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“My third piece of advice is probably the hardest to take. It is to forgive yourself for wasting time…

   ….As you will never be sure which are the right problems to work on, most 

of the time that you spend in the laboratory or at your desk will be wasted. If you want to be 

creative, then you will have to get used to spending most of your time not being creative, to being 

becalmed on the ocean of scientific knowledge.” 

        Steven Weinberg 

 

 

 

 

 

 

 

 

 

 

 

 

 

*(Science Convocation at McGill University, June 2003.  Advice to students at the start of their scientific careers. Department of Physics, 

the University of Texas at Austin, Texas 78712, USA.) 
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Abstract 

Extracellular vesicles (EVs) are small membrane-bound structures secreted by cells 

that have emerged as key mediators of intercellular communication, carrying a diverse 

cargo of proteins, lipids, and nucleic acids that regulate various physiological pro-

cesses. This thesis presents a comprehensive investigation into EV-mediated processes 

across diverse animal species, shedding light on their significance in biological sys-

tems. EV signature profiles of purple sea urchin, sea lamprey and reindeer and their 

deiminated protein cargoes revealed similarity across species, highlighting the conser-

vation of deiminated proteins involved in epigenetic regulation and innate immune re-

sponses across phylogeny. Examination of circulatory EVs under stress conditions in a 

hypoxia-resistant species, such as the naked mole-rat, identifies pathways linking the 

brain citrullinome alterations to changes in circulatory EV profiles. Moreover, the the-

sis explores the regenerative potential of EVs derived from Atlantic cod mucus and se-

rum. Proteomic analysis of cod-derived EVs uncovers a distinct cargo of proteins con-

tributing to wound healing processes. Functional assays demonstrate the efficacy of 

cod serum-derived EVs in enhancing wound closure and upregulating key regulators 

of tissue repair. Findings from the studies in this thesis aimed at advancing EV-medi-

ated cellular communication and its implications for health and diseases. Elucidating 

EV signatures and functions across phylogeny offers insights into the development of 

EV-based biomarkers and therapeutic strategies. 
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Chapter 1 – Introduction  

1.1. Origin and Characteristics of Extracellular Vehicles (EVs)  

“A variety of minute breakdown products of blood corpuscles”, as defined by Chargaff 

and West in 1946, with their studies on blood clotting, marked the discovery of a “par-

ticulate fraction” which had high clotting potential (Chargaff and West, 1946; Couch et 

al., 2021). 1966 Sun described vesicle-like structures released from alveolar cells into 

the alveolar space (Sun,1966; Couch et al., 2021). Some years later, Peter Wolf identi-

fied this ‘minute product’ as “platelet dust” through electron microscopy images (Wolf, 

1967; Couch et al., 2021). In 1971, Neville Crawford showed further images of vesicles, 

which were described as ‘microparticles’ obtained from platelet-free plasma, that also 

contained lipids and carried cargo, including ATP and contractile proteins (Crawford, 

1971; Couch et al., 2021). In 1974, Nunez, Wallis and Gherson described the presence 

of multivesicular bodies (MVBs), small extracellular vesicles within the size of 1-10nm, 

close to the apical plasma membrane of a bat thyroid, and how these have been re-

leased into the luminal space (Nunez, Wallis and Gherson,1974; Couch et al., 2021). The 

field of extracellular vesicles (EVs) saw its expansion and a better understanding dur-

ing the early 1980s, with the investigation on membrane trafficking and the biochem-

istry of the plasma membrane, using reticulocyte maturation as a model, by both John-

stone and Stahl, who showed that transferrin receptor was lost via the release of extra-

cellular vesicles (Harding et al., 1983; Johnstone et al., 1989; Couch et al.,2021). The 

field continued growing, and in later studies, between 1990 and 2000, different papers 

described the physical and biochemical characteristics of EVs, including their enzy-

matic activity (Johnston et al.,1991), their potential role as anti-tumoral vaccines 

(Zitvogel et al., 1998) and their capability to present antigen when released by immune 

cells (Raposo et al., 1996; Couch et al.,2021). From the year 2000 onwards, the EV field 
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expanded considerably with more in-depth explorations: different studies showed that 

EVs can be isolated from most body fluids e.g., blood, serum, plasma, urine, saliva, 

breast milk, amniotic, synovial fluids, and cerebrospinal fluids (Street et al.,2012; Ya-

nez-Mo et al.,2015; Théry et al.,2018; Vagner et al.,2019; ) and they can mediate cell-

cell communication by direct interaction between the membrane receptors and plasma 

membrane, triggering downstream signalling cascade in the recipient cell, or upon fu-

sion with plasma membrane realising their contents directly into the cytosol (Gurung 

et al.,2021). Other studies focused on the EV proteome and lipidome (Théry et al., 2001; 

Subra et al.,2007), their role in the immune system (Skokos et al., 2003; Van Niel, 2003), 

their role as potential anti-tumour therapy (Chaput et al., 2003), as well as  their capa-

bility to transfer nucleic acids (Valadi et al., 2007), the functional effects of EVs in vivo, 

protecting animal model from disease (Colino and Snapper, 2007) and to be a mean of 

communication between cells in plants (An et al., 2007).  EVs have been shown to play 

central roles in normal physiological processes, such as angiogenesis, apoptosis, coag-

ulation, cellular homeostasis, cellular differentiation, inflammation, and intracellular 

signalling, as well as in immune response and pathologies, e.g., carcinogenesis (Andal-

oussi et al., 2013; Abels and Breakefield,2016), by transferring proteins, lipids, DNA, 

RNA and non-coding RNA, including microRNAs, and, therefore, EVs are considered as 

signalosomes (Vagner et al., 2019; Turchinovich et al, 2019). Given the different and 

unique properties of EVs, they are deemed ideal and reliable diagnostic and prognostic 

biomarkers in various clinical settings (Ciferri et al.,2021), such as neurodegenerative 

(Thompson et al.,2016) and autoimmune diseases (Tian et al.,2020), different cancers 

(Peng et al.,2018; Kadota et al.,2017; Chang et al.,2019), and haematological diseases 

(Boyiadzis et al.,2017). EVs are excellent drug delivery systems due to their ability to 

deliver different cargoes (such as interfering RNA (siRNA)) and high stability in the 

blood (Aryani et al.,2016; Bunggulawa et al.,2018) and produce low immune response 



 24 

(Ha et al., 2016) and ideal therapeutic agents for various diseases including cancer, 

metabolic, infectious, and neurodegenerative disorders (Chung et al.,2020). Different 

RNAs have been identified in EVs and include mRNA (messenger RNA), microRNA, 

rRNA (ribosomal RNA), tRNA (transfer RNA), sRNA (small RNA) and lncRNA (long non-

coding RNA) (Turchinovich et al.,2019), and the role of EVs RNAs have been recently 

considered in the host-pathogen interaction and as candidate interspecies-communi-

cation molecules (Lee et al.,2019; Munhoz da Rocha et al.,2020). 

1.1.1 Extracellular vesicles biogenesis and nomenclature 

Throughout the years, different terms were used to describe the structures that were 

observed, such as “extracellular microvesicles”, “microparticles”, and “virus-like parti-

cles” Trams et al. (1981) used the term “exosome” for the first time in the context of 

EVs, to describe vesicles that are produced directly by outward budding at the plasma 

membrane, and in 1987, Rose Johnston, used the term “exosome” to describe vesicles 

released following the fusion of MVBs with the plasma membrane, which has then be-

come the International Society for Extracellular Vesicles (ISEV) recommended term for 

this type of vesicles (Théry et al.,2018; Welsh et al.,2024). As the field grew and differ-

ent biogenesis pathways were discovered, it was necessary to have precise nomencla-

ture for each vesicle; therefore the term “extracellular vesicles” is used nowadays to 

describe a heterogenous family of membrane-surrounded and non-replicating struc-

tures, delimited by a lipid bilayer (Théry et al.,2018) released in a common and evolu-

tionary conserved process by prokaryotic (Lee et al.,2009; Deatherage and Cookson, 

2012) and eukaryotic (György et al., 2011; Van Der Pol et al.,2012) cells, into the extra-

cellular space. The Minimal Information for Studies of  Extracellular Vesicles (MISEV) 

2018 (Théry et al.,2018) and updated in MISEV2023 (Welsh et al.,2024) proposed no-

menclature recommendation based on physical characteristics, such as size, in order 

to refer to different EVs subtypes: “small EVs” (sEVs) are EVs that range between 30 
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nm and 200 nm and “medium/large EVs” (m/lEVs) are EVs, also called microparti-

cles/microvesicles or “ectosome”, have a size range of 200-1,000 nm (Théry et al., 

2018); they are generated on the cell surface by budding and fission of the plasma 

membrane (Fig.1) (Andaloussi et al, 2013;  Abels and Breakfield, 2016; Jadli et al.,2020; 

Clancy et al., 2021), a process that depends on many different factors, such as the re-

distribution of phosphatidylcholine and sphingomyelin, repositioning of phosphatidyl-

serine and phosphatidylethanolamine to the outer leaflet (Jadli et al.,2020) the con-

traction of the actin-myosin machinery (Clancy et al., 2021), and an increase of calcium 

concentration in the extracellular environment, which induces membrane phospho-

lipid reorganization and improves the formation of microvesicles by increasing the 

level of vesiculation (Fig.1)(Crawford, 1971; Gurunathan et al., 2021; Jin et al., 2022;). 

Small EVs (sEVs), also known as “exosomes”, have been largely studied and are small 

EVs with a diameter of 30-100/150 nm (Théry et al.,2018; Doyle and Wang,2019; Jadli 

et al.,2020); they are originated from the intraluminal vesicles (ILVs) budding within 

multivesicular bodies (MVB) upon fusion with the plasma membrane and released in 

the extracellular space via the exocytotic pathway (Fig.1)(Andaloussi et al.,2013; 

Yáñez-Mó et al.,2015; Turchinovich et al.,2019; Jadli et al.,2020). The biogenesis of 

sEVs is mainly driven by the endosomal sorting complex required for transports 

(ESCRT)(Fig.1) (Raposo and Stoorvogel,2013; Abels and Breakfield, 2016; Hessvik and 

Llorente, 2017; Van Niel, D’Angelo and Raposo, 2018; Jadli et al.,2020). The ESCRT ma-

chinery is comprised of four subunits along with accessory protein, i.e., VPS4 (Vacuolar 

Protein Sorting 4), VTA1 and ALIX; ESCRT-0 complex initiates the MVB pathways by 

binding to PI3P (phosphatidylinositol-3-phosphate), an endosome-enriched phospho-

lipid which regulates cell signalling and membrane trafficking. ESCRT-0 recognises 

clusters of ubiquitinated proteins and cargo on the outer endosomal membrane 

(Schmidt and Teis,2012) and recruits the ESCRT-I complex via Vps23/HR, which drives 



 26 

the budding on the endosomal membrane. The ESCRT-III completes the process of 

sEVs formation, facilitating the membrane invagination and formation of ILVs. The ac-

cessory proteins are fundamental in disassembling and recycling the ESCRT machinery 

(Jadli et al.,2020). However, some studies have shown that sEVs release is not only 

ESCRT-dependent: by completely depleting the ESCRT complex, the formation of mul-

tivesicular endosomes and their release was still occurring, yet their morphology and 

structure appeared altered (Stuffers et al.,2009). One of the suggested ESCRT-inde-

pendent mechanisms for the release of sEVs is the ceramide-mediated sorting of pro-

teolipid protein into ILVs (Trajkovic et al.,2008), while the tetraspanins CD63 has also 

been considered to be involved in the formation of ILVs and the release of sEVs (van 

Niel et al.,2011).  sEVs cargo includes proteins members of the tetraspanins family 

(CD9, CD63 and CD81), an endosomal sorting complex required for transport (ESCRT) 

proteins (Alix, TSG101), integrins, heat shock proteins (Hsp), actin and flotillin, but also 

nucleic acids such as DNA, RNA, mRNA and non-coding RNA.  Moreover, the sEVs bi-

layer membrane consists of lipids such as sphingomyelin, cholesterol, and ceramides 

important for maintaining the sEVs structure, regulating secretion, cargo sorting and 

signalling (Gurung et al.,2021). 
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Figure 1. Biogenesis of different Extracellular Vesicles. Microvesicle biogenesis involves Ca2–

dependant enzymes calpain, gelsolin, phospholipid translocases, and scramblase, which promote 

the distribution of phosphatidylserine (PS) on the outer cell surface, resulting in membrane 

remodelling and subsequent budding. Exosomes are formed during endosomal sorting. During the 

maturation of an early endosome, intraluminal vesicles (ILVs) are created in ESCRT – an ESCRT-

dependent or independent (in the presence of tetraspanins or ceramide) manner. Late endosomes 

with many ILVs are called the multivesicular body (MVB), which either diffuse with lysosome for 

degradation or merge with the plasma membrane, releasing exosomes (Narauskaité et al.,2021).  
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1.2. Extracellular Vesicles and PADs Isozymes in Phylogeny  

1.2.1. Peptidylarginine Deiminases (PADs) isozymes 

Peptidylarginine deiminases (PADs) are a family of enzymes which are activated by a 

high calcium (Ca2+) concentration and catalyse the irreversible conversion of peptidyl-

arginine to peptidyl-citrulline through the basic hydrolysis of ammonia end group of 

the arginine side chain and the consequent ammonia release (Fig. 2) (Vossenaar et al., 

2003, Alghamdi et al.,2019). This post-translation modification, known as “citrullina-

tion” or “deimination”, significantly impacts the target proteins by changing their pri-

mary, secondary, and tertiary structures, altering their function and interactions with 

other proteins (György et al., 2006).  

 

Figure 2. Citrullination or deimination chemical reaction. The citrullination or deimination is 

a post-translational process catalysed by peptidylarginine deiminases, which modifies the 

guanidinium group of the arginine amino acid and the ureido group of the citrulline amino acid. 

This conversion is complemented by the loss of the arginine positive charge and production of 

ammonium, which causes protein conformational changes that may modify the protein's binding 

and unfolding properties, affecting its function and half-life (Alghamdi et al.,2019). 
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PAD-mediated deimination/citrullination contributes, amongst others, to the genera-

tion of neo-epitopes, which can induce inflammatory responses and can also cause a 

change in or loss of protein function (Witalison et al.,2015; Lange et al., 2017). How-

ever, such post-translational modification can also allow for protein moonlighting, an 

evolutionary acquired phenomenon that enables proteins to exhibit different physio-

logical, biochemical, and biophysical functions (Henderson et al., 2014; Jeffrey et al., 

2018). Five highly conserved PAD isozymes have been identified in mammals: PAD1, 

PAD2, PAD3, PAD4 and PAD6 are found in the cytoplasm however, PAD2, PAD3 are 

also found in the nucleus (Vossenar et al., 2003; Lange et al.,2011), while only PAD4 

has been found to contain a classic nuclear translocation site (Stadler et al.,2013). PADs 

isozymes are conserved throughout phylogeny, and different isozymes are present in 

other species; for instance, three PAD isozymes are found in birds and reptiles, and 

only one PAD form in fish, with PAD2 considered the most phylogenetically conserved 

isozyme (Vossenaar et al.,2003; Magnadóttir et al.,2018; Rast et al.,2022).  In mammals, 

PAD isozymes have distinct tissue localisation and substrate preferences: PAD1 iso-

zyme is found to be expressed mainly in the epidermis, facilitating the terminal differ-

entiation of keratinocytes (Vossenaar et al.,2003; Nachat et al.,2005) and uterus, where 

its expression increases after oestradiol injection and female maturation (Guerrin et 

al., 2003; Uhlén et al.,2015); preferred substrates for PAD1 are Keratin1, Keratin10 and 

Profilaggrin (Nachat et al.,2005; Yu and Proost,2022). PAD1 has also been detected in 

brain tissue (Mercer et al.,2022) and in cancer tissue, including in various mammals 

(Inal et al.,2022). PAD3 is also expressed and localised in the hair follicle (Vossonaar et 

al., 2003; Wang and Wang, 2013), neural stem cells (U et al.,2014) and neutrophils 

(Darrah et al.,2012). In a comparative study by Lange et al. (2011), the role of PAD3 

from the chick model was identified as a modulator in developing early spinal cord and 

its role in spinal cord injury response (Lange et al., 2011). PAD3 has also been found to 
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be involved in cancer invasion, particularly associated with aggressive cancers (Uysal-

Onganer et al.,2020; Uysal-Onganer et al.,2021) and neurodegenerative diseases 

(Lange et al.,2017; Sancandi et al.,2020; Lange et al.,2021), as well as brain cancer (Kos-

godage et al.,2019; Uysal-Onganer et al.,2020). PAD6 was initially found in the eggs and 

embryos of mice. Later its presence was confirmed in human tissue, with its function 

correlated to the cytoskeletal reorganisation in the egg in early embryo development 

(Zhang et al., 2004; Wang and Wang, 2013; Esposito et al.,2007). PAD2 and PAD4 are 

the most studied isoforms: PAD2 is the most ubiquitously expressed isozyme, found in 

most tissues and play an essential role in normal physiological processes such as apop-

tosis, gene regulation, immune response, also PAD2 and PAD4 are involved in many 

human inflammatory and autoimmune diseases  (Bicker & Thompson,2013; Wang and 

Wang, 2013; Witalison et al., 2015) i.e., rheumatoid arthritis (Damgaard et al.,2014), 

neurodegenerative diseases (Lange et al.,2017, Sancandi et al.,2020) and cancers 

(Uysal-Onganer et al.,2020; Uysal-Onganer et al.,2021; Wang et al.,2020); PAD4 plays a 

vital role in innate immunity, as it has been established that it catalyses histone citrul-

lination, inducing chromatin decondensation and expulsion of antimicrobial molecules 

via the chromosomal DNA, a fundamental process for the formation of NETs (Neutro-

phil Extracellular Traps) (Wang et al.,2009; Thiam et al.,2020), involved in a mecha-

nism known as NETosis, which effectively kill different pathogens and more prominent 

pathogens that cannot be removed by neutrophils (Rohrbach et al.,2012; Liu et al., 

2021).  

1.2.2. PADs Isozymes as Modulators of EV Signatures Across Phylogeny  

PAD isozymes have been identified not only in mammals but also throughout the phy-

logenetic tree, with the indication of horizontal gene transfer from cyanobacteria to 

Chordata (D’Alessio et al.,2021; Cummings et al.,2022). PAD homologues, also referred 

to as arginine deiminase (ADI), have been reported in parasites (Gavinho et al.,2020; 
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Krissmundsson et al.,2021), bacteria (Bielecka et al., 2014; Kosgodage et al.,2019 and 

fungi (El-Sayed et al.,2019). In mammals all the five PADs (PAD 1,2,3,4,6) isozymes 

have been identified (Vossenaar et al.,2003), while in birds and reptiles only PAD1, 

PAD2 and PAD3 isozymes are present, and only one PAD isozyme (PAD2-like isozyme) 

is reported in teleost and cartilaginous fish (Rebl et al.,2010; Magnadóttir et al.,2018, 

Magnadóttir et al.,2019, Criscitiello et al.,2019, Criscitiello et al.,2020c). In various dis-

ease modelling studies, PADs have been recognised as one of the modulators of EV re-

lease, which may be possibly linked to this mechanism being partly dependent on cal-

cium level mediated pathways, and both modulation via actin and histone pathways 

have been suggested (Kholia et al.,2015). Several EV cargoes, including protein cargo, 

contribute to cellular communication, so deiminated/citrullinated proteins in EVs may 

be particularly interesting. Furthermore, citrullinated proteins in EV cargoes from dif-

ferent species across the phylogeny tree may provide insights into EV-mediated com-

munication of citrullinated proteins via PAD or PAD homologue-mediated pathways. 

