the first comprehensive investigation of Protein C PPIs, as determined by colP-MS, in age groups spanning from neonates to adults. Differences
were found between all age groups in interacting partners of Protein C and the pathways they are involved in, with the most pronounced differences seen in
the youngest cohorts. The findings of this study highlight global differences in the haemostatic system across normal development. Differences in protein
structure and function, modifications, interactions and biological pathways in neonates and younger children are important to understand as these may lead
to a better understanding of ageing processes and improve health outcomes for children and for adults. Protein C is known to have functions outside of its
anticoagulant role [56]. As identified in this study, Protein C interacts with multiple proteins, many of them not directly related to the coagulation system, and
these interaction partners change with age. This may indicate a more complex suite of functions for Protein C than previously understood. Interactomics
experiments such as this may allow for a more holistic understanding of developmental haematology. Furthermore, this work underscores the difficulties
encountered when working with small sample volume availability (problematic when collecting blood samples from infants) and the problems associated
with studying native plasma proteins as opposed to recombinantly produced and highly purified protein samples. Further work will be required to develop
interactome maps of the developing haemostatic system, which may require improvements in purification and analysis techniques. Finally, our findings
provide cause for consideration for clinicians giving protein concentrates to children. Our results, suggest different off-target effects could occur, compared
to adults, and further research of this potential phenomenon is required.
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Figure 1

Differential protein enrichment and depletion between IP and controls for each age group. Protein C (PROC) as bait protein is indicated in blue, most highly
enriched are highlighted in yellow, and proteins predicted by STRING analysis as direct interactors are highlighted in red. Limma (v.3.52.4) was used perform
pair-wise comparisons. A protein was determined to be significantly differentially expressed if the false discovery rate (FDR) was < 0.05.
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Figure 2

Unique and shared enriched proteins. Upset plot depicting the number of unique and shared statistically significant proteins that have been enriched in the
Protein C ColP within each age group and the number of proteins predicted to be direct interactors of Protein C by STRING analysis.

Figure 3
Protein network analysis of the full list of significantly enriched proteins from each age group. Analysis performed using STRING v12.0, showing full

STRING network with all interaction sources, a minimun required interaction score of 0.4 and no clustering (A) Neonates. (B) 1 month — 1 year. (C) 1 -5
years. (D) 6 — 10 years. (E) 11 — 16 years. (F) Adult. Line thickness indicates strength of data support. Bait protein of Protein C (PROC) indicated in red.
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Figure 4

GO biological process (GO-BP) pathways enriched in ColPs for each age group. Enriched GO terms showing the top 15 significant enriched terms per age
group. (A) Enriched processes whose gene list may or may not include PROC. (B) Enriched processes whose gene list specifically includes PROC.
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