This also includes the possible roles of PADs and protein deimination in normal phys-

iological and immunological processes and metabolic pathways, which already have 

been analysed in a range of comparative animal studies including vertebrates, birds, 

reptiles, teleost fish, cartilaginous fish (Chondrichthyes), crustaceans (Crustacea), ar-

thropods (Arthropods), alveolates (Alveolate) and parasites (Protozoa): Magnadóttir 

et al., 2018(a); Magnadóttir et al.,2021 – halibut (Hippoglossus hippoglossus L.); Mag-

nadóttir et al.,2018 (b) – Atlantic cod (Gadus morhua L.); Magnadóttir et al.,2019 – At-

lantic cod mucus (Gadus morhua L.);  Criscitiello et al., 2020(a) – Llama (Lama glama); 

Criscitiello et al.,2019 – shark (Ginglymostoma cirratum); Pamenter et al., 2019 – naked 

mole-rat (Heterocephalus glaber); Criscitiello et al., 2020 (b) – Cow (Bos taurus); 

Criscitiello et al., 2020 (c) – Alligator (Alligator mississippiensis); Magnadóttir et al., 

2020 (a)- whales/orca ; Magnadóttir et al., 2020 (b) – pinnipeds (Grey seal 
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(Halichoerus gryptus), Harbour seal (Phoca vitulina); Bowden et al.,2020 a – Mollusca 

(blue mussel (Mytilus edilus) soft shell clam (Mya arenaria) Eastern oyster (Crassostrea 

virginica)Atlantic Jacknife clam (Ensis leei)); Bowden et al.,2020 c – American Lobster 

(Homarus americanus); Bowden et al., 2020 b – Horseshoe crab (Limulus polyphemus); 

Phillips et al.,2020 – Antarctic seabirds; Kristmundsson et al.,2021- Alveolata); Coates 

et al.,2023 – shore crabs (Carcinus maenas). Moreover, extracellular vesicles have been 

identified in other non-mammalian vertebrates, as in the case of avian species (Luo et 

al.,2022), Chinese softshell turtle (Zhu et al.,2019), viper (Carregari et al.,2018) and 

cobra (Manuwar et al.,2020), snake venom (Ogawa et al.,2008), other Arthropods, as 

in the case of the Chinese bird spider (Xun et al.,2021), tick (Zhou et al.,2018), Droso-

phyla (Beer and Wehman,2017), honeybees (Peršurić and Pavelić,2021). EVs have also 

been explored in Nematodes, i.e., C. elegans (Ma et al.,2023), bacteria (Liu et al.,2018; 

Briaud and Carrol,2020) and Cnidarians, i.e., polyp Hydra (Moros et al.,2021) and cor-

als (Takagi et al.,2020). 

Due to a recent focus of interest on PADs across the phylogeny tree and EV-mediated 

communication, including via deiminated protein transport, this current project, there-

fore, focussed on identifying roles of EV-mediated communication by assessing citrul-

linated signatures in three representative species at three points of reference in the 

phylogeny tree. For this purpose, the focus was on 1) Mammals (Artiodactyla – Rein-

deer (Rangifer tarandus)); 2) Agnatha (Sea Lamprey (Petromyzon marinus)) and Echi-

nodermata (Purple Sea Urchin (Strongylocentrotus purpuratus)). Similarly, EV signa-

tures in these same species were compared concerning EV size profiles, surface mark-

ers, electron microscopy, and proteomic content, including citrullinated protein con-

tent. Findings will elucidate if EV profiles differ, or are conserved to some extent, across 

the phylogeny tree and whether the citrullinome signature of associated biological 

pathways indicates conservation of, or variation in, immune, metabolic, or other 
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physiological pathways that may be affected by citrullination. In addition to the three 

species above, the current study also explored two further species with unusual im-

mune and metabolic characteristics for preliminary studies on assessing circulatory EV 

signatures as indicators for stress resistance and for the potential of using EVs to pro-

mote wound healing. For this purpose of determining circulating EV signatures as bi-

omarkers of stress responses, including in the brain, the study took advantage of the 

naked mole-rat (Heterocephalus glaber), a long-living, cancer resistant and hypoxia-

resistant species, which has received increasing interest in the context of various pa-

thologies. While a previous study had assessed citrullination signatures in the naked 

mole rat (Pamenter et al., 2019), no such assessment had been carried out under patho-

logical/stress conditions. Therefore, the current study aimed to identify whether PAD-

related changes in circulating EV signatures could be placed under hypoxic conditions 

and reveal any PAD-related pathways linking to the unusual hypoxic resistance of this 

species, including the brain citrullinome. For this purpose, PAD isozymes were as-

sessed in the brain tissue of normal and hypoxic naked mole rats, and citrullinated pro-

teins were enriched from both circulating plasma-EVs and the brain tissue of control 

and hypoxia-treated animals. Protein-interaction networks were created for citrulli-

nated proteins to identify whether brain citrullinome changes could be correlated to 

circulatory EV profile and citrullinome cargo changes (D’Alessio et al.,2022) (See Chap-

ter 4). To assess the potential of EVs in wound healing and tissue regeneration, EVs 

from the teleost fish Gadus morhua (Atlantic cod), which shows some unusual immune 

characteristics, were used on mouse fibroblasts and human keratinocytes and fibro-

blasts in vitro (Chapter 5). Therefore, the species used in the different chapters of this 

thesis are Petromyzon marinus (Sea Lamprey), Strongylocentrotus purpuratus (Purple 

sea urchin), Rangifer tarandus (Reindeer), Heterocephalus glaber (naked mole-rat), 

and Gadus morhua (Atlantic cod).  
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1.3. Extracellular Vesicles in Regenerative Medicine  

1.3.1. The Wound Healing Process  

The process of wound healing is a natural self-controlled process, but at the same time, 

a complex physiological process which involves four time-dependent, overlapping but 

well-defined phases. Tissue injury, characterised by microvascular injury and extrava-

sation of blood into the wound, triggers the immediate phase of homeostasis (Fig.3 – 

step 1) in which the coagulation cascade is initiated. The vessel walls start to constrict, 

resulting in platelet aggregation, which limits further blood loss, and fibrin clot for-

mation, which forms a temporary seal over the injury, preventing the influx of micro-

organisms and supporting and guiding the aggregation of keratinocytes and fibroblasts 

(Strodtbeck,2001; Enoch and Leaper, 2005; Welnar et al.,2009; Ellis, Jin and Tartar, 

2018). The inflammatory phase (Fig.3 – step 2) overlaps with the phase of homeostasis. 

Usually, it occurs within the first 72h after the tissue injury: a complex series of molec-

ular signals characterise the inflammatory phase that ultimately facilitates neutrophils 

and macrophages infiltration in the wound bed that prevents further tissue damage 

and eliminates any foreign pathogen and debris (Stordtbeck,2001; Enoch and 

Leaper,2005; Welnar et al.,2009; Ellis, Jin and Tartar,2018). The key mediators that 

drive the host inflammatory response during normal wound healing are Interleukin-1 

that promotes inflammation and helps recruit immune cells to the wound site (Eming, 

Krieg and Davidson,2007); Interleuikin-6 which stimulates the acute phase response 

and aids in the transition from inflammation to tissue repair (Gallucci et al.,2000), and 

tumour necrosis factor-alpha that induces the recruitment of neutrophils and macro-

phages and promotes healing processes (Barrientos et al.,2008). Chemokines are other 

key mediators of the inflammatory response. These include CCL2 (MCP-1) which at-

tracts monocytes to the wound area, promoting the recruitment of macrophages that 
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are essential for clearing debris and secreting growth factors, and CXCL8 (IL-8) attracts 

neutrophils to the wound site to aid in the initial response to injury (Eming et al.,2007). 

Growth factors secreted by macrophages include Vascular Endothelial Growth Factor 

(VEGF), which promotes angiogenesis, ensuring an adequate blood supply to the heal-

ing tissue; Transforming Growth Factor-beta (TGF-beta) that has both pro- and anti-

inflammatory effects and is important for transitioning to the proliferative phase (Penn 

et al.,2012). Once the immune response is in place and the injury has reached homeo-

stasis, the proliferation phase begins (Fig.3 – step 3), which usually happens on the 

third day after the injury. The proliferative phase involves re-epithelialization, which 

occurs with the migration of keratinocytes and fibroblasts, collagen synthesis, angio-

genesis and granulate tissue formation, protrusion, adhesion and traction; however, 

the last phase of wound healing, the remodelling phase (Fig.3 – step 4), begins with the 

granulate tissue formation around day eight and last for about one year 

(Stordtbeck,2001; Enoch and Leaper,2005; Welnar et al.,2009; Ellis, Jin and Tar-

tar,2018). The primary mechanism of the remodelling phase of wound healing is the 

constant extracellular matrix (ECM) reshaping by cross-linking collagens, which are 

continuously synthesised and broken down, wound contraction, through the interac-

tions between fibroblasts and the surrounding ECM, cell maturation and apoptosis 

(Stordtbeck,2001; Enoch and Leaper,2005; Welnar et al.,2009; Ellis, Jin and Tartar, 

2018; Diller and Tabor,2022).  
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Figure 3. Natural wound healing process. (Image created using BioRender.com)  

1.3.2 Extracellular Vesicles Role in the Healthy Wound Healing Process  

Extracellular vesicle application is one of the most promising emerging wound healing 

approaches (Wei et al.,2020;2022;2023) and is secreted by various cells; they appear 

to be essential players in regeneration-promoting intracellular communication (Chung 

et al.,2020). Recent in vivo studies reported the presence of EVs in wounds and 

acknowledged their presence in routine wound healing (Clemmer et al.,2020). EV-

based signalling plays a crucial role in all four wound healing phases (homeostasis, in-

flammation, proliferation, and remodelling), thus suggesting their natural capacity to 

be exploited to stimulate the healing process (Narauskaité et al.,2021). In the homeo-

stasis phase, upon skin injury, damaged cells release danger-signalling molecules such 

as ADP, collagen and thrombin, causing changes in platelets cytoskeleton and inducing 
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plug formation to stop the bleeding temporarily (Fig.4- a); pro-coagulant EVs (PEVs) 

are released in the wound bed from activated platelets (Fig.4 – b): their pro-coagulant 

property is due to the presence of an active form of aIIbß3 integrin, a great affinity to 

fibrinogen, exposure of phosphatidylserine (PS) which provide a platform for coagula-

tion factors and transfer of reactive oxygen species (ROS) producing NOX-1, which en-

hances platelet activation. Tissue factor (TF) dependent and independent meet in the 

common pathway, converting fibrinogen into fibrin, binding to aggregated platelets 

and forming a thrombus (Fig.4 – c). During this process, the TF-dependant coagulation 

pathway is either induced by PEVs by transferring P-selectin, which causes TF expo-

sure on monocyte membrane upon PSGL-1 binding, or it can be introduced by salivary 

monocytes-derived EVs (Fig.4 – d) (Narauskaité et al.,2021).  

 

Figure 4. EVs role in the homeostasis phase of healthy wound healing (Narauskaité et al.,2021).  
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During the inflammation phase of wound healing, the first immune cells to be recruited 

to the wound site are neutrophils, responding to signals provided by damaged cells, 

microbes, and platelets. Neutrophils undergo apoptosis after clearing the wound from 

pathogens; the cell remains (Fig.5 - a). The neutrophil-derived EVs’ (NDEVs) become 

activated, depending on the environmental conditions, and promote reactive oxygen 

species (ROS), CXCL8 (Interleukin 8) production in other neutrophils, as well as di-

rectly induce ROS and leukotriene B4 synthesis in their turn, resulting in the mainte-

nance of a pro-inflammatory environment. In contrast, resting-state NDEVs act oppo-

sitely, and apoptotic NDEVs promote coagulation (Fig.5 - b). Macrophages infiltrate the 

wound site and clear the remaining pathogens and apoptotic neutrophils, shifting the 

macrophage phenotype from pro-inflammatory M1 to pro-resolving M2 phenotype 

(Fig.5 - c). This change in phenotype is regulated by the transmission of the EVs from 

pro-resolving macrophages or wound edge keratinocytes, active cargos, keeping in 

control the inducible nitric oxide synthesis (iNOS) and arginase (Arg1), M1 and M2 

macrophage marker, inducing angiogenesis and re-epithelisation, accelerating the 

transition to the proliferative stage of wound healing (Fig.5 - d) (Narauskaité et 

al.,2021). 
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Figure 5. The role of EVs in the inflammatory phase of healthy wound healing (Narauskaité et 

al.,2021). 

During the proliferative stage of wound healing, endothelial cells (ECs) that are ex-

posed to a state of hypoxia in the injury site become activated and endothelial progen-

itor cells (EPCs) are recruited, promoting new vessel formation by angiogenesis and 

vasculogenesis, respectively (Fig.6 - a); EVs derived from saliva, macrophages, EPCs, 

and osteoblasts, contribute to the process of neovascularisation by promoting the crit-

ical pro-angiogenic factors. The diversity of EVs stimulates EC migration, proliferation, 

and vascular tube formation by transferring different cargoes (mRNA, miRNA, MMPs) 

(Fig.6 - b). During the proliferative stage, fibroblasts clear a path by secreting matrix 

metalloproteinases (MMPs) and migrate towards the wound site, where they 
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synthesise collagen, proteoglycans, and other granulation tissue present components 

(Fig.6 - c). During the phase of re-epithelialisation, EVs mediate the crosstalk between 

ECs, keratinocytes (KC), and fibroblasts, thus promoting the release of extracellular 

matrix (ECM) components, MMPs involved in the fibroblast’s migration, and interleu-

kins promoting angiogenesis, KC, and macrophage migration (Fig.6 - d) (Narauskaité 

et al.,2021).   

 

 

Figure 6. The role of EVs in the proliferative phase of healthy wound healing (Narauskaité et 

al.,2021). 

The remodelling phase involves the reorganisation of the extracellular matrix (ECM), 

which is influenced by the cleavage of collagen and other ECM components of matrix 

metalloproteinases (MMPs), replacing type collagen III by skin collagen type I (Fig.7 – 
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a). The synthesis and modification of crucial ECM reorganisation components are acti-

vated by EVs derived from fibroblasts and epithelial cells (EC), which provides lysyl-

oxidase-like 2 (LOXL2) enzyme, catalysing collagen crosslinking and restoring tensile 

strength. (Fig.7 - b) PDGF, TGF-ß, and mechanical tension initiate fibroblast differenti-

ation to myofibroblasts, synthesising large amounts of collagen type I and promoting 

wound contraction. (Fig.7 – c). During fibroblast differentiation, EVs derived from 

keratinocytes and fibrocytes carry miRNA and induce fibroblast differentiation to my-

ofibroblasts by increasing collagen I, alpha-SMA, and N-cadherin expression. Also, EVs 

released by myofibroblasts contribute to wound closure by carrying placental growth 

factor 1 (PGF-1) (Fig.7- d) (Narauskaité et al.,2021). 

 

Figure 7. The role of EVs in the remodelling phase of healthy wound healing (Narauskaité et 

al.,2021). 
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1.3.3 Therapeutical Application of Extracellular Vesicles for Skin Wound Healing  

In recent years, the use of extracellular vesicles to promote wound healing has received 

significant attention. Most studies on EVs in regenerative medicine have focussed their 

attention on the function and therapeutic properties of EVs derived from different cell 

sources, i.e., platelet-derived EVs (Antich-Rosselló et al.,2021), keratinocytes-derived 

EVs (Glady et al.,2021), oral mucosal epithelial cell-derived EVs (Sjöqvist et al.,2019), 

human trophoblasts (Young Go et al.,2021), but mainly, they have analysed the role of 

MSC-derived EVs in tissue regeneration and wound healing (Yu et al.,2014; Rani et 

al.,2015; Ferreira and Gomes, 2018; Yuan et al., 2020; Alqatawni et al.,2020; Barreca et 

al.,2020; Ha et al.,2020; Akbari et al.,2020; Manchon et al.,2021). MSC- derived EVs 

have therefore been identified as a potential cell-free based therapy for tissue engi-

neering, given their advantages of being constantly produced and supplied by stem 

cells, they have many biological effects similar to their source stem cells, but they do 

not have the potential side effects such as immunological rejection or tumour for-

mation or cell differentiation (Ma, Wang and Li,2020; Casado-Diaz et al.,2020); they 

have a more feasible storage condition than the stem cell itself, and their cargo can be 

easily obtained and adapted to the therapy just by changing the source cells; they can 

easily overcome the blood-brain barrier and also be quickly injected intravenously 

reaching long distances (Ma, Wang and Li,2020; Casado-Diaz et al., 2020). The potential 

for using extracellular vesicle application in wound healing and regenerative medicine, 

with a focus to date on mesenchymal stem cell-derived EVs, has revealed promising 

results. However, EVs derived from other sources, e.g., plants, fruits, and different ani-

mals, and their role in tissue regeneration and wound healing have received less atten-

tion, and their potential in regenerative medicine warrants further investigation. A re-

cent study investigated the role of EVs-derived wound healing agents from grapefruit, 

showing the regenerative potential of those EVs, which increased cell viability and cell 
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migration while reducing intracellular ROS production in a dose dependant manner in 

HaCat cells and increasing tube formation capabilities of HUVEC cells (Savci et 

al.,2021). An in-vitro study conducted on HaCat (human keratinocytes) and HDF (hu-

man fibroblasts) assessed the potential antioxidant effect of sEVs derived from Aloe 

vera peels in the context of wound healing, showing the antioxidant activity and reduc-

tion of ROS in HaCat cells, in a dose-dependent manner, and the upregulation of mRNA 

expression of Nrf2, thus suggesting the A-EVs antioxidant activation and wound heal-

ing process via the Nrf2 activation (Kim et al.,2021). Another study explored the role 

of royal jelly-derived EVs (RJEVs) in vivo in a mouse model, demonstrating the antibac-

terial effects and role in the acceleration of wound healing of RJEVs (Álvarez et 

al.,2023). The role of EVs derived from biofluids of different species is still largely to be 

explored. Two recent studies looked at the role of extracellular vesicles derived from 

the plasma of olive flounder fish (Paralichthys olivaceus) in an in vitro scratch wound 

healing on FHM cells (epithelial cells) and in vivo regeneration assay in zebrafish lar-

vae, showing the substantial cell migration and rapid closure of the open wound area 

(in vitro) and faster zebrafish larvae fin regeneration (in vivo) (Jayathilaka et al.,2022), 

and at the regenerative activities and wound healing of exosomes from Streptococcus 

parauberis present in olive flounder (Paralichithys olivaceus) (Jayathilaka et al.,2023). 

Given the promising potential of EVs derived from different animal sources, the focus 

of this present study is to look at the regenerative potential of Atlantic cod (Gadus 

morhua L.) serum and mucus-derived EVs, which will be explored using in vitro wound 

scratch models; moreover, cod-derived biomaterials in wound healing have mainly 

been explored (Kietzmann and Braun, 2006; Dort et al.,2012; Gudmunsdottir et al., 

2012; Morrow et al.,2016; Vieira et al., 2018; Khazaeli et al.,2020; Kotronoulas et 

al.,2020; Kirsner et al., 2020; Fiakos et al.,2020; Kotronoulas et al.,2021), enhancing the 



 44 

interest of looking into the mechanisms and regenerative potential of Atlantic cod (Ga-

dus morhua) serum and mucus derived EVs and their protein cargoes.  
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1.4 Aims of the Project  

The present study has three key aims. The first aim is to profile EV signatures and their 

related deiminated protein cargoes in three species across points of the phylogeny tree, 

representing Mammalia, jawless fish, and Echinodermata, respectively. The second aim 

is to assess circulatory EVs under stress conditions and related changes in brain citrul-

line signatures. For this purpose, the naked mole-rat model was used to identify 

whether PAD-related changes in circulating EVs under hypoxic conditions could reveal 

any PAD-related pathways, including in the brain, linking to the unusual hypoxic re-

sistance of this species. For this purpose, protein-interaction networks were created 

for citrullinated proteins to identify whether brain citrullinome changes could be cor-

related to circulatory EV profile and citrullinome cargo changes (See paper 4: D’Alessio 

et al., 2022). This part of the study aims to provide a platform for research on EV-based 

biomarkers in different animal models and increase understanding of roles for protein 

citrullination signatures in mediating immune and metabolic processes via EV-medi-

ated cellular communication. The third key aim of this study is to explore the regener-

ative potential of EVs from cod mucus and serum in cellular wound healing models. 

Findings from the study will contribute to understanding how EVs and their cargoes, 

including via post-translational deimination, may shape immunity across phylogeny 

and evaluate the immune-related mechanism of EVs derived from comparative animal 

models with unusual immune properties in tissue regeneration.  
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Chapter 2 – General Materials and Methods 

This chapter outlines the methodological approaches used for this thesis's different 

studies. Firstly, Section 2.1 - Isolation and Characterisation of EVs – will describe the 

general approach used following the recommendation of the Minimal Information for 

Studies of Extracellular Vesicles (MISEV), published by the International Society of Ex-

tracellular Vesicles (ISEV) in 2018 (Théry et al., 2018) and the recently 2023 updated 

guidelines (Welsh et al.,2024). Subsection 2.1.1 will explain the sample collection of the 

different species investigated in the study, and subsection 2.1.2 will outline the meth-

odology used for the enrichment of EVs from sea lamprey, purple sea urchin, Atlantic 

cod, naked mole-rat and reindeer. Although the small-scale EV isolation protocol, 

adapted in our lab and based on the MISEV2018 and MISEV2023 recommendations, 

has been used for all the species, more details on naked mole-rat plasma-derived EVs 

exposed to hypoxia and normoxia, and the Atlantic cod serum and mucus EVs enrich-

ment are outlined in more details in Chapter 4 (Section 4.2.1 – EVs isolation and char-

acterisation) and Chapter 5 (section 5.2.1 – Cod Serum and Mucus Extracellular Vesi-

cles Preparation, Isolation, Characterisation, and Protein Content Analysis), respec-

tively. Moreover, this section will explain in detail other techniques used for the EVs 

characterisation, such as nanoparticle tracking analysis (NTA) (subsection 2.1.3), 

transmission electron microscopy (TEM) for assessment of EV morphology character-

isation (subsection 2.1.4), while for EV surface marker characterisation by Western 

blotting, mentioned in subsection 2.1.5, has details of the methodology, general appli-

cation of Western Blotting will be described in section 2.2. The 2.2 section also covers 

the assessment of PADs by Western blotting in sea lamprey, purple sea urchins, naked 

mole-rat and Reindeer. Section 2.3 will explain the F95 enrichment for the isolation of 

deiminated protein cargoes of EVs isolated from the species of interest, and section 2.4 

will describe the silver staining technique for the visualisation of the whole and 
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deiminated EV protein cargoes in the respective biological fluid from the different spe-

cies. Section 2.5, with subsections 2.5.1 and 2.5.2, explains the liquid chromatography 

with tandem mass spectrometry (LC-MS/MS) utilised for the analysis of deiminated 

protein candidates isolated by F95 enrichment and the identification of the putative 

deiminated protein hits. Section 2.6 explains STRING analysis and associated pathway 

analysis for protein-protein interaction networks related to the deiminated proteins 

and total proteomes. Section 2.7 describes the identification process for PADs and EVs 

markers sequences in the different species and the construction of neighbour-joining 

trees across phylogeny. Section 2.8 – Cell Culture Experiments for Wound Healing 

Studies – is a general explanation of the cell culture techniques adopted in this research 

and the different cell lines used for the pilot study on the application of cod-derived 

EVs in cellular models of tissue regeneration as detailed in Chapter 5, section 5.2.5. 

Section 2.9 of this chapter will summarise the statistical approaches for analysing the 

different studies in this thesis.  

2.1. Isolation and Characterisation of Extracellular Vesicles 

Isolation and characterisation of EVs were carried out and adapted to protocols ac-

cording to the published recommendation of the Minimal Information for Studies of 

Extracellular Vesicles 2018-2023 (MISEV2018-2023)  (Théry et al.,2018: Welsh et 

al.,2024), which requires a method for EV separation/enrichment that aims at either 

1) high recovery/low specificity; 2) intermediate recovery/low specificity; 3) low re-

covery/high specificity; 4) high recovery/high specificity (still not yet achievable 

(Théry et al., 2018, Welsh et al.,2024)), and should report all details of the method for 

reproducibility; the source of EVs and the EVs preparation must be described quanti-

tatively, and global quantification of EVs provided by either total protein amount 

(which can be measured by various colometric assays e.g. Bradford) or total particle 
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number (which can be measured by light scattering technologies such as nanoparticle 

tracking analysis (NTA)). For the general characterisation of EVs, at least 2-3 positive 

protein surface markers of EVs, including at least one transmembrane/lipid-bound 

protein and one cytosolic protein, must be analysed. Several methods can be used to 

quantify proteins to assess the presence of proteins in EV preparations. However, 

Western blotting is the most used (Théry et al.,2018). 

In this study, standard approaches of sequential centrifugation and ultracentrifugation 

were used for EV separation/enrichment, also following and adapted to previous pro-

tocols established in our lab (Lange et al.,2019; Kosgodage et al., 2018; Criscitiello et 

al., 2019; Criscitiello et al.,2020(a,b,c); Pamenter et al., 2019; Phillips et al., 2020; 

Bowden et al., 2020(a)); transmission electron microscopy (TEM) was used to assess 

EVs morphology (imaging of EVs by TEM was kindly carried out by Dr. Igor Kraev, Open 

University, Milton Keynes, UK). EVs were quantified for total particle number and as-

sessed for size distribution profiling by nanoparticle tracking analysis (NTA). Moreo-

ver, for complete EV characterisation, two EV surface markers, Flotillin-1 and CD63, 

were assessed by western blotting. The whole and deiminated protein content of EVs 

(EV cargo) was isolated and evaluated by LC-MS/MS analysis to identify protein hits 

alongside gel electrophoresis followed by silver staining.  

2.1.1. Sample Collection of Biological Fluids for EV Isolation 

Samples of serum, plasma, coelomic fluid and mucus used in this study were kindly 

gifted from external collaborators as follows:  

Purple sea urchin (Strongylocentrotus purpuratus) coelomic fluid was provided by Dr. 

Katherine M. Buckley, Department of Biological Sciences, Auburn University, Auburn, 

AL 36849, US. Coelomic fluid was isolated from three adult animals by inserting a 
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chilled, 20-gauge syringe into the peristomal membrane and mixed (1:1) with calcium-

magnesium-free sea water (CMFSW, 460 mM NaCl, 10.73 mM KCl, 7.0 mM Na2SO4, 2.38 

mM NaHCO3, pH= 7.4), containing 30 mM EDTA. The whole coelomic fluid was centri-

fuged at 5000x g for 5 min to remove coelomocytes from the samples. Cell-free coe-

lomic fluid was collected, aliquoted, and frozen at -80°C until use. All procedures were 

carried out according to protocols approved by the Auburn University Institutional An-

imal Care and Use Committee (2020) (see D’Alessio et al.,2021 – b).  

Reindeer (Rangifer tarandus) plasma was kindly provided by Dr. Stefanía Thor-

geirsdóttir, Institute for Experimental Pathology at Keldur, University of Iceland, Keld-

navegur 3, Reykjavik, Iceland. Plasma was provided from previously isolated blood 

samples that had been taken from sixteen individual female reindeer – average age ap-

proximately seven years (range 1.5-12 years old) – sampled in Iceland as part of re-

search dealing with the general health of Icelandic reindeer with specific emphasis on 

chronic wasting diseases (CWD) and presence of parasites. Sample collection was un-

der the Icelandic laws and regulations on sampling from wild animals (64/1994) and 

licenses of the Institute for Experimental Pathology at Keldur, University of Iceland 

(number #0001 jt-650269-4594), approved by the central animal ethics committee in 

Iceland (Icelandic Food Regulation Authority, MAST Matvælastofnun). The plasma was 

isolated from EDTA blood samples according to standard procedures. Plasma was ali-

quoted at 250µL and stored at -80 °C until further use for the individual experiments 

(see D’Alessio et al.,2021 – a).  

Sea lamprey (Petromyzon marinus) plasma was kindly provided by Dr. Jonathan P. Rast, 

Emory University School of Medicine, Pathology & Laboratory Medicine, Atlanta, GA, 

30322, USA; Blood was collected from 7 Atlantic coast sea lamprey ammocoete larvae 

for the isolation of blood plasma, which was diluted in 200 µL 0.66X PBS, 50 mM EDTA. 
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The diluted plasma aliquots (approximately 250 µL per individual animal) were frozen 

at -80 °C until used for the experiment in this current study. All procedures were car-

ried out according to protocols approved by the Emory University Institutional Animal 

Care and Use Committee (PROTO201700387, 2020) (see Rast et al.,2021). 

Naked mole-rat (Heterocephalus glaber) plasma was kindly provided by Dr. Matthew 

Pamenter, Department of Biology, University of Ottawa. Naked mole rats were group-

housed in interconnected multi-cage systems at 30 °C and 21% O2 in 50% humidity 

and with a 12L:12D light cycle. Animals were fed fresh tubers, vegetables, fruit, and 

Pronutro cereal supplement ad libitum. Animals were not fasted before experimental 

trials. All experimental procedures were approved by the University of Ottawa Animal 

Care Committee (protocol #3444) under the Animals for Research Act and by the Ca-

nadian Council on Animal Care. Animals (1–2-year-old subordinate males and females 

weighing 40–60 g) were exposed to either 21% O2 (normoxia) or 7% O2 (hypoxia) for 

4h. Each experimental group was comprised of 10 animals. Following treatment, the 

animals were sacrificed by cervical dislocation followed by rapid decapitation. Blood 

was collected in heparinised syringes, and plasma was extracted by spinning whole 

blood at 1500 rpm for 15 min. In addition to plasma, brain protein extracts from hy-

poxia and control-treated naked mole rats were provided. Plasma aliquots were then 

frozen at −80 °C until analysis. In addition to plasma, brain protein extracts from hy-

poxia and control-treated naked mole rats were provided. Whole brains were rapidly 

removed on ice, similarly frozen in liquid nitrogen, and stored at −80 °C until analysis 

(see D’Alessio et al.,2022). 

Atlantic cod (Gadus morhua L.) serum and mucus were kindly provided by Dr. Bergljót 

Magnadóttir, Institute for Experimental Pathology, University of Iceland, Keldur v. Ves-

turlandsveg, 112 Reykjavik, Iceland. Samples were derived from experimentally 
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farmed Atlantic cod, hatched, and kept at the Marine Institute’s Experimental Fishfarm 

Stadur, Grindavik, Iceland. The fish (n = 45 per tank) were reared at 7 °C, which is the 

average rearing temperature of adult cod. The fish were fed commercial food pellets, 

and a natural photoperiod (64N) was provided. Serum was obtained from blood sam-

ples collected from a caudal vessel. The blood was clotted at room temperature for 2h 

and then at 4 °C overnight, followed by sera collection by centrifugation at 750g for 10 

min. (Magnadóttir et al.,2019;2020). The sera were divided into 250µl aliquots to avoid 

freeze-thawing cycles of individual serum samples and stored at -80 °C until further 

use for the current study. 

2.1.2. EVs Enrichment from Biological Fluids by Differential Centrifugation 

The individual purple sea urchin (Strongylocentrotus purpuratus) coelomic fluid, sea 

lamprey (Petromyzon marinus) serum, Atlantic Cod (Gadus morhua L.) serum and mu-

cus, Naked mole-rat (Heterocephalus glaber) plasma and Reindeer (Rangifer tarandus) 

plasma-derived EVs, were collected using the same EV enrichment approach. EVs were 

prepared according to previously established small-scale preparation protocols (Fig.8) 

in our laboratory (Magnadóttir et al.,2018; Pamenter et al.,2019; Bowden et al.,2020). 

Biological sample aliquots from the different species were thawed on ice and diluted 

1:5 in Dulbecco Phosphate Buffered Saline (DPBS, no calcium & no magnesium, Fisher 

Scientific) ultrafiltered using a 0.22 μm filter, before use): 100-250µl of plasma/se-

rum/mucus/coelomic fluid (depending on how many samples and how much samples 

were available for each species under study) were mixed with 400µl DPBS. EVs isola-

tion was carried out by sequential centrifugation combining low-speed centrifugation 

and ultracentrifugation; the EVs preparations were first centrifuged for 20 min at 

4000× g at 4 ◦C to remove apoptotic bodies and aggregates. Supernatants containing 

the EVs were then collected and ultra-centrifuged at 100,000× g at 4 ◦C for 1h to isolate 
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total EVs (50-1000nm). The resulting EV-enriched pellet was resuspended with 500 

μL DPBS (“washing step”) and then ultra-centrifuged again for one hour at 100,000× g 

at 4 ◦C. The final EV-enriched pellet was resuspended in 100 μL of DPBS for further 

analysis. The EVs from each preparation were frozen at −80 °C until used in the proce-

dures described below (all assessments were performed with EV preparations that had 

not frozen for longer than one week). More details on the EVs isolation from body fluids 

of each species can be found in Chapter 3, section 3.2 for EVs isolation of sea lamprey 

serum, purple sea urchin coelomic fluid and reindeer plasma; Chapter 4, section 4.2.2 

for the isolation of EVs from naked mole-rat plasma; Chapter 5, section 5.2.1 for details 

on EVs isolation from Atlantic Cod serum and mucus.  
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Figure 8. EVs isolation small-scale protocol preparation. Schematic representation of general 

small-scale EVs isolation protocol from selected taxa investigated: sea lamprey (Petromyzon 

marinus), purple sea urchin (Strongylocentrotus Purpuratus), reindeer (Rangifer tarandus), naked 

mole rat (Heterocephalus glaber), and Atlantic cod (Gadus morhua)—image created with 

BioRender.com.      

2.1.3. Nanoparticle Tracking Analysis (NTA)  

To determine the EV size and distribution profiles, nanoparticle tracking analysis 

(NTA), which is based on the Brownian motion of particles in suspension (Carr and 

Wright, 2008), was used and carried out using the NanoSight NS300 system (Malvern 

Panalytical Ltd., Malvern, UK). Before application on the NanoSight, the EV samples 

were diluted 1/1000 in DPBS (10 μL of EV preparation diluted in 990 μL of DPBS). The 

diluted EV samples were applied to the NanoSight NS300 (Malvern Panalytical, UK) 
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with a continuous flow through the system by a syringe pump (speed setting 50), re-

cording four repetitive reads, 60 sec each. Particle numbers per frame were 40 to 60, 

and camera settings were adjusted accordingly in the range of 9 to 13, depending on 

the type of EV sample for recording. For post-analysis, the threshold was set at 3 or 5 

but kept consistent for each species under investigation. The same measurement set-

tings were used for EV profiling for each species' samples. Replicate histograms were 

generated from the recorded videos using the NanoSight software 3.0 (Malvern), rep-

resenting the mean and confidence intervals of the four recordings for each sample. 

More details on the NTA analysis of EVs from body fluids of each species can be found 

in Chapter 3, section 3.2 for sea lamprey, purple sea urchin and reindeer; Chapter 4, 

section 4.2.2 for the isolation of EVs from naked mole-rat plasma; Chapter 5, section 

5.2.1 for details on EVs isolation from Atlantic cod serum and mucus.  

2.1.4 Morphological analysis of EVs by transmission electron microscopy 

EVs isolates from the species under investigation were assessed for morphology using 

transmission electron microscopy (TEM) in collaboration with Dr. Igor Kraev from the 

Electron Microscopy Suite, Faculty of Science, Technology, Engineering and Mathemat-

ics, Open University. Following the thawing of isolated EV pellets (stored frozen for one 

week before imaging), the EVs were resuspended in 100 mM sodium cacodylate buffer 

(pH 7.4). One drop (~3–5 μL) of the EV suspension was placed onto a grid which held 

a carbon support film which had been previously glow-discharged. Following partial 

drying of the EV suspension, the sample was fixed for 1 min at room temperature by 

placing the grid onto a drop of a fixative solution (2.5% glutaraldehyde in 100 mM so-

dium cacodylate buffer (pH 7.0)). The grid was applied to the surface of three drops of 

distilled water to wash the EV sample and remove excess water using filter paper. The 

EVs were then stained for 1 min with 2% aqueous Uranyl Acetate (Sigma-Aldrich), 
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removing the excess stain with filter paper and air drying the grid. TEM imaging of EVs 

was carried out with a JEOL JEM 1400 transmission electron microscope (JEOL, Tokyo, 

Japan), operated at 80 kV, using a magnification of 30,000× to 60,000×. Recording of 

digital images was performed with an AMT XR60 CCD camera (Deben, UK) (D’Alessio 

et al.,2021(a)(b); Rast et al.,2021; D’Alessio et al.,2022). 

2.1.5 EVs Characterisation by Western Blotting   

For characterisation of serum, coelomic fluid and plasma EVs, respectively, in sea lam-

prey, purple sea urchin, and reindeer, the EV-specific markers CD63 (ab216130, 

Abcam, UK) and Flotillin-1 (ab41927) (diluted 1/1000 in TBS-T), which have been pre-

viously shown to cross-react with EVs from other taxa, besides human, were assessed 

here, by Western blotting, to assess putative phylogenetic conservation of these mark-

ers and cross-reactivity for these antibodies. PAD isozymes (PAD1,2,3,4 and 6; pre-

dominantly PAD2, which is the most conserved pad isozyme) were also assessed by 

Western blotting on plasma, coelomic fluid and serum-derived EVs as described in this 

chapter, section 2.2.  

2.2. SDS-PAGE and Western Blotting Analysis  

Sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE) is a com-

monly used technique to separate a mixture of proteins, obtaining a high-resolution 

analytical separation of the proteins (Nowakowski, William and Petering, 2014). In this 

study, SDS-PAGE was carried out on plasma/serum/coelomic fluid and plasma/se-

rum/coelomic fluid EV samples. The materials and reagents used to carry out the SDS 

PAGE are listed in Table 1. All samples were diluted 1:1 in denaturing 2× Laemmli sam-

ple buffer (BioRad, UK) (containing 5% 2-Mercaptoethanol, BioRad, UK) and heated 

for 5min at 100 °C. 1x Run buffer for SDS-PAGE was prepared using (50ml of 10x 
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Tris/Glycine/SDS buffer and 450ml of distilled water (dH2O)). The samples in 2x 

Laemmli sample buffer were applied on 4–20% gradient Mini-PROTEAN ® TGX ™ Pre-

cast Protein Gels (10 or 15 well gels, BioRad, UK); the protein standard was Precision 

Plus Protein Dual Color Standards (BioRad, UK; 5-10µl per gel), which is a mixture of 

10 recombinant proteins in the size range of 10-250kDa, while for the samples a load-

ing volume ranging from 10-30µl per samples were used. The gels were run for 50 

minutes at 165 volts (V) for protein separation. 
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Table 1. Reagents and materials. List of reagents and materials with the respective catalogue 

number and company of purchase used for SDS-PAGE.  

Reagent/Material Cat. Number Company 

2x Laemmli Sample Buffer 1610737 Bio Rad UK 

2-Mercaptoethanol  1610737 Bio Rad UK 

10X Tris/Glycine/SDS 

Buffer  
1610732 Bio Rad UK 

4-20% Mini-PROTEAN ® 

TGX ™ Precast Protein Gels, 

10 well, 30µl 

4562093 Bio Rad UK 

4-20% Mini-PROTEAN® 

TGX™ Precast Protein Gels, 

15 well, 15µl 

4561096 Bio Rad UK 

Precision Plus Dual Color 

Standards  
1610374 Bio Rad UK 
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Figure 9. Schematic representation of sandwich assembly with different membranes. (Image 

created with BioRender.com). 

Western blotting was performed at 15 V for 1 h on a Trans-Blot® SD semi-dry transfer 

cell (BioRad, UK). Material, reagents, and antibodies used to carry out Western blotting 

analysis are listed in Table 2 below:  

Table 2. Materials, reagents, and primary/secondary antibodies used to carry out Western blotting.  

Material/Reagents 
Cat. Num-

ber 
Company - - 

10x Tris Glycine 

buffer 
1610734 BioRad, UK   

Nitrocellulose/Filter 

Paper Sandwiches 
1620215 BioRad, UK   

Ponceau S 010M4350 Sigma   
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Bovine Serum 

Albumin (BSA)  
SLCG0183 Sigma   

10x Tris Buffered 

Saline 
1706435 BioRad, UK   

Tween 20, 100% 

Nonionic Detergent  
1706531 BioRad, UK   

Amersham ECL 

Western Blotting 

Detection reagent – 

for 1 000cm² mem-

brane 

RPN2109 Cytivia   

 

 
    

Primary Antibod-

ies 

Cat. Num-

ber 
Company 

Concentra-

tion 

Dilution in 

TBS 

CD63 (rabbit-poly-

clonal) 
ab216130 Abcam, UK 1mg/ml 1/1000 

Flotillin-1 (rabbit-

polyclonal) 
ab41927 Abcam, UK 0.9mg/ml 1/1000 

PAD1(rabbit-poly-

clonal) 
ab181762 Abcam, UK 1mg/ml 1/1000 

PAD2 (rabbit-poly-

clonal) 
ab50257 Abcam, UK 1mg/ml 1/1000 

PAD3(rabbit-poly-

clonal) 
ab50246 Abcam, UK 1.832 mg/ml 1/1000 
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PAD4(rabbit-poly-

clonal) 
ab50332 Abcam, UK 7.2 mg/ml 1/1000 

PAD6(rabbit-poly-

clonal) 
PA5-72059 Abcam, UK  1/1000 

     

Secondary Anti-

bodies 

Cat. Num-

ber 
Company 

Concentra-

tion 

Dilution in 

TBS 

Anti-rabbit IgG H&L ab6721 BioRad 2mg/ml 1/3000 

Anti-mouse IgM H&L ab6728 BioRad 2mg/ml 1/3000 

After the proteins had been transferred to the nitrocellulose membrane, the sandwich 

was disassembled, the membrane stained with PonceauS (Sigma, UK) for 5 min and 

rinsed with distilled water to assess even protein transfer. The membrane was then 

blocked with 5% bovine serum albumin (BSA, Sigma, UK) in Tris-buffered saline (TBS) 

containing 0.1% Tween20 (BioRad, UK; TBS-T) for one hour at room temperature. Pri-

mary antibody incubation was carried out overnight at 4 ◦C on a shaking platform using 

the following antibodies: anti-human PAD1 (ab181762, Abcam, diluted 1/1000 in TBS-

T), PAD2 (ab50257, Abcam, diluted 1/1000 in TBS-T), PAD3 (ab50246, diluted 1/1000 

in TBS-T) and PAD4 (ab50332, diluted 1/1000 in TBS-T) PAD6 (PA5-72059, Thermo 

Fisher Scientific UK, diluted 1/1000 in TBS-T) antibodies, for detection of putative PAD 

protein homologues in whole sample and sample-derived EVs. For EVs characterisa-

tion, EVs markers CD63 (ab216130, Abcam, UK) and Flotillin-1 (ab41927) (diluted 

1/1000 in TBS-T) primary antibodies were assessed by incubating the membranes 

with the respective antibodies overnight at 4 ◦C on a shaking platform. Following pri-

mary antibody incubation, the nitrocellulose membranes were washed at RT in TBS-T 
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for 3 × 10 min and, after that, incubated with HRP-conjugated secondary antibodies 

(anti-rabbit IgG, BioRad; diluted 1/3000 in TBS-T) for 1h at RT. The membranes were 

then washed for 4 × 10 min TBS-T, followed by one wash in TBS without Tween20 and 

digitally visualised, using enhanced chemiluminescence (ECL, Amersham, UK) in con-

junction with the UVP BioDoc-ITTM System (Thermo Fisher Scientific, Dartford, UK).  

2.3. Isolation of Deiminated Proteins Using F95 Enrichment  

The focus of the study was to assess deiminated EV protein cargoes, besides total pro-

tein EV cargo, in some cases. For the identification of deiminated proteins, these were 

isolated from both EVs and whole biological fluids, such as serum, coelomic fluid, and 

plasma, depending on the species of interest. Citrullinated/deiminated proteins were 

enriched using the F95 pan-deimination/citrullination antibody (MABN328, Merck, 

UK) and the Catch and Release®v2.0 immunoprecipitation kit (Merck). The F95-anti-

body specifically detects proteins modified by citrullination and has been developed 

against a deca-citrullinated peptide (Nicholas and Whitaker, 2002). Pools of 

plasma/coelomic fluid/serum from individual animals (100μL plasma/coelomic 

fluid/serum pool) and, correspondent, EV isolates from the same individual animals 

(100 μL EVs pool) were used for F95 enrichment. The spin column, capture tubes and 

microcentrifuge tubes provided with the kit (Catch and Release®v2.0 immunoprecip-

itation kit (Merck)) were labelled, and the spin column snap-off bottom plug was re-

moved and placed aside. The spin column was inserted in the capture tube, with the lid 

loose, and centrifuged at 2000g for 30s/1min to remove the resin slurry buffer. The 

resin was then washed twice with 400µl 1x wash buffer, the content of the capture tube 

was discarded, and the bottom end of the column was plugged with the snap-off bottom 

plug. Reagents provided with the kit were added to the column in the following order: 

380 µl of 1x wash buffer, 100 µl of EVs pool (from 3-10 individuals), 10 µl of specific 
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antibody for immunoprecipitation (F95antibody, MAB328, Merck) and 10 µl of anti-

body capture affinity ligand (as recommended in the manufacturer’s instructions 

(Fig.10 – step 1). The column top was capped with the screw-on cap, secured with par-

afilm and incubated at 4 C overnight using a rotating platform (Fig.10 - step 2). There-

after, the snap-off bottom plug was removed and discarded, and the column was placed 

in the capture tube with a loose cap and centrifuged at 2000g for 1min, and the flow-

through was discarded. The bound protein was eluted with 4x non-reducing (denatur-

ing) elution buffer (Fig.10 - step 3), and the protein elute was after that diluted 1:1 in 

2× reducing (containing 5% beta-mercaptoethanol, Sigma, UK) Laemmli sample buffer 

(BioRad, Watford, UK) (Fig.10 – step 4). Samples were kept frozen in sample buffer 

at−20 ◦C until further use for SDS-PAGE analysis, Western blotting, and in-gel digestion 

for LC–MS/MS analysis (carried out by service from Cambridge Proteomics, UK) 

(Fig.10 – step 5).  
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Figure 10. F95 enrichment protocol. Schematic overview of the F95 enrichment protocol 

(adapted from Catch and Release®v2.0 immunoprecipitation kit protocol; Merck). (Image created 

with BioRender.com).  

2.4. Silver Staining of Total and Deiminated Proteins  

SDS-PAGE (using 4–20% gradient TGX gels, BioRad, UK) was carried out under reduc-

ing conditions for the F95-enriched protein eluates from both whole plasma/se-

rum/coelomic fluid and plasma/serum/coelomic EVs, as well as total protein cargo 

from EVs. Samples were diluted in denaturing 2× Laemmli sample buffer (containing 

5% beta-mercaptoethanol, BioRad, UK), were heated for 5 min at 100 ◦C and run for 50 

min at 165 V. The gels were then silver stained using the BioRad Silver Stain Plus Kit 

(1610449, BioRad, UK), according to the manufacturer’s instructions. To fix two gels, a 

fixative solution was prepared with 60ml of distilled water, 100ml of methanol, 20 ml 
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of fixative enhancer and 20 ml of acetic acid. The gels were placed in a container with 

the fixative solution for 20 min. After the fixative step, the gels were rinsed 2x10 min 

with 400 ml of distilled water, and 5 min before the staining and development step, a 

solution of 35 ml of distilled water, 5 ml of silver complex solution, 5 ml of reduction 

moderator solution, 5 ml of image development reagent and 50 ml of development ac-

celerator solution at RT, were mixed into a beaker in the order as described above. The 

gels were placed into the staining solution for 20 min (gels were monitored during this 

step to ensure bands were visible and the gels did not overstain), then transferred into 

a 5% acetic acid solution to stop the staining reaction for 15 min. The gels were then 

rinsed with distilled water for 5 minutes and visualised using a lightbox, and images 

were taken using a digital camera.  

2.5. Liquid Chromatography-Tandem Mass Spectrometry (LC-MS/MS) 

Analysis for the Identification of Deiminated Protein Candidates  

2.5.1 LC-MS/ MS 

For the LC–MS/MS analysis of deiminated proteins (derived from a pool of 3-10 indi-

viduals), the F95-enriched protein preparations (diluted 1:1 in 2× Laemmli buffer and 

boiled for 5 min at 100 ◦C) were run 0.5 cm into a 12% TGX gel (BioRad, UK) and cut 

out as one band each for in-gel digestion. Liquid chromatography with tandem mass 

spectrometry (LC–MS/MS) (Fig.11) was carried out to identify deiminated proteins 

from plasma/coelomic fluid and plasma/coelomic fluid EVs (as well as the brain citrul-

linome enriched fractions (from naked mole-rat – see more detail in Chapter 4), as ser-

vice carried out by Cambridge Proteomics (University of Cambridge, UK). In summary, 

the concentrated protein band (containing the F95 eluate) was excised, trypsin di-

gested and subjected to proteomic analysis using a Dionex Ultimate 3000 RSLC 
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nanoUPLC (Thermo Fisher Scientific Inc., Waltham, MA, USA) system in conjunction 

with a QExactive Orbitrap mass spectrometer (Thermo Fisher Scientific Inc, Waltham, 

MA, USA). Peptide separation was performed using reverse-phase chromatography 

(flow rate 300 nL/min) and a Thermo Scientific reverse-phase nano Easy-spray col-

umn (Thermo Scientific PepMap C18, 2 μm particle size, 100 A pore size, 75 μm i.d. × 

50 cm length). Peptides were loaded onto a pre-column (Thermo Scientific PepMap 

100 C18, 5 μm particle size, 100 A pore size, 300 μm i.d. × 5 mm length) from the Ulti-

mate 3000 autosampler (0.1% formic acid for 3 min, flow rate 10 μL/min). Afterwards, 

peptides were eluted from the pre-column onto the analytical column. The linear gra-

dient employed was 2–40% solvent B (80% acetonitrile, 20% water + 0.1% formic 

acid) for 30 min. An Easy-Spray source (Thermo Fisher Scientific Inc.) was used to 

spray the LC eluant into the mass spectrometer. An Orbitrap mass analyser (set at a 

resolution of 70,000) was used to measure all m/z values of eluting ions, scanned be-

tween m/z 380 and 1500. Fragment ions were automatically isolated and generated 

using data-dependent scans (Top 20) by higher-energy collisional dissociation (HCD, 

NCE: 25%) in the HCD collision cell. The resulting fragment ions were measured using 

the Orbitrap analyser set at a resolution of 17,500. Singly charged ions and ions with 

unassigned charge states were excluded from selection for MS/MS, employing a dy-

namic exclusion window of 20 s. In cases where the total protein content of EVs was 

assessed (for cod EVs from serum and mucus), a similar procedure for protein hits was 

carried out for total isolated proteins.  

2.5.2 Protein Hits Identification  

The data were processed post-run using Protein Discoverer (version 2.1., Thermo Sci-

entific). All MS/MS data were converted to mfg files. The files were submitted to the 

Mascot search algorithm (Matrix Science, London, UK) to identify deiminated protein 

hits. A search was conducted against a species-specific or a wider tax on specific 
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UniProt database (Fig.11). Search for protein hits identified in purple sea urchin (Stron-

gylocentrotus purpuratus) was conducted against the specific database (CCP_Strongy-

locentrotus_purpuratus Strongylocentrotus_purpuratus_20210510; 34,423 sequences; 

23,911,872 residues) and a common Echinoidea UniProt database CCP_Echinidea 

Echinidea_20210511 (38,194 sequences; 24,939,030 residues). An additional search 

was conducted against a common contaminant database (cRAP 20,190,401; 125 se-

quences; 41,129 residues) for all species under investigation. Search for deiminated 

protein hits identified in lamprey (Petromyzon marinus) was conducted against a com-

mon UniProt database against Atlantic sea lamprey (CCP_Petromyzon_mari-

nus_20201214 (11407 sequences, 4607059 residues). Deiminated protein hits identi-

fied in reindeer (Rangifer tarandus) were searched against a common UniProt database 

against Artiodactyla (CCP_ Artiodactyla Artiodactyla_20201013; 840,112 sequences; 

473,198,619 residues). Deiminated protein hits identified in naked mole-rat (Hetero-

cephalus glaber) were searched again in the UniProt database against the naked mole-

rat protein database CCP_Heterocephalus_glaber_20190911 (21,449 sequences: 

10,466,552 residues). In addition, a common contaminant database was also searched 

(cRAP 20190401; 125 sequences; 41,129 residues). Furthermore, total protein content 

hits of EVs from cod mucus and sera were assessed against species-specific (Gadus 

morhua) database: Gadus_morhua_20190405 (1283 sequences; 308668 residues), 

with settings at significant threshold p < 0.05 and cut off at Ions score 15; or against all 

teleost UniProt database. Deiminated protein hits identified in the species under study 

for each analysis were selected from the raw list of proteins, excluding human proteins, 

other species proteins and contaminants. Proteins identified in the F95 enrichment 

and whole protein isolation were organised on a table with the Protein ID and Protein 

name, species, and common name of the species, matches and sequences and total 

score (p<0.05) - †Ions score was -10*Log(P), where P is the probability that the 
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observed match is a random event. Individual ions scores > n indicate identity or ex-

tensive homology (p>0.05). Protein scores are derived from ions scores as a non-prob-

abilistic basis for ranking protein hits.  

 

Figure 11. Liquid chromatography-tandem mass spectrometry (LC-MS/MS) analysis flow. 

Identification of deiminated proteins in purple sea urchin, sea lamprey, Atlantic cod, naked mole-

rat, and reindeer. Deiminated proteins were extracted from the animal’s whole samples and 

samples derived from EVs by F95 immunoprecipitation and subjected to LC-MS/MS. Protein hits 

obtained were reorganised in a table for further analysis. (Image created with BioRender.com). 

2.6. Protein-Protein Interaction Network Analysis  

To predict and identify putative protein–protein interaction networks associated with 

the deiminated proteins and total proteomes from the individual species’ plasma/coe-

lomic fluid and plasma/serum/coelomic fluid EVs, STRING analysis (Search Tool for 

the Retrieval of Interacting Genes/Proteins; https://string-db.org/) was performed. 
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Protein networks were generated based on protein names, and the function of “search 

multiple proteins” was applied in STRING (https://string-db.org/) using the specific or 

representative animal under study (where no specific database was available) protein 

database. Parameters applied in STRING were “basic settings” and “medium confi-

dence”. Nodes connected with colour lines represent the following evidence-based in-

teractions for the network edges: “known interactions” (these are based on experimen-

tally determined curated databases), “predicted interactions” (these are based on gene 

neighbourhood, gene co-occurrence, gene fusion, via text mining, protein homology or 

co-expression). Gene ontology (GO) and KEGG (Kyoto Encyclopaedia of Genes and Ge-

nomes) pathways for the deiminated protein networks were further assessed in 

STRING and are highlighted by colour coding. STRING was accessed from March 2021 

to October 2023.  

2.7. Neighbour Joining Tree Analysis of PAD Isozyme Protein Sequences 

and EVs Surface Markers.  

Previously known PAD isozyme protein sequences for Artiodactyla (white-tailed deer 

(Odocoileus virginianus texanus), red deer (Cervus elaphus hippelaphus)) and sea lam-

prey (Petromyzon marinus) were used for reconstruction of neighbour joining tree: 

protein sequences were compared with human (Homo sapiens) PAD isozymes, teleost 

fish (Dicentrarchus labrax (Sea Bass) and Oncorhynchus mykiss (Rainbow trout)), rep-

tilian (Alligator (Alligator missippiensis)), amphibian (African clawed frog (Xenopus 

laevis), and cow (Bos taurus). The sequences used for the neighbour-joining tree using 

Clustal Omega (https://www.ebi.ac.uk/Tools/msa/clustalo/) are listed in Table 3 below: 

 

https://www.ebi.ac.uk/Tools/msa/clustalo/)(methodology
https://www.ebi.ac.uk/Tools/msa/clustalo/)(methodology
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Table 3. PAD sequences were retrieved from the NCBI (National Centre for Biotechnology 

Information) database.  

Species Accession number 

Petromyzon marinus (Lamprey) PAD2-like (XP_032825570.1) 

Xenopus laevis (African clawed frog) PAD2 homologue NP_001080369.1 

Alligator missippiensis (Alligator) 

PAD1 XP_006259278.3 

PAD2 XP_019355592.1  

 PAD3 XP_014457295.1 

Dicentrarchus labrax (Sea Bass) PAD protein CBN80708.1 

Oncorhynchus mykiss (Rainbow 

trout) 

PAD protein CAX45844.1 

PAD type-2isoform X2 XP_021425236.1 
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Bos taurus (Cow) 

PAD1 (NP_001094742.1) 

PAD2 (NP_001098922.1) 

PAD3 (XP_010800991.1) 

PAD4 (NP_001179102.1) 

PAD6 (XP_002685843.1) 

Odocoileus virginianus texanus 

(White tailed deer) 

PAD1 (XP_020733655.1) 

PAD2 (XP_020733656.1) 

PAD3 (XP_020733658.1) 

PAD4 (XP_020754850.1) 

PAD6 (XP_020754849.1) 

Cervus elaphus hippelaphus (Red 

deer) 

PAD1 (OWK12974.1) 

PAD4 (OWK12644.1) 

 

 

 

 

Homo sapiens (Human) 

 

 

PAD1 (NP_037490.2) 

PAD2 (NP_031391.2) 

PAD3 (NP_057317.2) 

PAD4 (NP_036519.2) 

PAD6 (NP_997304.3) 
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No PAD sequences were reported for S. purpuratus; a search for PAD orthologs was 

conducted using BLAST searches for S. purpuratus and other echinoderms on NCBI 

(https://www.ncbi.nlm.nih.gov/) and Echinobase (https://www.echinobase.org), was 

conducted. Following this, the S. purpuratus genome and the other available echino-

derm genome assemblies were further interrogated for PAD/PAD-like genes based on 

conservation in PAD protein domains using tBLASTn searches 

(https://blast.ncbi.nlm.nih.gov/Blast.cgi?PROGRAM=tblastn) with human PAD pro-

tein sequences (PAD1–4, PAD6). Any resultant scaffold matches were then used to pre-

dict PAD/PAD-like sequences using the FGENESH gene finder tool in Softberry 

(http://www.softberry.com), and predicted PAD/PAD-like protein sequences were 

checked using BLASTp searches for accuracy of identification. Available Echinoder-

mata transcriptional data (e.g., expressed sequence tag and transcriptome shotgun as-

sembly datasets) were also checked using the same approach to detect any potential 

expression of PAD/PAD-like protein genes to account for any possible missing data in 

any of the current echinoderm genome assemblies. One scaffold match for the mottled 

brittle starfish Ophionereis fasciata (GCA_900067615) was found while searching 

against all other echinoderm genome assemblies, and using the FGENESH gene fold 

match, we were able to predict protein from O. fasciata which revealed identity 

matches with putative PADs in Cyanobacteria (See section 3.5, Table 5 for more de-

tails). This highlights possible horizontal gene transfer from cyanobacteria to Chordata 

(D’Alessio et al., 2021 (b)) and is further analysed in the discussion.  

 

 

 

https://www.echinobase.org/
https://blast.ncbi.nlm.nih.gov/Blast.cgi?PROGRAM=tblastn
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Table 4. EVs markers sequences retrieved from the NCBI database. 

EVs Marker Species Accession N. 

Flotillin-1 

• Strongylocentrotus pur-

puratus 

• Petromyzon marinus 

• Gadus morhua 

• Heterocephalus glaber  

• Odocoileus virginianus 

texanus 

• Cervus elaphus 

• Homo Sapiens 

 

• >XP_0308532323 

• >XP_032820327 

• >XP_030202492.1 

• >XP_004847119.1 

• >XP_020744507.1 

• >XP_043763965.1 

• >AAC35387.1 

 

CD63 

• Strongylocentrotus pur-

puratus 

• Petromyzon marinus 

• Gadus morhua 

• Heterocephalus glaber  

• Cervus elaphus 

• Odocoileus virginianus 

texanus 

• Homo sapiens 

 

• >XP_030851019.1 

• >XP_032801945.1 

• >XP_030212776.1 

• >XP_004861432.1 

• >XP_043746766.1 

• >XP_020764156.1 

• >AHI51903.1(par-

tial) 
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The protein sequences for extracellular vesicle markers used for the EV characterisa-

tion, Flotillin-1 and CD63, were retrieved from NCBI database for the species under 

study: purple sea urchin (Strongylocentrotus purpuratus), sea lamprey (Petromyzon 

marinus), Atlantic cod (Gadus morhua), White-tailed deer (Cervus elaphus) and Red 

deer (Odocoileus virginianus texanus), as no specific sequence were present for Rein-

deer (Rangifer tarandus) (Table 4). Species sequences were submitted alongside hu-

man sequences to Clustal Omega (https://www.ebi.ac.uk/Tools/msa/clustalo/) for 

the reconstruction of the neighbour-joining tree (See Chapter 3, section 3.5).  

  

https://www.ebi.ac.uk/Tools/msa/clustalo/
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2.8 Cell Culture Experiments for Wound Healing Studies 

This section reports the different cell lines and cell culture techniques used to assess 

the role of EVs derived from serum and mucus of Atlantic cod (Gadus morhua) in in-

vitro wound healing models. The different materials and reagents used to perform 

those techniques are listed in Table 5 below:  

Table 5. List of reagents and materials used for cell culture and wound healing experiments.  

Reagent/Material Cat. Number Company 

10ml Serological Pipette 

bulks 20 bags of 25 
F110127 Gilson 

5ml Serological Pipette 

bulks 20 bags of 25 
F110125 Gilson 

 

Biocat 120ml BAMBANKER 

SERUM-FREE CELL FREEX-

ING MEDIUM 

13109155 Fisher Scientific 

DMEM, high glucose, Gluta-

MAX™ Supplement 
10566016 Thermo Fisher Scientific 

Corning™ Costar™ 12-well 

Clear TC-treated Multiple 

Well Plates, Individually 

Wrapped, Sterile 

10253041 Fisher Scientific 

Nunc™ 15ml Conical Sterile 

Polypropylene Centrifuge 

Tubes 

339650 Thermo Fisher Scientific 
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Nunc™ Cell-culture Treated 

multidishes 
140685 Thermo Fisher Scientific 

Nunc™ EasYFlask™ Cell cul-

ture Flasks (T25) 
156340 Thermo Fisher Scientific 

Nunc™ EasYFlask™ Cell cul-

ture Flasks (T75) 
156499 Thermo Fisher Scientific 

Fisherbrand™ Externally 

and Internally Threaded 

Cryogenic 

117839 Fisher Scientific 

Gibco™ Penicillin-

Streptomycin-Glutamine 

(100X) 

12090216 Fisher Scientific 

Gibco™ Trypsin- EDTA 

(0.25%) phenol red 
11560626 Fisher Scientific 

MP Biomedicals Fetal Bo-

vine Serum (FBS) 
15799170 

Fisher Scientific 

 

Falcon 50ml Conical 

Centrifuge Tubes 
10788561 Fisher Scientific 

 

Overall, three different cell lines were utilised in the current study for pilot assessment 

of the potential of EVs derived from Atlantic codfish biological fluids (serum and mu-

cus) to enhance wound healing. The initial experiments were performed using mouse 

fibroblasts, and thereafter, for a more direct translation to humans, experiments were 

carried out on human keratinocytes and fibroblasts. 
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3T3-L1 Mouse Fibroblasts cell line (ATCC CL-173) originates from a mouse embryo. 

It was initially used in this pilot study to assess cod serum-derived EVs' functionality 

in tissue regeneration. This cell line was obtained by the University of Westminster cell 

bank, and passage number 1 was started at the initial thawing of the provided aliquot. 

Cells were cultured in a T75 flask (ThermoFisher Scientific), according to the manufac-

turer’s protocol, in 1x DMEM (Gibco™) containing 10% FBS (MP Biomedical Fetal Bo-

vine Serum, Fisher Scientific) and 1% Penicillin-Streptomycin (Gibco™) until 70-80% 

confluency was reached. After that, the cells were seeded into a 12-well plate for 

wound scratch assay in the presence of EVs derived from cod biofluids (more method 

details in Chapter 5.3.3.1).  

The Immortalised Human Keratinocytes (HaCat) cell line was used for an initial pilot 

study of the potential of cod serum EVs in regeneration translatable into humans, avail-

able from the University of Westminster cell bank (ATCC n. PCS-200-011). General cell 

culture procedures followed the manufacturer’s recommendation (Thermo Fisher). 

Passage number 1 was counted after thawing the initial aliquot. This pilot assessment 

formed the basis of a more extensive investigation with a newly obtained cell line and 

culture (human dermal fibroblasts, adult - Cat. No. C-013-5C; GIBCO), where all pas-

sages were accurately recorded. Human immortalised Keratinocytes were cultured in 

a T75 flask (Thermo Scientific) in 1x DMEM (Gibco™) containing 10% FBS (MP Bio-

medical Fetal Bovine Serum, Fisher Scientific) and 1% Penicillin-Streptomycin 

(Gibco™) until 70-80% confluency and then seeded into a 12-well plate for optimisa-

tion of the wound scratch assay in the presence of EVs derived from cod biofluids 

(more method details in Chapter 5.3.3.1).  

Human Dermal Fibroblast, adult (HDFa)cells (Cat. No. C-013-5C; GIBCO), are pri-

mary human dermal fibroblasts isolated from adult skin, purchased from 
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ThermoFisher Scientific and cultured according to the manufacturer’s recommenda-

tion. This cell line was used to study the effects of cod EVs in scratch assay mimicking 

regeneration, as they represent the main functional component of the tissue from 

which they are derived. Cells were cultured in a T75 flask (Thermo Scientific) in 1x 

DMEM (Gibco™) containing 10% FBS (MP Biomedical Fetal Bovine Serum, Fisher Sci-

entific) and 1% Penicillin-Streptomycin (Gibco™) until 70-80% confluency and then 

seeded into a 12-well plate for wound scratch assay in the presence of EVs derived 

from cod biofluids (more method details in Chapter 5.3.3.1). 

Primary cells are cells taken directly from living tissue and established for growth in 

vitro. These cells have undergone very few populations doubling. Therefore, they are 

more representative of the main functional component of the tissue from which they 

are derived compared to continuous (immortalised) cell lines, making primary cells a 

more representative model for the in vivo state.  

2.8.1 In Vitro Scratch Wound Healing Assay  

Migration of mouse fibroblasts (3T3-L1), human immortalised keratinocytes (HaCat), 

human dermal fibroblasts, and adult (HDFa) cells were assessed using a wound healing 

scratch assay. Cells were seeded, following optimisation of protocols (See Appendix 1), 

into a 12-well plate (Thermo Fisher) at a concentration of 2 x 106 cells/well and cul-

tured in media containing 10%FBS and 1% penicillin-streptomycin to nearly confluent 

cell monolayers (90%). Then, a linear scratch was generated in the monolayer with a 

sterile 200µl plastic pipette tip. Any cellular debris was removed by washing the well 

with phosphate buffer saline (PBS). Fresh DMEM medium was added to a set of three 

wells (control group), and EVs isolated from cod (Gadus morhua) serum/mucus (for 

details on EV concentration/quantity, see Chapter 5.2.5) were resuspended with 

DMEM and added to a set of three wells (treatment group). Images were taken using 
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EVOS FL Auto Imaging Systems microscopy (Thermo Fisher Scientific) at different time 

points, following optimisation of time points for the scratch closure, with a 4x objective. 

2.8.2 Immunocytochemistry 

Immunocytochemistry (ICC) detects and visualises proteins or antigens in cells using 

antibodies that specifically recognise the target of interest. The antibody is directly or 

indirectly linked to a reporter, such as a fluorophore or enzyme. The reporter gives rise 

to a signal, such as fluorescence or colour from an enzymatic reaction, which can be 

detected under a microscope (The Human Protein Atlas, no date). Reagents and mate-

rials used for the ICC technique are reported in Table 6 below, together with primary 

and secondary antibodies used to assess immunofluorescence protein changes in hu-

man dermal fibroblasts and keratinocyte cell lines for in vitro wound healing pilot 

study (more details on the protocol and cell line used are reported in Chapter 5, section 

5.2.6).   
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Table 6. List of reagents, materials and used for immunocytochemistry.  

Reagent/Mate-

rial/Antibod-

ies 

Cat. Number Company 

Gibco™ PBS, pH 

7.4 
10010023 

Thermo 

Fisher Scien-

tific 

Glycine (White 

Crystals or Crys-

talline 

Poweder), 

Fisher BioRea-

gents™ 

10467963 
Fisher Scien-

tific 

Paraformalde-

hyde Solution 

4% in PBS 

J19943.K2 

Thermo 

Fisher Scien-

tific 

DAPI Solution 

(1mg/ml) 
62248 

Thermo 

Fisher Scien-

tific 

Gibco™ PBS, pH 

7.4 
10010023 

Thermo 

Fisher 

Bovine Serum 

Albumin (BSA) 
SLCG0183 SLCG0183 
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Primary/Sec-

ondary Anti-

bodies 

Cat. Number Company 
  Dilu-

tion 

Recombinant 

Anti-FGF2 anti-

body 

[EPR20145-

219] 

ab208687 Abcam 1/500 

Recombinant 

Anti-Vimentin 

antibody 

[EPR3776] 

ab92547 Abcam 1/500 

Goat Anti-Rabbit 

IgG H&L (Alexa 

Fluor® 488) 

ab150077 Abcam 

       

1/200 –   

1/1000 

 

The application of ICC in the current study was used to assess changes in the expres-

sion of Vimentin and FGF-2 proteins, which are involved in the process of wound heal-

ing in human fibroblasts and keratinocytes after scratch injury in the absence and pres-

ence of cod serum/mucus derived-EVs. Human Dermal Fibroblast, adult (HDFa), (Cat. 

No. C-013-5C; GIBCO), cells were seeded on a 12well plate and once reached conflu-

ency, were fixed at room temperature for 10min with 4% Paraformaldehyde in PBS 

(pH 7.4) (Thermo Fisher), washed three times with ice-cold PBS and then incubated 

for 10min with PBS containing 0.2% Triton X-100 for permeabilisation. After 10 min, 

wells containing cells were rinsed with PBS for 5 min x 3 times. Cells were incubated 



 81 

with blocking buffer (1% BSA + 22.52 mg/ml glycine in PBST) for 30min and after in-

cubated with primary antibodies (Anti-Vimentin and Anti-FGF2, 1/500) diluted in 

1%BSA+PBST overnight at 4 °C. Following primary antibody incubation, the blocking 

solution was removed, and the cells were washed three times, 5 minutes each wash, 

with PBS. Secondary antibody Goat Anti-Rabbit IgG H&L (Alexa Fluor 488, ab150077) 

was diluted 1/1000 in 1% BSA in PBST and incubated for 1h at room temperature, left 

in the dark. After the incubation, cells were washed three times with PBS, in the dark, 

and incubated for 1min with 0.1/1 mg/ml of DAPI solution. The solution was removed, 

cells rinsed with PBS and visualised with EVOS.  ICC protocol was adapted and opti-

mised for this experiment based on a general ICC protocol.  

2.9 Statistical Analysis  

The generation of NTA curves was carried out using the Nanosight 3.0 software (Mal-

vern, UK). The NTA curves show the mean (black line) and standard error of the mean 

(SEM), and the confidence intervals are indicated (red line). Protein–protein interac-

tion networks were generated using STRING (https://string-db.org/), applying basic 

settings and medium confidence. Images obtained from scratch assays were analysed 

using ImageJ software. Images at different time points were uploaded to the software, 

and using the freehand selection function, the gap area was outlined and measured. 

Data obtained from the wound gap analysis were then inserted into GraphPad Prims 

10 to generate histograms, and a one-way ANOVA test was employed for the statistical 

analysis; significance was considered as p ≤ 0.05. Graphs presenting EV numbers, 

modal numbers, and densitometry analysis results from western blots were created in 

GraphPad Prism 10; densitometry of Western blots was carried out using ImageJ.  
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Chapter 3 – Extracellular Vesicles Signatures and Deiminated 

Protein Cargo Across Three Points in the Phylogeny Tree – In-

sights from Echinoderms, Jawless Vertebrates, and Mammals  

3.1. Introduction 

In this study, the unique extracellular vesicle signatures and protein cargo, alongside 

their deimination signatures, are being explored for the first time in three distinct spe-

cies: the purple sea urchin (Strongylocentrotus purpuratus), the sea lamprey 

(Petromyzon marinus), and the reindeer (Rangifer tarandus) (D’Alessio et al., 2021(a); 

D’Alessio et al., 2021(b); Rast et al., 2021). The selected species represent pivotal posi-

tions in the phylogenetic tree (the purple sea urchin represents invertebrates (phylum 

Echinodermata, order Echinoida), the sea lamprey represents an ancient lineage of 

jawless fish (phylum Chordata, order Petromyzontiformes), and the reindeer repre-

sents mammals (phylum Chordata, order Artiodactyla), and their unique immunologi-

cal characteristics make them compelling model organisms for comparative analysis. 

This study offers fresh insights into the post-translational regulation of pathways in-

volved in immunity and metabolism across different phylogenetic tree branches. By 

using these species as reference points, the research seeks to enhance our understand-

ing of the roles of post-translational modifications in the functional diversification of 

conserved proteins throughout evolution. This research sheds light on the intricate 

mechanisms of post-translational modifications in various species and underlines their 

significance in the potential diversification of proteins involved in immunity and me-

tabolism. Thus, this research journey delves into the evolutionary history by examining 

the signatures of extracellular vesicles, protein cargo, and deimination signatures, 

providing a deeper understanding of biological processes across diverse species. 
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Strongylocentrotus purpuratus (Purple Sea urchin) 

The purple sea urchin, scientifically known as Strongylocentrotus purpuratus, is a ma-

rine invertebrate belonging to the phylum Echinodermata. It is primarily found along 

the eastern side of the Pacific Ocean, spanning from Mexico to Alaska, and is commonly 

located in intertidal and near-shore subtidal waters (Sodergren et al., 2006; Amir et al., 

2020). Unlike many other organisms, echinoderms exhibit an extensive lifespan, rang-

ing from 5 to over 100 years. This peculiarity is attributed to their lack of discernible 

signs of cellular senescence and their deviation from the conventional ageing process 

(Amir et al., 2020). Sea urchins hold significant importance as study subjects in devel-

opmental biology, particularly in research areas concerning regeneration and ageing. 

Analysis of their genome sequence has provided valuable insights into their immune 

responses and further solidified their connection to vertebrates (Sodergren et al., 

2006; Smith and Kroh, 2013). The immune system of sea urchin mirrors that of verte-

brates, consisting of two lines of defence: a physical/chemical barrier and a secondary 

barrier composed of humoral factors. This prompts a humoral response, activating 

phagocytic cells, antimicrobial agents, and an inflammatory reaction (Chiaramonte and 

Russo, 2015). 

Additionally, sea urchins possess an ancient complement activation system like the one 

possessed by vertebrates. They also feature an expanded repertoire of pattern recog-

nition receptors encoded within their genome and a distinctive array of immune effec-

tor proteins. The sea urchin's capacity to thrive in challenging conditions and adapt to 

diverse marine environments is likely attributed to its intricate and advanced immune 

system. Consequently, comprehending the role of post-translation deimination facili-

tated by Peptidylarginine deiminases (PADs) and PAD homologues (such as arginine 

deiminase, ADI) may shed light on different immune mechanisms, potentially including 
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those related to symbiosis with bacteria. This became evident during the study, as no 

homologue of sea urchin PAD was identified (D’Alessio et al., 2021). 

Petromyzon marinus (Sea lamprey) 

The sea lamprey (Petromyzon marinus) is an ancient jawless vertebrate that diverged 

from the lineage leading to humans approximately 500 million years ago (Kuraku and 

Kuratani, 2018). Native to the Northern Atlantic, sea lampreys have played a pivotal 

role as a model in the study of vertebrate developmental evolution (York and 

McCauley, 2020). Distinguishing itself from jawed vertebrates, the sea lamprey pos-

sesses a unique adaptive immune system characterised by the absence of immunoglob-

ulins, instead relying on three types of variable lymphocyte receptors (VLRs) (Bohem 

et al., 2018). Additionally, its complement system displays distinct features compared 

to jawed vertebrates (Matshushita, 2018). Due to its phylogenetic position, the lam-

prey holds significant importance as a model species for evaluating the conservation 

and divergence of vertebrate traits (Xu et al., 2016; York and McCauley, 2020). 

Rangifer tarandus (Reindeer) 

The reindeer (Rangifer tarandus), also known as caribou in North America, belongs to 

the mammalian order Artiodactyla within the family Cervidae. Throughout their evo-

lution, reindeer have developed specific and extraordinary biological traits related to 

fat metabolism, alterations in their internal biological clock, minimal heat dissipation, 

and a low resting metabolic rate (Lin et al., 2019). Nevertheless, these features' under-

lying molecular and genetic mechanisms remain largely unexplored (Lin et al., 2019; 

Weldenegodguad et al., 2020). The genome of the reindeer has been successfully se-

quenced (Taylor et al., 2019), and investigations into its genetic diversity and mito-

chondrial DNA have been conducted among Alaskan, Siberian, Scandinavian reindeer, 
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and wild caribou populations (Cronin et al., 2006). According to the IUCN Red List of 

Threatened Species (2016), reindeer have been categorised as a vulnerable species due 

to a decrease in their numbers, potentially linked to shifts in their habitat and their 

susceptibility to chronic wasting disease (CWD), a fatal neurodegenerative ailment 

(William and Young, 1980; Moore et al., 2016). Furthermore, it is notable that R. taran-

dus may serve as a carrier for various zoonotic diseases, including those caused by par-

asites, bacteria, and viruses (Palmer et al., 2004; Tryland et al., 2018; Pollard et al., 

2018; Sanchez Romano et al., 2019; Palmer et al., 2021). Deers have recently been iden-

tified as novel reservoir hosts for SARS-CoV-2 (Palmer et al., 2021). 

3.2 Extracellular Vesicles Signatures Across Species  

Extracellular vesicle characterisation by Nanoparticle Track Analysis (NTA) in purple 

sea urchin, sea lamprey, and reindeer revealed similar EV size distribution, albeit with 

some variations between species: EVs isolated from coelomic fluid of purple sea urchin, 

showed a population of EVs poly-dispersed in the range of 30-300nm, with the major-

ity of small EVs (exosome) in the range of 50-150nm and larger EVs (microvesicles) up 

to 300nm (Fig.12 ). Lamprey and reindeer plasmas showed a more similar EV popula-

tion distribution among the two species, between 40-500nm, with the majority of EVs 

in the range of 70-300nm for lamprey (Fig.13) and 100-250nm for reindeer (Fig.14). 

EVs characterisation in the three species was further assessed by transmission elec-

tron microscopy and surface markers confirmed by western blotting, which showed 

positive for the phylogenetically conserved EVs-specific markers CD63 and Flotillin-

1(Fig.12,13,14), meeting the minimum requirements for EV characterisation by the In-

ternational Society for Extracellular Vesicles (ISEV) research (Théry et al.,2018). 

  



 

 

Figure 12. EVs characterisation across phylogeny. Representative NTA curves, Transmission Electron Microscopy for EVs characterisation and Western Blot for 

phylogenetically conserved EVs-specific markers: CD63 (1/1000) and Flot-1 (1/1000) for purple sea urchin (Strongylocentrotus purpuratus)

50nm

A.



 

 

 

Figure 13. EVs characterisation across phylogeny. Representative NTA curves, Transmission Electron Microscopy for EVs characterisation and Western Blot for 

phylogenetically conserved EVs-specific markers: CD63 (1/1000) and Flot-1 (1/1000) for lamprey (petromyzon marinus).  

B.
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Figure 14. EVs characterisation across phylogeny. Representative NTA curves, Transmission Electron Microscopy for EVs characterisation and 

Western Blot for phylogenetically conserved EVs-specific markers: CD63 (1/1000) and Flot-1 (1/1000) for Reindeer (Rangifer tarandus)(C). 

50 nm

C.



 

3.3 Neighbour-joining tree of EVs markers.  

A neighbour-joining tree for EV markers in purple sea urchin (Strongylocentrotus pur-

puratus), sea lamprey (Petromyzon marinus) and reindeer (Rangifer tarandus) was 

produced by aligning the sequences for Flotillin-1, CD63, in human (Homo sapiens), 

purple sea urchin (Strongylocentrotus purpuratus), lamprey (Petromyzon marinus), At-

lantic cod (Gadus morhua), red deer (Cervus elaphus) and white deer (Odocoileus vir-

ginianus texanus) as species of reference for reindeer (as no sequences for Rangifer 

tarandus was identified), using Clustal Omega – Multiple sequence alignment  

(https://www.ebi.ac.uk/Tools/msa/clustalo/) (Fig.15). 

 

Figure 15. EV-specific markers across phylogeny. Neighbour-joining tree of EV-markers 

(Flotillin-1, Alix, CD63) for purple sea urchin (Strongylocentrotus purpuratus), sea lamprey 

(Petromyzon marinus), Atlantic cod (Gadus Morhua), red deer (Cervus elaphus), white deer 

(Odocoileus virginianus texanus) and human (Homo sapiens). Sequences were retrieved from the 

NCBI database and submitted to Clustal Omega to reconstruct a neighbour-joining tree.  

3.4 PAD Isozyme Detection 

Putative PAD-like proteins were assessed by western blotting in the coelomic fluid of 

purple sea urchin and plasma of lamprey and reindeer via cross-reaction using anti-

Flotillin-1
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Gadus morhua

Cervus elaphus

Homo sapiens

Odocoileus virginianus texanus
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Gadus morhua

Cervus elaphus

Homo sapiens

Odocoileus virginianus texanus

CD63 

https://www.ebi.ac.uk/Tools/msa/clustalo/
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human PAD isozyme-specific antibodies. While for lamprey and reindeer, the PAD2 an-

tibody showed a protein band at the expected size of 70-75 kDa, as for mammalian 

PAD2 (Fig 17-B and C, respectively), in purple sea urchin, PAD2 showed a lower cross-

reactive band at 65-70 kDa (Fig.17-A). 

PADs in Echinodermata – Purple Sea Urchin  

 Searching the Echinoid database, no PAD-like protein hits were identified as present; 

also, mining the genome and transcriptome, no PAD/PAD-like protein-coding genes 

were found in the sea urchin genomes nor across Echinodermata (D’Alessio et al.,2021- 

b). PAD/ADI proteins have been reported in microbiota of Echinoidea, for example, the 

marine bacterium Marixanthomonas ophiurae, family Flavobacteriaceae isolated from 

deep-sea brittle stars and from Echinicola strongylocentroti, a bacterium isolated from 

sea urchin (Strongylocentrotus intermedius) (D’Alessio et al., 2021- b). ADI is well-

known in cyanobacteria (Romanenko et al.,2007), also known as blue-green algae, con-

tributing to the sea urchin diet. Our research found a PAD coding gene identified from 

an echinoderm genome assembly attributed to a Cyanobacteria (Table 7). We, there-

fore, cannot exclude that the deiminated protein products observed in purple sea ur-

chins may be generated by ADI activity from microbiota coelomic fluid as a result of 

symbiosis between commensals and/or pathogens and the host, considering the ab-

sence of functional PAD genes across the Echinodermata (D’Alessio et al.,2021 - b).  
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Table 7. Top 5 BLASTp results for the predicted PAD protein from the mottled brittle starfish 

(Ophionereis fasciata) genome (all with 100% query cover).  

 

PADs in Jawless Vertebrates – Sea Lamprey  

In lamprey, PAD-like proteins were detected in plasma via cross-reaction using human 

PAD antibodies (Fig.17-B): PAD1 and PAD3 were assessed in plasma, showing bands 

at the expected size of 70-75kDa. In contrast, in PAD4, a non-specific cross-reaction 

was observed. In PAD6, a strong reaction was visible, showing a double band at 50 and 

75kDa. However, PAD2 antibodies showed the strongest reaction, with a visible band 

at the expected size of 70-75kDa, accordingly with the PAD2-like protein sequences 

previously reported in lamprey (XP_032825558.1; XP_032825490.1; 

XP_032825520.1) (Rast et al.,2021). Moreover, analysis of the per cent identity matrix 

generated by Clustal Omega for lamprey, compared with human PADs 1-6 and sea bass 

PAD, revealed similarity in amino acid identity between the three lamprey PAD2-like 

proteins (72-74%), with human PAD2 (50.1-50.6%) and with sea bass PADs (49.8-

55.2%) (Fig.16-B) (Rast et al.,2021). 
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Figure 16. Percent identity matrix as generated by Clustal Omega for lamprey (P. marinus) PAD2-

like protein sequences reported (XP_0.382558.1; XP_032825520.1; XP_032825490.1), compared 

with human PADs 1–6 and sea bass (D.labrax) PAD (for the percent identity matrix including all 

sequences in the neighbour-joining tree (A). Neighbour-joining tree shows reported lamprey 

PAD2-like protein sequences compared with teleost (sea bass (D. labrax) and rainbow trout (O. 

mykiss)) PAD-like proteins, amphibian (X. laevis) PAD-like protein, reptilian (A. mississippiensis) 

PAD1-3 isozymes and all five human (H. sapiens) PAD isozymes (PAD1, 2, 3, 4 and 6, respectively). 

The closest homology was found with human PAD2, followed by teleost (sea bass) PAD. The red 

numbers represent a measure of support for the node (B).   

 

 

 

 

A.

B.
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PADs in Artiodactyla – Reindeer  

In reindeer, PAD2, PAD3, and PAD4 were assessed in both plasma and plasma EVs us-

ing anti-human PADs-specific antibodies (Fig.17-C), revealing their presence at the 

predicted size of 70-75kDa in plasma. At the same time, only PAD4 seemed to be ex-

ported in reindeer plasma EVs, showing a strong positive reaction.   

 

Figure 17. Peptidylarginine deiminase (PAD) isoforms detection by Western blotting and 

Silverstein detection of total proteins and F95-enriched proteins in (A) purple sea urchin coelomic 

fluid, (B) lamprey plasma and plasma EVs and (C) reindeer plasma and plasma EVs.  

 

A.

B.

C.
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3.5 Neighbour-joining tree of PADs isozymes  

The following sequences were used for the neighbour-joining tree (Fig.18) using Clus-

tal Omega (https://www.ebi.ac.uk/Tools/msa/clustalo/): human (Homo sapiens) 

PAD1 (NP_037490.2), PAD2 (NP_031391.2), PAD3 (NP_057317.2), PAD4 

(NP_036519.2) and PAD6 (NP_997304.3); Odocoileus virginianus texanus PAD1 

(XP_020733655.1), PAD2 (XP_020733656.1), PAD3 (XP_020733658.1), PAD4 

(XP_020754850.1) and PAD6 (XP_020754849.1) isozymes; Bos taurus PAD1 

(NP_001094742.1), PAD2 (NP_001098922.1), PAD3 (XP_010800991.1), PAD4 

(NP_001179102.1), and PAD6 (XP_002685843.1) isozymes; Cervus elaphus hippela-

phus PAD1 (OWK12974.1), PAD4 (OWK12644.1) isozymes; Petromyzon marinus (lam-

prey) PAD2-like (XP_032825570.1); teleost fish (sea bass – Dicentrarchus labrax 

CBN80708.1; rainbow trout – Oncorhynchus mykiss PAD protein CAX45844.1 and PAD 

type-2isoform X2 XP_021425236.1), reptilian (Alligator missippiensis PAD1 

XP_006259278.3, PAD2 XP_019355592.1 and PAD3 XP_014457295.1), amphibian 

(Xenopus laevis PAD2 homologue NP_001080369.1). 

 

https://www.ebi.ac.uk/Tools/msa/clustalo/


 

 

Figure 18. Neighbour-joining tree of known PADs from Artiodactyla, lamprey and Atlantic cod compared with teleost, amphibians, reptiles, and human PAD sequences. 

The numbers following the species names represent a measure of support for the node. 

PAD4 – Homo sapiens 0.11741 

PAD6 – Homo sapiens 0.13884
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PAD2 – Petromyzon marinus 0.26
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PAD2 isoform X1 – Gadus morhua 0.01613
PAD protein – Dicentrarchus labrax 0.10748

PAD protein – Oncorhynchus mykiss 0.10926

PAD2 isoform X2 – Alligator mississippiensis 0.08527

PAD2 – Odocoileus virginianus texanus 0.04832

PAD2 – Homo sapiens 0.02355

PAD4 – Odocoileus virginianus texanus 0.00779

PADI4 – Cervus elaphus hippelaphus 0.1014

PAD1– Homo sapiens 0.10362

PAD1-like – Odocoileus virginianus texanus 0.02122 

PADI4 – Cervus elaphus hippelaphus 0.02403

PAD3 – Homo Sapiens 0.0582

PAD3 - Odocoileus virginianus texanus 0.02551

PAD3 – Bos taurus 0.02419

PAD3 – Alligator mississipiensis 0

PAD1 predicted – Alligator mississipiensis 0.18079

PAD3 predicted – Alligator mississipiensis 0 



 

3.6 Analysis of Deiminated Protein Cargo and Associated Protein-Pro-

tein Interaction Network Identification in Purple Sea Urchin, Sea Lam-

prey, and Reindeer  

Identification of deiminated proteins in purple sea urchin coelomic fluid and EVs, lam-

prey plasma and plasma EVs and reindeer plasma and plasma EVs was carried out fol-

lowing F95 -enrichment, using protein hits identified by LC-MS/MS analysis. For each 

species, deiminated protein hits were identified using specific or common UniProt da-

tabases (Echinoidea database for purple sea urchin, lamprey-specific database and 

R.tarandus and Artiodactyla database for reindeer).  

Strongylocentrotus purpuratus – Purple Sea Urchin  

In purple sea urchin’s coelomic fluid were identified a total of 41 deiminated proteins 

(including uncharacterised proteins), of which six were overlapping with EVs deimi-

nated protein hits: two annotated target proteins (Major yolk protein and 60S riboso-

mal protein L40) and four uncharacterised proteins with a secondary annotation (Cy-

toskeletal Actin-1A, -2A, -1B, and -2B; Histone H2B; Histone H4 and Tubulin beta 

chain). Seven annotated deiminated target proteins were identified to be unique for 

coelomic fluid (Complement C3; Late histone H2B.2.1; Tubulin alpha chain, Fascin; 

Elongation factor alpha-1; Glyceraldehyde-3-phosphate dehydrogenase and Cell sur-

face protein). Furthermore, 31 (including non-annotated hits) deiminated protein hits 

were identified in EVs, and four of those were identified as unique for EVs (Beta actin, 

Cytoplasmic actin CyII, gp96 heat shock protein, and 98K protein) (Table 8,Fig 17- A). 

In addition to deiminated proteins in coelomic fluid and EVs, LC-MS/MS analysis was 

carried out for total protein cargo of sea urchin EVs: 182 protein hits were identified, 

whereof eight overlapped with deiminated hits from EVs (Major yolk protein, Beta-

actin, Actin, Tubulin beta chain, Histones H2B and H4, Heat shock protein gp96, and 
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60S ribosomal protein L40). Protein found as deiminated in coelomic fluid were found 

amongst the total protein cargo in EVs (Complement C3, Actin cytoskeletal 1A-1B, Tu-

bulin alpha chain, Tubulin beta chain, Histone H4, Histone H2B and Glyceraldehyde-3-

phosphate dehydrogenase), indicating differences in deimination targets between EVs 

and coelomic fluid and showing a large number of proteins relating to many vital cel-

lular functions are exported as EVs cargo, although only some of these proteins are 

deiminated in EVs (Table 8, Fig.19– B).  
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Table 8. Deiminated protein hits identified by F95 enrichment in conjunction with LC-MS/MS. Hits 

identified in coelomic fluid derived-EVs, coelomic fluid (CF), or both are indicated by a tick (v). 

Uncharacterised hits with an annotated secondary hit are included and shown in brackets. 

Protein ID 

Protein name 

Species name 

Common 

name 

EVs CF 

P19615/MYP_STRPU 

Major yolk protein 

Strongylocen-

trotus purpu-

ratus 

Purple sea ur-

chin 

v v 

A0A7M7HL75_STRPU 

Uncharacterized protein 

(Actin, cytoskeletal 2A; Actin, cyto-

skeletal 1A; Actin, cytoskeletal 1B; 

Actin, cytoskeletal 2B) 

Strongylocen-

trotus purpu-

ratus 

Purple sea ur-

chin 

v v 

A0A7M7PME7_STRPU 

Uncharacterized protein 

(Major yolk protein) 

Strongylocen-

trotus purpu-

ratus 

Purple sea ur-

chin 

v v 

A0A1L3KPZ4_MESNU 

Beta actin 

Mesocentrotus 

nudus 

Sea urchin 

v  
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O18555_HELER 

Cytoplasmic actin CyII 

Heliocidaris 

erythrogramma 

Sea urchin 

v  

A0A7M7NNT8_STRPU 

Uncharacterized protein 

(Histone HB2) 

Strongylocen-

trotus purpu-

ratus 

Purple sea ur-

chin 

 

v v 

H3IPI3_STRPU 

Uncharacterized protein 

(Histone H4) 

Strongylocen-

trotus purpu-

ratus 

Purple sea ur-

chin 

 

v v 

A0A7M7SSL0_STRPU 

Uncharacterized protein 

(Heat shock protein gp96) 

Strongylocen-

trotus purpu-

ratus 

Purple sea ur-

chin 

 

 v  

A0A7M7GHQ8_STRPU 

Uncharacterized protein 

(Tubulin beta chain) 

Strongylocen-

trotus purpu-

ratus 

v v 
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Purple sea ur-

chin 

D5H3J3_PSAMI 

60S ribosomal protein L40 

Psammechinus 

miliaris 

Green sea ur-

chin 

v v 

Q7M4J9_HEMPU 

98K protein 

Hemicentrotus 

pulcherrimus 

Sea urchin 

v  

O443344_STRPU 

Complement C3 

Strongylocen-

trotus purpu-

ratus 

Purple sea ur-

chin 

 

 v 

A0A7M7NRQ3_STRPU 

Uncharacterized protein 

(Tubulin beta chain) 

Strongylocen-

trotus purpu-

ratus 

Purple sea ur-

chin 

 

 v 

 

 

P07794/H2BL1_PSAMI 

Late histone H2B.2.1 

 

Strongylocen-

trotus purpu-

ratus 

 

 

 

 

v 
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Purple sea ur-

chin 

A0A7M7RBS6_STRPU 

Uncharacterized protein 

(Histone H2B) 

Psammechinus 

miliaris 

Green sea ur-

chin 

  

D5H3J3_PSAMI 

60S ribosomal protein L40 

Strongylocen-

trotus purpu-

ratus 

Purple sea ur-

chin 

v v 

A0A7M6UC80_STRPU 

Uncharacterized protein 

(Histone H2A.V; Histone H2A-bta, 

sperm) 

Psammechinus 

miliaris 

Green sea ur-

chin 

 v 

A0A7M7MZP4_STRPU 

Uncharacterized protein 

(Tubulin alpha chain) 

Strongylocen-

trotus purpu-

ratus 

Purple sea ur-

chin 

 v 

A0A7M7NVJ2_STRPU 

Uncharacterized protein 

(Fascin) 

Strongylocen-

trotus purpu-

ratus 

Purple sea ur-

chin 

 v 
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A0A7M6UMT5_STRPU 

Uncharacterized protein 

(Elongation factor alpha-1) 

Strongylocen-

trotus purpu-

ratus 

Purple sea ur-

chin 

  v 

A0A1DB8I2L3_STENE 

Glyceraldehyde-3-phosphate 

dehydrogenase 

Strongylocen-

trotus purpu-

ratus 

Purple sea ur-

chin 

 v 

Q26049_PARLI 

Cell surface protein 

Paracentrotus 

lividus 

Mediterranean 

purple sea ur-

chin 

 v 

 

 

Figure 19. Shared deiminated protein hits in Purple Sea Urchin. Venn diagrams showing 

unique and shared deiminated protein hist identified in purple sea urchin coelomic fluid and 

coelomic fluid- EVs (A); unique and shared protein hits identified in total EV protein cargo and EV 

citrullinome in purple sea urchin (B). 
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Petromyzon marinus – Sea Lamprey  

In lamprey total plasma, 72 annotated hits were identified, 48 of which were specific 

to plasma only, 24 hits were shared between plasma and plasma EVs, and 13 protein 

hits were identified to be specific for EVs only (Table 9- Fig.20). Common deiminated 

protein targets in plasma and plasma-EVs included: Fibrinogen C-terminal-domain 

containing protein, C1q domain-containing protein, C1q and TNF related 9, Ana-

phylatoxin-like domain-containing protein, SERPIN domain-containing protein, 

DUF1081 domain-containing protein, Blood plasma apolipoprotein LAL2, Serum albu-

min, Plastocyanin-like domain-containing protein, Beta-actin; Actin gamma 2, Elonga-

tion factor 1-alpha, Pyruvate kinase, Histone H2A, Histone H2B, Histone H3, Histone 

H4, 2-phospho-D-glycerate hydrolyse, Heat shock protein 90, Glyceraldehyde-3-phos-

phate dehydrogenase, Tyrosine 3-monooxygenase/tryptophan 5-mono- oxygenase ac-

tivation protein eta, 60S ribosomal protein L18a, CRALTRIO domain-containing pro-

tein, Peptidase S1 domain-containing protein. Deiminated proteins identified in EVs 

only included Desmin, 60 kDa chaperonin, 78 kDa glucose-regulated protein, Septin 7, 

160 kDa neurofilament protein, 60S acidic ribosomal protein P0, 60S ribosomal pro-

tein L8, 60S ribosomal protein L23, Ribosomal protein L3 like, 75 kDa glucose-regu-

lated protein, OTU deubiquitinase with linear linkage specificity b, FACT complex sub-

unit and Spartin b. Deiminated proteins identified in whole plasma only included: Ac-

tivation peptide fragment 1, Angiotensinogen, Serpin peptidase inhibitor (heparin co-

factor), Ferritin, Fibrinogen (alpha, beta and gamma-chain), Fibronectin, Fibrinopep-

tide A, Albumin domain- containing protein, Trypsinogen b2, Adiponectin, TED_com-

plement domain-containing protein, Tubulin beta chain, L-lactate dehydrogenase, Jac-

alin-type lectin domain-containing protein, Cytoglobin, M20_dimer domain-containing 

protein, Alpha-1,4 glucan phosphorylase, Triosephosphate isomerase, AMP deami-

nase, Fructose- bisphosphate aldolase, Carnosine dipeptidase 2, Ribosomal protein L7, 
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60S ribosomal protein L13a, Ribosomal protein L4, Ribosomal protein L23a, 40S ribo-

somal protein S9 and S11, 60S ribosomal protein L21, 40S ribosomal protein S26, Car-

bonic anhydrase, 3-hydroxyacyl-[acyl-carrier-protein] dehydratase, H15 domain-con-

taining protein, Erythrocyte membrane protein band 4.1 like 2, Cap methyltransferase 

1, Olfactomedin 4, PLAT domain-containing protein, Ankyrin repeat domain 28, Cen-

tromere protein S, Kringle domain-containing protein, Glutamine-fructose-6-phos-

phate transaminase, Palmitoyltransferase, Protein kinase domain-containing protein, 

KIF-binding protein, DDE_Tnp_1_7 domain-containing protein, LRRNT domain-con-

taining protein, Anoctamin, Vesicle-fusing ATPase and Myosin motor domain-contain-

ing protein.  

Table 9. Deiminated protein hits by F95-enrichment in conjunction with LC-

MS/MS. Hits identified in sea lamprey plasma-EVs and whole plasma, or both, are in-

dicated by a thick (v). Uncharacterised hits with an annotated secondary hit are in-

cluded and indicated in brackets.  

Protein ID 

Protein name 

Species name 

Common name 

Plasma- 

EVs 
Plasma 

S4RH70_PETMA 

DUF1081 domain-containing 

protein 

Petromyzon marinus 

Sea lamprey 
v v 

ALBU_PETMA 

Serum albumin SDS-1 

Petromyzon marinus 

Sea lamprey 
v v 

S4RBZ1_PETMA 

SERPIN domain-containing 

protein 

Petromyzon marinus 

Sea lamprey 
v  
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S4RVP0_PETMA 

Anaphylatoxin-like domain-

containing protein 

Petromyzon marinus 

Sea lamprey 
v v 

S4RPC4_PETMA 

Fibrinogen beta chain 

Petromyzon marinus 

Sea lamprey 
 v 

S4RP12_PETMA 

Plastocyanin-like domain-

containing protein 

Petromyzon marinus 

Sea lamprey 
v v 

FIBG_PETMA 

Fibrinogen gamma chain 

Petromyzon marinus 

Sea lamprey 
 v 

S4REY0_PETMA 

Activation peptide fragment 1 

Petromyzon marinus 

Sea lamprey 
 v 

 

K7N848_PETMA 

Angiotensinogen 

 

Petromyzon marinus 

Sea lamprey 
 v 

S4RUQ3_PETMA 

SERPIN domain-containing 

protein 

Petromyzon marinus 

Sea lamprey 
 v 

S4RPV0_PETMA 

Fibrinogen C-terminal do-

main-containing protein 

Petromyzon marinus 

Sea lamprey 
v v 
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S4RUS7_PETMA 

Serpin peptidase inhibitor, 

clade D (heparin cofactor), 

member 1 

Petromyzon marinus 

Sea lamprey 
 v 

S4RC14_PETMA 

Fibronectin 

Petromyzon marinus 

Sea lamprey 
 v 

S4RSU9_PETMA 

Albumin domain-containing 

protein 

Petromyzon marinus 

Sea lamprey 
 v 

S4R8Z6_PETMA 

C1q and TNF related 9 

Petromyzon marinus 

Sea lamprey 
v v 

S4RSZ0_PETMA 

Fibrinogen C-terminal do-

main-containing protein 

Petromyzon marinus 

Sea lamprey 
 v 

O42160_PETMA 

Trypsinogen b2 

Petromyzon marinus 

Sea lamprey 
 v 

S4RVH9_PETMA 

Peptidase S1 domain-con-

taining protein 

Petromyzon marinus 

Sea lamprey 
 v 

S4RH85_PETMA 

Uncharacterized protein 

(Beta-actin; Actin gamma 2, 

smooth muscle) 

Petromyzon marinus 

Sea lamprey 
 v 

FIBA1_PETMA 

Fibrinogen alpha-1 chain 

Petromyzon marinus 

Sea lamprey 
 v 
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S4RT32_PETMA 

Adiponectin, C1Q and colla-

gen domain containing 

Petromyzon marinus 

Sea lamprey 
 v 

S4R568_PETMA 

Tubulin beta chain 

Petromyzon marinus 

Sea lamprey 
 v 

S4S1D7_PETMA 

Glyceraldehyde-3-phosphate 

dehydrogenase 

Petromyzon marinus 

Sea lamprey 
 v 

S4RL04_PETMA 

Tyrosine 3-monooxygen-

ase/tryptophan 5-monooxy-

genase activation protein eta 

Petromyzon marinus 

Sea lamprey 
v v 

APL2_PETMA 

Blood plasma apolipoprotein 

LAL2 

Petromyzon marinus 

Sea lamprey 
v v 

S4RW10_PETMA 

Ferritin 

Petromyzon marinus 

Sea lamprey 
  

LDH_PETMA 

L-lactate dehydrogenase 

Petromyzon marinus 

Sea lamprey 
 v 

S4RJ23_PETMA 

C1q and TNF related 9 

Petromyzon marinus 

Sea lamprey 
 v 

S4S0L1_PETMA 

Jacalin-type lectin domain-

containing protein 

Petromyzon marinus 

Sea lamprey 
 v 
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S4R963_PETMA 

Cytoglobin 

Petromyzon marinus 

Sea lamprey 
 v 

S4RB03_PETMA 

Histone H2B 

Petromyzon marinus 

Sea lamprey 
 v 

S4RUX0_PETMA 

Ferritin 

Petromyzon marinus 

Sea lamprey 
 v 

S4R4V3_PETMA 

Pyruvate kinase 

Petromyzon marinus 

Sea lamprey 
 v 

S4RR00_PETMA 

TED_complement domain-

containing protein 

Petromyzon marinus 

Sea lamprey 
 v 

S4RWE8_PETMA 

M20_dimer domain-contain-

ing protein 

Petromyzon marinus 

Sea lamprey 
 v 

S4RAY0_PETMA 

Histone H4 

Petromyzon marinus 

Sea lamprey 
 v 

S4S1N9_PETMA 

Elongation factor 1-alpha 

Petromyzon marinus 

Sea lamprey 
 v 

S4RMH3_PETMA 

Ferritin 

Petromyzon marinus 

Sea lamprey 
 v 

S4S090_PETMA 

C1q domain-containing pro-

tein 

Petromyzon marinus 

Sea lamprey 
 v 

S4RAZ5_PETMA 

Histone H2A 

Petromyzon marinus 

Sea lamprey 
v v 
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S4RLF1_PETMA 

Alpha-1,4 glucan phosphory-

lase 

Petromyzon marinus 

Sea lamprey 
 v 

S4S088_PETMA 

C1q domain-containing pro-

tein 

Petromyzon marinus 

Sea lamprey 
 v 

S4RFY7_PETMA 

Jacalin-type lectin domain-

containing protein 

Petromyzon marinus 

Sea lamprey 
 v 

S4RDV2_PETMA 

Heat shock protein 90, alpha 

(cytosolic), class A member 1, 

tandem duplicate 2 

Petromyzon marinus 

Sea lamprey 
v v 

S4R694_PETMA 

Triosephosphate isomerase 

Petromyzon marinus 

Sea lamprey 
 v 

S4R691_PETMA 

AMP deaminase 

Petromyzon marinus 

Sea lamprey 
 v 

S4RTN2_PETMA 

Zgc:152830 

Petromyzon marinus 

Sea lamprey 
 v 

S4RGR5_PETMA 

Fructose-bisphosphate al-

dolase 

Petromyzon marinus 

Sea lamprey 
 v 

S4RXJ5_PETMA 

Carnosine dipeptidase 2 

Petromyzon marinus 

Sea lamprey 
 v 
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S4RG79_PETMA 

C1q domain-containing pro-

tein 

Petromyzon marinus 

Sea lamprey 
 v 

S4RG79_PETMA 

2-phospho-D-glycerate hy-

dro-lyase 

Petromyzon marinus 

Sea lamprey 
v v 

S4RX00_PETMA 

N-glycanase_N domain-con-

taining protein 

Petromyzon marinus 

Sea lamprey 
v v 

S4RQ44_PETMA 

PFK domain-containing pro-

tein 

Petromyzon marinus 

Sea lamprey 
v v 

S4RWR0_PETMA 

60S ribosomal protein 

Petromyzon marinus 

Sea lamprey 
v v 

S4S092_PETMA 

C1q domain-containing pro-

tein 

Petromyzon marinus 

Sea lamprey 
v v 

S4RQL1_PETMA 

Ribosomal protein L7 

Petromyzon marinus 

Sea lamprey 
 v 

S4S165_PETMA 

Histone H2A 

Petromyzon marinus 

Sea lamprey 
v v 

S4R6W7_PETMA 

C1q domain-containing pro-

tein 

Petromyzon marinus 

Sea lamprey 
 v 
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S4RPI3_PETMA 

0S ribosomal protein L13a 

Petromyzon marinus 

Sea lamprey 
 v 

S4RE39_PETMA 

Peptidase S1 domain-con-

taining protein 

Petromyzon marinus 

Sea lamprey 
 v 

S4R718_PETMA 

Ribosomal protein L4 

Petromyzon marinus 

Sea lamprey 
 v 

S4RXD9_PETMA 

Carbonic anhydrase 

Petromyzon marinus 

Sea lamprey 
 v 

S4RFI6_PETMA 

Ribosomal protein L23a 

Petromyzon marinus 

Sea lamprey 
 v 

S4R5M7_PETMA 

-hydroxyacyl-[acyl-carrier-

protein] dehydratase 

Petromyzon marinus 

Sea lamprey 
 v 

S4RW50_PETMA 

C1q and TNF related 9 

Petromyzon marinus 

Sea lamprey 
 v 

S4RAY9_PETMA 

H15 domain-containing pro-

tein 

Petromyzon marinus 

Sea lamprey 
 v 

S4RZ58_PETMA 

CRAL-TRIO domain-contain-

ing protein 

Petromyzon marinus 

Sea lamprey 
v v 

S4RAY6_PETMA 

Histone H3 

Petromyzon marinus 

Sea lamprey 
v v 
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S4R900_PETMA 

Erythrocyte membrane pro-

tein band 4.1 like 2 

Petromyzon marinus 

Sea lamprey 
 v 

S4R4U3_PETMA 

40S ribosomal protein S9 

Petromyzon marinus 

Sea lamprey 
 v 

S4RLF4_PETMA 

Cap methyltransferase 1 

Petromyzon marinus 

Sea lamprey 
 v 

S4RZY7_PETMA 

Olfactomedin 4 

Petromyzon marinus 

Sea lamprey 
 v 

S4RV41_PETMA 

PLAT domain-containing pro-

tein 

Petromyzon marinus 

Sea lamprey 
 v 

S4RFJ2_PETMA 

Ankyrin repeat domain 28 

Petromyzon marinus 

Sea lamprey 
 v 

S4RFF9_PETMA 

60S ribosomal protein L18a 

Petromyzon marinus 

Sea lamprey 
 v 

*S4RXZ4_PETMA 

Centromere protein S 

Petromyzon marinus 

Sea lamprey 
 v 

S4RIK4_PETMA 

Kringle domain-containing 

protein 

Petromyzon marinus 

Sea lamprey 
 v 

S4RVF7_PETMA 

40S ribosomal protein S26 

Petromyzon marinus 

Sea lamprey 
 v 
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S4RU19_PETMA 

Protein kinase domain-con-

taining protein 

Petromyzon marinus 

Sea lamprey 
 v 

S4RZ42_PETMA 

60S ribosomal protein L21 

Petromyzon marinus 

Sea lamprey 
  

S4RCX7_PETMA 

Fibrinopeptide A 

Petromyzon marinus 

Sea lamprey 
 v 

S4RHB4_PETMA 

KIF-binding protein 

Petromyzon marinus 

Sea lamprey 
 v 

*S4R9C6_PETMA 

DDE_Tnp_1_7 domain-con-

taining protein 

Petromyzon marinus 

Sea lamprey 
 v 

S4RH55_PETMA 

LRRNT domain-containing 

protein 

Petromyzon marinus 

Sea lamprey 
 v 

S4R9Z3_PETMA 

Anoctamin 

Petromyzon marinus 

Sea lamprey 
 v 

S4RDD9_PETMA 

Vesicle-fusing ATPase 

Petromyzon marinus 

Sea lamprey 
 v 

S4RUU5_PETMA 

Myosin motor domain-con-

taining protein 

Petromyzon marinus 

Sea lamprey 
 v 
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S4RH85_PETMA 

Uncharacterized protein 

(Beta-actin; Actin gamma 2, 

smooth muscle) 

Petromyzon marinus 

Sea lamprey 
v  

S4RE82_PETMA 

Desmin b 

Petromyzon marinus 

Sea lamprey 
v  

S4RBJ3_PETMA 

60 kDa chaperonin 

Petromyzon marinus 

Sea lamprey 
v  

S4RB03_PETMA 

Histone H2B 

Petromyzon marinus 

Sea lamprey 
v  

 

S4RAY0_PETMA 

Histone H4 

 

 

 

Petromyzon marinus 

Sea lamprey 
v  

S4S091_PETMA 

C1q domain-containing pro-

tein 

 

Petromyzon marinus 

Sea lamprey 
v  

S4RIP9_PETMA 

78 kDa glucose-regulated 

protein 

Petromyzon marinus 

Sea lamprey 
v  

S4R4V3_PETMA 

Pyruvate kinase 

Petromyzon marinus 

Sea lamprey 
v  
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S4RFB7_PETMA 

60S ribosomal protein L23 

Petromyzon marinus 

Sea lamprey 
v  

S4S1N9_PETMA 

Elongation factor 1-alpha 

Petromyzon marinus 

Sea lamprey 
v  

S4RX19_PETMA 

Septin 7 

Petromyzon marinus 

Sea lamprey 
v  

S4RRG5_PETMA 

160 kDa neurofilament pro-

tein 

Petromyzon marinus 

Sea lamprey 
v  

S4RNE3_PETMA 

60S ribosomal protein L18a 

Petromyzon marinus 

Sea lamprey 
v  

S4S171_PETMA 

60S acidic ribosomal protein 

P0 

Petromyzon marinus 

Sea lamprey 
v  

S4RID2_PETMA 

Uncharacterized protein (Fi-

brinogen C-terminal domain-

containing protein) 

Petromyzon marinus 

Sea lamprey 
v  

S4R4R6_PETMA 

Ribosomal protein L3 like 

Petromyzon marinus 

Sea lamprey 
v  

S4RPS8_PETMA 

75 kDa glucose-regulated 

protein 

Petromyzon marinus 

Sea lamprey 
v  
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S4RCL1_PETMA 

OTU deubiquitinase with lin-

ear linkage specificity b 

Petromyzon marinus 

Sea lamprey 
v  

S4RDI0_PETMA 

FACT complex subunit 

Petromyzon marinus 

Sea lamprey 
v  

S4R9Q9_PETMA 

Peptidase S1 domain-con-

taining protein 

Petromyzon marinus 

Sea lamprey 
v  

S4RYF8_PETMA 

Gp_dh_N domain-containing 

protein 

Petromyzon marinus 

Sea lamprey 
v  

S4S068_PETMA 

Spartin b 

Petromyzon marinus 

Sea lamprey 
v  

 

 

Figure 20. Shared deiminated protein hits in Sea Lamprey. The Venn diagram represents the 

number of deiminated protein hits identified by LC-MS/MS from the F95-enriched fractions in 

plasma (plasma citrullinome) and plasma-EVs (EV citrullinome); uncharacterised protein hits are 

indicated in brackets.  
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Rangifer Tarandus – Reindeer  

110 hits were identified as specific for reindeer whole plasma, while 14 deiminated 

protein hits were identified as specific to EVs only. EV-specific hits included keratins 

(KRT5, KRT17, KRT19), collagen (type I alpha-1 and alpha 2 chain; type III alpha-1 

chain and isoform X1), SH3 domain-containing protein, cytoplasmic actin 1, endoplas-

mic reticulum chaperone BiP, HATPase c domain-containing protein, ubiquitin-60S ri-

bosomal protein L40, lysozyme, and histone H2B (although a H2B-like protein did also 

come up as a possible secondary hit for an uncharacterised hit in whole plasma). Fif-

teen shared deiminated hits identified between plasma and plasma EVs were albumin, 

serum albumin, IF rod domain, keratin, keratin 75, keratin, type I cytoskeletal 15, brad-

ykinin, TAF domain-containing protein, histone H4, annexin, junction plakoglobin, VH 

region, Ig-like domain, endoplasmic reticulum chaperone and obscurin. (Table 10, 

Fig.21) 

Table 10. Deiminated proteins identified by F95 enrichment and liquid chromatography with 

tandem mass spectrometry (LC-MS/MS) analysis. Hits identified in reindeer plasma-EVs and whole 

plasma, or both, are indicated by a thick (v). Uncharacterised hits with an annotated secondary hit 

are included and indicated in brackets.  

Protein ID 

Protein name 

Species name 

Common name 

Plasma- 

EVs 
Plasma 

A0A140T897_BOVIN 

Albumin 

Bos taurus 

Cow 
v v 

L8ISP4_9CETA 

Serum Albumin 

Bos mutus 

Domestic Yak 
v v 
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A0A4W2GW83_BOBOX 

Uncharacterized protein 

(ALB protein) 

Bos indicus x Bos tau-

rus 

Zebu x Cow 

v v 

A0A5N3XZ04_MUNRE 

IF rod domain- 

containing protein 

Muntiacus reevesi 

Chinese muntjac 
v v 

A0A212DF80_CEREH 

KRT5 

Cervus elaphus hippel-

aphus 

European red deer 

v  

A0A6J0WT46_ODOVR 

serum albumin 

Odocoileus virginianus 

texanus 

White-tailed deer 

v v 

A0A5N4DHW9_CAMDR 

Keratin 

Camelus dromedarius 

Dromedary 
v v 

A0A4W2C021_BOBOX 

Uncharacterized protein 

(Collagen alpha-1(I) chain) 

 

Bos indicus x Bos tau-

rus 

Zebu x Cow 

v v 

A0A452FHU9_CAPHI 

Uncharacterized protein 

(Collagen type I alpha 1 

chain) 

 

Capra hircus 

Goat 
v v 
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A0A5N3WTF4_MUNMU 

Uncharacterized protein 

(collagen alpha-1(I) chain 

isoform X1) 

Muntiacus muntjac 

Barking deer 

 

v v 

A0A5N4D320_CAMDR 

Keratin 

Camelus dromedarius 

Dromedary 
v v 

A0A6J0WBI9_ODOVR 

histidine-rich glycoprotein 

isoform X1 

Odocoileus virginianus 

texanus 

White-tailed deer 

v v 

A0A212D793_CEREH 

KRT19 

Cervus elaphus hippel-

aphus 

European red deer 

v  

A0A287B5W2_PIG 

Trypsinogen isoform X1 

Sus scrofa 

Wild boar 
v v 

A0A4W2D3K5_BOBOX 

Keratin 75 

Bos indicus x Bos tau-

rus 

Zebu x Cow 

v v 

A0A4W2DIS9_BOBOX 

Keratin 75 

Bos indicus x Bos tau-

rus 

Zebu x Cow 

v v 
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A0A6B0R6W5_9CETA 

Uncharacterized protein 

(IF rod domain-containing 

protein; Glial fibrillary acidic 

protein) 

 

Bos mutus 

Domestic yak 

 

v v 

9XAP9_CAMFR 

Keratin, type I cytoskeletal 

14-like protein 

 

Camelus ferus 

Wild Bactrian camel 
v v 

A0A452FN18_CAPHI 

IF rod domain-containing 

protein 

Capra hircus 

Goat 
v v 

A0A5N4DGN6_CAMDR 

Keratin 

Camelus dromedarius 

Dromedary 
v v 

A0A4W2IN22_BOBOX 

IF rod domain-containing 

protein 

Bos indicus x Bos tau-

rus 

Zebu x Cow 

v v 

A0A6I9IRH0_VICPA 

keratin, type I cytoskeletal 

Vicugna pacos 

Alpaca 
v v 

A0A5G2QXD3_PIG 

IF rod domain-containing 

protein 

 

Sus scrofa 

Wild boar 
v v 
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A0A3Q1LZN8_BOVIN 

Collagen alpha-2(I) chain 

Bos taurus 

Cow 
v  

A0A287BLD2_PIG 

Uncharacterized protein 

(Collagen alpha-1(I) chain 

preproprotein. 

Alpha1 chain of type I collage) 

 

 

Sus scrofa 

Wild boar 
v v 

A0A212D6S5_CEREH 

KRT17 

Cervus elaphus hippel-

aphus 

European red deer 

v  

A0A5N4DFY6_CAMDR 

Keratin 

Camelus dromedarius 

Dromedary 
v v 

A0A212CMY9_CEREH 

Uncharacterized protein 

(Immunoglobulin heavy con-

stant; Beta-2-microglobulin) 

 

Cervus elaphus hippel-

aphus 

European red deer 

v v 

A0A6J3QLJ4_TURTR 

collagen alpha-1(I) chain 

Tursiops truncates 

Common bottlenose 

dolphin 

v  

A0A2Y9SJP9_PHYMC 

Keratin, type II cytoskeletal 

6A 

Physeter macrocepha-

lus 

Sperm Whale 

v v 
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A0A452EP10_CAPHI 

IF rod domain-containing 

protein 

 

Capra hircus 

Goat 
v v 

A0A6B0R542_9CETA 

Uncharacterized protein 

(Bradykinin; Kininogen-1; Ki-

ninogen-2; Isoform LMW of 

Kininogen-1;Isoform LMW of 

Kininogen-2) 

Bos mutus 

Wild yak 
  

A0A5N4DG47_CAMDR 

Keratin 

Camelus dromedarius 

Dromedary 
v v 

A0A5N3WDS4_MUNMU 

Bradykinin 

Muntiacus muntjac 

Barking deer 
v v 

A0A1S7J1Y9_PIG 

Alpha2 chain of type I colla-

gen 

 

Sus scrofa 

Wild boar 
v  

A0A5N4DFY1_CAMDR 

Keratin 

Camelus dromedarius 

Dromedary 
v v 

A0A383ZWF6_BALAS 

keratin, type II cytoskeletal 

6A-like isoform X2 

Balaenoptera 

acutorostrata 

scammoni 

Minke whale 

v v 



 123 

W5Q4S0_SHEEP 

Uncharacterized protein 

(Collagen alpha-1(III) chain; 

Collagen type III alpha 1 

chain; Fibrillar collagen NC1 

domain-containing protein) 

Ovis aries 

Sheep 
v v 

A0A2F0AVL6_ESCRO 

Keratin, type II cytoskeletal 4 

Eschrichtius robustus 

Gray whale 
v v 

A0A5N3W3N9_MUNRE 

SH3 domain-containing pro-

tein 

Muntiacus reevesi 

Chinese muntjac 
v  

A0A340XVM8_LIPVE 

keratin, type I cytoskeletal 15 

Lipotes vexillifer 

Baiji 
v v 

A0A5N4CT25_CAMDR 

Histone H4 

Camelus dromedarius 

Dromedary 
v v 

A0A5N3XAC4_MUNRE 

Uncharacterized protein 

(Ig-like domain-containing 

protein) 

Muntiacus reevesi 

Chinese muntjac 
v v 

A0A6J0ZDI0_ODOVR 

serotransferrin 

Odocoileus virginianus 

texanus 

White-tailed deer 

v v 

ACTB_BOSMU 

Actin, cytoplasmic 1 

Bos mutus grunniens 

Wild yak 
v  
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A0A5N3WEA4_MUNMU 

Beta-1 metal-binding globulin 

Muntiacus muntjac 

Barking deer 
v v 

A0A6J0XRB4_ODOVR 

keratin, type II cytoskeletal 2 

oral-like 

Odocoileus virginianus 

texanus 

White-tailed deer 

v v 

A0A2C9F3E9_PIG 

Junction plakoglobin 

Sus scrofa  

Pig 
v v 

A0A212DB90_CEREH 

Ig-like domain-containing 

protein 

Cervus elaphus hippel-

aphus 

European red deer 

v v 

0A6I9IE32_VICPA 

collagen alpha-1(III) chain 

isoform X1 

Vicugna pacos 

Alpaca 
v  

A0A212D5P4_CEREH 

TAF domain-containing pro-

tein 

Cervus elaphus hippel-

aphus 

European red deer 

v v 

A0A643C4S8_BALPH 

Uncharacterized protein 

(IF rod domain-containing 

protein; KRT81; Keratin 85) 

Balaenoptera physalus 

Fin Whale 
v v 

A0A5N3W8P2_MUNMU 

Uncharacterized protein 

(Ig-like domain-containing 

protein) 

Muntiacus muntjac 

Reeves’s muntjac 
v v 
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A0A212D7J2_CEREH 

Fibrinogen beta chain 

Cervus elaphus hippel-

aphus 

European red deer 

v v 

A0A287B7K6_PIG 

IF rod domain-containing 

protein 

 

Sus scrofa 

Wild boar 
v v 

A0A212DFA6_CEREH 

IF rod domain-containing 

protein 

Cervus elaphus hippel-

aphus 

European red deer 

v v 

A0A6J0XD83_ODOVR 

fibrinogen alpha chain 

Odocoileus virginianus 

texanus 

White-tailed deer 

v v 

A0A2Y9MPQ9_DELLE 

collagen alpha-1(III) chain 

Delphinapterus leucas 

Beluga whale 
v  

A0A452E8D3_CAPHI 

Ig-like domain-containing 

protein 

Capra hircus 

Goat 
v v 

W5P2K5_SHEEP 

IF rod domain-containing 

protein 

Ovis aries 

Sheep 
v v 

A0A5N3UHT3_MUNRE 

Ig-like domain-containing 

protein 

Muntiacus reevesi 

Chinese muntjac 
v v 
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A2P2I1_SHEEP 

VH region 

Ovis aries 

Sheep 
v v 

Q0VCX2|BIP_BOVIN 

Endoplasmic reticulum chap-

erone BiP 

Bos taurus 

Cow 
v  

A0A212CAL2_CEREH 

Elongation factor 1-alpha 

 

Cervus elaphus hippel-

aphus 

European red deer 

v v 

A0A5N3UV43_MUNMU 

IF rod domain-containing 

protein 

 

Muntiacus muntjac 

Barking deer 
v v 

A0A3Q1LUE9_BOVIN 

Ig-like domain-containing 

protein 

 

Bos taurus 

Cow 
v v 

A0A6B9SDT6_BOVIN 

Ig lambda chain variable re-

gion 

Bos taurus 

Cow 
v v 

A0A212CSZ9_CEREH 

Ig-like domain-containing 

protein 

Cervus elaphus hippel-

aphus 

European red deer 

v v 

A0A2F0B9E6_ESCRO 

Trypsin 

 

Eschrichtius robustus 

Gray whale 
v v 
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A0A286ZKC5_PIG 

HATPase_c domain-contain-

ing protein 

Sus scrofa 

Wild boar 
v  

A0A1L6BP13_BUBBU 

Beta-casein 

Bubalus bubalis 

Water buffalo 
v v 

A0A6B0S2F2_9CETA 

Fibrinogen C-terminal do-

main-containing protein 

Bos mutus 

Wild yak 
v v 

P0C276|RL40_SHEEP 

Ubiquitin-60S ribosomal pro-

tein L40 

Ovis aries 

Sheep 
v  

A0A2Y9SBW8_PHYMC 

Histone H2B 

Physeter macrocepha-

lus 

Sperm Whale 

v  

A0A6B0RTH8_9CETA 

Uncharacterized protein 

(Obscurin) 

Bos mutus 

Wild yak 
v v 

A0A6J3S691_TURTR 

keratin, type II cytoskeletal 

78 

Tursiops truncates 

Common bottlenose 

dolphin 

v v 

A0A383ZRF2_BALAS 

keratin, type I cytoskeletal 24 

Balaenoptera 

acutorostrata scam-

mony 

Minke whale 

v v 
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A0A0C5AGQ3_BUBBU 

Lysozyme 

Bubalus bubalis 

Water buffalo 
v  

A2P2I3_SHEEP 

VH region 

Ovis aries 

Sheep 
  

A0A075B7I6_PIG 

Ig-like domain-containing 

protein 

Sus scrofa 

Wild boar 
  

A0A0R4I993_SUSBA 

Tubulin alpha chain 

Sus barbatus 

Bornean bearded pig 
  

A0A5N4EAI9_CAMDR 

Annexin 

Camelus dromedarius 

Dromedary 
  

A0A2Y9EH04_PHYMC 

fer-1-like protein 4 

Physeter macrocepha-

lus 

Sperm Whale 

  

A0A5J5N0U1_MUNRE 

Uncharacterized protein 

(small proline-rich protein 2I-

like; Type II small proline-

rich protein; small proline-

rich protein 2E-like) 

Muntiacus reevesi 

Chinese muntjac 
v  

A0A6B0R269_9CETA 

Ig-like domain-containing 

protein 

Bos mutus 

Wild yak 
v v 
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A0A452E907_CAPHI 

Uncharacterized protein 

(skin-specific protein 32; 

Chromosome 3 C1orf68 hom-

olog; Chromosome 1 open 

reading frame 68) 

Capra hircus 

Goat 
v v 

A0A4W2E476_BOBOX 

Ig-like domain-containing 

protein 

Bos indicus x Bos tau-

rus 

Zebu x Cow 

v v 

A0A212CS30_CEREH 

Ig-like domain-containing 

protein 

Cervus elaphus hippel-

aphus 

European red deer 

v v 

A0A6J0ZEI2_ODOVR 

complement C3 

Odocoileus virginianus 

texanus 

White-tailed deer 

 v 

A0A6J0Y2W1_ODOV 

fibronectin isoform X5 

Odocoileus virginianus 

texanus 

White-tailed deer 

 v 

A0A5N3WRA9_MUNMU 

C3-beta-c 

Muntiacus muntjac 

Barking deer 

 

 v 

A0A6J0YF65_ODOVR 

alpha-2-macroglobulin 

Odocoileus virginianus 

texanus 

White-tailed deer 

 v 
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A0A6J0YGQ5_ODOVR 

pregnancy zone protein-like 

isoform X1 

Odocoileus virginianus 

texanus 

White-tailed deer 

 v 

A0A212D8V0_CEREH 

FGG 

Odocoileus virginianus 

texanus 

White-tailed deer 

 v 

A0A6J0YZJ7_ODOVR 

ceruloplasmin isoform X2 

Odocoileus virginianus 

texanus 

White-tailed deer 

 v 

A0A6J0XY06_ODOVR 

thrombospondin-1 isoform 

Odocoileus virginianus 

texanus 

White-tailed deer 

 v 

A0A6J0XUD5_ODOVR 

complement C4-A-like 

Odocoileus virginianus 

texanus 

White-tailed deer 

 v 

A0A6J0WY92_ODOVR 

complement factor H-like 

Cervus elaphus hippel-

aphus 
 v 

A0A6J0W0N0_ODOVR 

inter-alpha-trypsin inhibitor 

heavy chain H1 

Odocoileus virginianus 

texanus 

European red deer 

 v 

A0A4W2C0F6_BOBOX 

C4a anaphylatoxin 

Odocoileus virginianus 

texanus 

White-tailed deer 

 v 
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A0A212CJ19_CEREH 

CP  

Odocoileus virginianus 

texanus 

White-tailed deer 

 v 

A0A6J0XUP5_ODOVR 

complement C4-A-like 

Odocoileus virginianus 

texanus 

White-tailed deer 

 v 

E1BH06_BOVIN 

C4a anaphylatoxin 

Odocoileus virginianus 

texanus 

White-tailed deer 

 v 

A0A6J0WIC5_ODOVR 

inter-alpha-trypsin inhibitor 

heavy chain H2 

Bos indicus x Bos tau-

rus 

Zebu x Cow 

 v 

A0A6J0YC26_ODOVR 

heparin cofactor 2 

Cervus elaphus hippel-

aphus 

European red deer 

 v 

A0A6J0ZDS1_ODOVR 

C4b-binding protein alpha 

chain 

Odocoileus virginianus 

texanus 

White-tailed deer 

 v 

A0A5N3XTJ5_MUNRE 

Antithrombin-III  

Bos taurus 

Cow 
 v 

A0A220IGA4_RANTA 

Adult beta-globin 

Odocoileus virginianus 

texanus 

White-tailed deer 

 v 
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A0A6J0WIA8_ODOVR 

Prothrombin 

Odocoileus virginianus 

texanus 

White-tailed deer 

 v 

A0A6J0Y9J4_ODOVR 

apolipoprotein A-I 

Odocoileus virginianus 

texanus 

White-tailed deer 

 v 

Q9TS85_BOVIN 

Histidine-rich GLYCOPRO-

TEIN=FACTOR XIIIA sub-

strate 

Muntiacus reevesi 

Chinese muntjac 
 v 

A0A212DHP9_CEREH 

APOA1 

Rangifer tarandus 

Reindeer  
 v 

A0A0B8RTA2_PIG 

Actin, gamma 1 

Odocoileus virginianus 

texanus 

White-tailed deer 

 v 

A0A212D467_CEREH 

C1QB 

Odocoileus virginianus 

texanus 

White-tailed deer 

 v 

A0A5N3VLU1_MUNMU 

Prothrombin 

Bos taurus 

Cow 

 

 v 

S9Y253_CAMFR 

Kininogen-2 isoform I 

Cervus elaphus hippel-

aphus 

European red deer 

 v 
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A0A6J0XQV8_ODOVR 

Hemopexin 

Sus scrofa 

Wild boar 
 v 

A0A6J0WWF4_ODOVR 

vitronectin isoform X1 

Cervus elaphus hippel-

aphus 

European red deer 

 v 

A0A6J0W8S2_ODOVR 

plasminogen isoform X1 

Muntiacus muntjac 

Barking deer 

 

 v 

A0A6J0Z5Q2_ODOVR 

transcobalamin-2 

Camelus ferus 

Wild Bactrian camel  
 v 

A0A5N3X8Z5_MUNRE 

Hemopexin 

Odocoileus virginianus 

texanus 

White-tailed deer 

 v 

A0A212CJF4_CEREH 

C1q domain-containing pro-

tein 

Odocoileus virginianus 

texanus 

White-tailed deer 

 v 

C0LXP2_ODOVR 

Complement 1 subcompo-

nent q polypeptide gamma  

Odocoileus virginianus 

texanus 

White-tailed deer 

 v 

A0A286ZIC1_PIG 

Actin-depolymerizing factor 

 

Odocoileus virginianus 

texanus 

White-tailed deer 

 v 

A0A5N3VK90_MUNMU 

Actin-depolymerizing factor 

Muntiacus reevesi 

Reeves’s muntjac 
 v 
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A0A212DHZ3_CEREH 

HPX  

Cervus elaphus hippel-

aphus 

European red deer 

 v 

A0A5N3V774_MUNMU 

Uncharacterized protein 

Odocoileus virginianus 

texanus 

White-tailed deer 

 

 

 v 

A0A6J0X6J4_ODOVR 

selenoprotein P 

Sus scrofa 

Wils boar 
 v 

A0A6J0Y2T5_ODOVR 

hemoglobin subunit alpha 

Muntiacus muntjac 

Barking deer 

 

 v 

A0A480Y2E3_PIG 

Kininogen-1 isoform 1  

 

Cervus elaphus hippel-

aphus 

European red deer 

 v 

A0A6J0YKX8_ODOVR 

protein AMBP 

Muntiacus muntjac 

Barking deer 

 

 v 

A0A5J5MM09_MUNRE 

Plasminogen 

Odocoileus virginianus 

texanus 

White-tailed deer 

 v 

A0A212C7P2_CEREH 

PLG  

Odocoileus virginianus 

texanus 

White-tailed deer 

 v 
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A0A5N3WQN5_MUNMU 

Vitellogenin domain-contain-

ing protein 

Sus scrofa 

Wild boar  v 

A0A5N3X9D4_MUNRE 

SERPIN domain-containing 

protein 

Odocoileus virginianus 

texanus 

White-tailed deer 

 v 

A0A6J0YIK3_ODOVR 

vitamin D-binding protein 

Muntiacus reevesi 

Chinese muntjac 
 v 

A0A6J0XXC2_ODOVR 

apolipoprotein B-100 isoform 

X1 

Cervus elaphus hippel-

aphus 

European red deer 

 v 

A0A6J0Y0A8_ODOVR 

serpin A3-7-like 

Muntiacus muntjac 

Barking deer 

 

 v 

A0A212CS37_CEREH 

SERPIN domain-containing 

protein 

Muntiacus reevesi 

Chinese muntjac  v 

A0A6J0VV77_ODOVR 

CD5 antigen-like 

Odocoileus virginianus 

texanus 

White-tailed deer 

 v 

A0A5N3WVG9_MUNMU 

Apolipoprotein H 

Odocoileus virginianus 

texanus 

White-tailed deer 

 v 
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A0A212D5I5_CEREH 

DSP  

Odocoileus virginianus 

texanus 

White-tailed deer 

 v 

A0A6B0SDR2_9CETA 

Glyceraldehyde-3-phosphate 

dehydrogenase 

Cervus elaphus hippel-

aphus 

European red deer 

 v 

A0A5N3V0U6_MUNMU 

Peptidase_M14 domain-con-

taining protein 

Odocoileus virginianus 

texanus 

White-tailed deer 

 v 

A0A2U4C7Y7_TURTR 

histidine-rich glycoprotein 

Muntiacus reevesi 

Chinese muntjac 
 v 

A0A452FXZ3_CAPHI 

Apolipoprotein H 

Cervus elaphus hippel-

aphus 

European red deer 

 v 

A0A5N3WZL8_MUNMU 

Complement C1q subcompo-

nent subunit A 

Bos mutus 

Wild yak  v 

A0A6J0XZP9_ODOVR 

alpha-1-antitrypsin 

Muntiacus muntjac 

Barking deer 

 

 v 

A0A452E7A0_CAPHI 

Plasminogen 

Tursiops truncates 

Common bottlenose 

dolphin 

 v 
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A0A452F014_CAPHI 

SERPIN domain-containing 

protein 

Capra hircus 

Goat  v 

A0A2Y9LVH2_DELLE 

Amine oxidase 

Muntiacus muntjac 

Barking deer 

 

 v 

A0A088Q0F1_9CETA 

Heat shock protein 90kDa al-

pha 

Odocoileus virginianus 

texanus 

 

 v 

A0A6B0R457_9CETA 

Activating signal cointegrator 

1 complex subunit 3 

Capra hircus 

Goat  v 

A0A212DB97_CEREH 

SERPINF2 

Capra hircus 

Goat 
 v 

A0A6J3PT56_TURTR 

immunoglobulin lambda-1 

light chain-like isoform X1 

Delphinapterus leucas 

Beluga whale  v 

A0A212CSZ1_CEREH 

SERPINA5 

Bos grunniens x Bos 

taurus 

Domestic yak x Cow 

 v 

A0A6J0XAN1_ODOVR 

complement component C9 

Bos mutus 

Wild yak 
 v 

A0A6J0Y2I3_ODOVR 

alpha-1B-glycoprotein 

Cervus elaphus hippel-

aphus 

European red deer 

 v 
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A0A1L6BNZ0_BUBBU 

Alpha-S1-casein 

Tursiops truncates 

Common bottlenose 

dolphin 

 v 

A0A212D4C7_CEREH 

Ribosomal protein 

Cervus elaphus hippel-

aphus European red 

deer 

 v 

A0A212CIC4_CEREH 

FETUB  

Odocoileus virginianus 

texanus 

White-tailed deer 

 v 

A0A6J0WSX6_ODOVR 

tubulin beta-3 chain 

Odocoileus virginianus 

texanus 

White-tailed deer 

 v 

A0A340WKS1_LIPVE 

Selenoprotein P 

Bubalus bubalis 

Water buffalo 
 v 

A0A4W2BXS4_BOBOX 

Kallikrein B1 

Cervus elaphus hippel-

aphus 

European red deer 

 v 

A0A6J0Z7P6_ODOVR 

apolipoprotein R-like 

Cervus elaphus hippel-

aphus 

European red deer 

 v 

A0A5N3WWG2_MUNMU 

SERPIN domain-containing 

protein 

Odocoileus virginianus 

texanus 

White-tailed deer 

 v 



 139 

A0A2Y9EXF5_PHYMC 

2-phospho-D-glycerate hy-

dro-lyase 

Lipotes vexillifer 

Baiji 

 

 v 

A0A212D4I5_CEREH 

C3/C5 convertase 

Bos indicus x Bos tau-

rus 

Zebu x Cow 

 v 

A0A212CM12_CEREH 

40S ribosomal protein S18 

Odocoileus virginianus 

texanus 

White-tailed deer 

 v 

A0A212CI11_CEREH 

Alpha-2-HS-glycoprotein 

Muntiacus muntjac 

Barking deer 

 

 v 

A0A5J5MZJ4_MUNRE 

MACPF domain-containing 

protein 

Physeter macrocepha-

lus 

Sperm whale  

 v 

A0A212C6Y8_CEREH 

Transthyretin 

Cervus elaphus hippel-

aphus 

European red deer 

 v 

A0A212D5R7_CEREH 

JCHAIN 

Cervus elaphus hippel-

aphus 

European red deer 

 v 

A0A480MMJ7_PIG 

Heat shock 70 kDa protein 

Cervus elaphus hippel-

aphus 

European red deer 

 v 
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A0A6J0Y8N1_ODOVR 

angiopoietin-related protein 

6 isoform X2 

Muntiacus reevesi 

Chinese muntjac  v 

A0A5N4EH44_CAMDR 

Biorientation of chromo-

somes in cell division protein 

1-like 1 

Cervus elaphus hippel-

aphus 

European red deer 
 v 

S9WER1_CAMFR 

Biorientation of chromo-

somes in cell division protein 

1-like protein 

Cervus elaphus hippel-

aphus 

European red deer 
 v 

A0A3Q1LUP1_BOVIN 

Uncharacterized protein 

(cilia- and flagella-associated 

protein 54) 

 

Sus scrofa  

Wild boar 

 v 

A0A2Y9EUI8_PHYMC 

arachidonate 15-lipoxygen-

ase 

Odocoileus virginianus 

texanus 

White-tailed deer 

 v 

A0A0B8RZA9_PIG 

(Proliferation-associated 

2G4, 38kDa) 

Camelus dromedarius 

Dromedary  v 

A0A286ZRK7_PIG 

60S ribosomal protein L11 

 

Camelus ferus 

Wild Bactrian camel  v 
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A0A287BDT6_PIG 

Ubiquitin carboxyl-terminal 

hydrolase 

Bos taurus 

Cow  v 

A0A287AFA5_PIG 

Endoplasmin 

Physeter macrocepha-

lus 

Sperm whale 

 v 

BIP_BOVIN 

Endoplasmic reticulum chap-

erone BiP 

Sus scrofa 

Wild boar  v 

A0A2Y9M486_DELLE 

protein PRRC2C isoform X8 

Sus scrofa 

Wild boar  
 v 

A0A383Z8A9_BALAS 

putative SEC14-like protein 6 

Sus scrofa 

Wild boar 
 v 

A0A212D225_CEREH 

TMED9 

Sus scrofa 

Wild boar 
 v 

A0A0B8RSX6_PIG 

Filamin A, alpha 

Bos taurus 

Cow 
 v 

A0A452E6D4_CAPHI 

Uncharacterized protein 

(complement C5-like) 

Delphinapterus leucas 

Beluga whale  v 

A0A212CJY0_CEREH 

Transferrin receptor protein 

1 

Balaenoptera 

acutorostrata scam-

mony 

Minke whale 

 v 
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A0A4W2F326_BOBOX 

Anaphylatoxin-like domain-

containing protein 

Cervus elaphus hippel-

aphus 

European red deer 

 v 

A0A212CKA1_CEREH 

Peptidyl-prolyl cis-trans iso-

merase 

Sus scrofa 

Wild boar  v 

A0A4W2F827_BOBOX 

60 kDa poly(U)-binding-splic-

ing factor 

Capra hircus 

Goat  v 

A0A212CT53_CEREH 

Lactadherin 

Cervus elaphus hippel-

aphus 

European red deer 

 v 



 

 

 

Figure 21. Shared deiminated protein hits in reindeer. Venn diagram showing deiminated 

protein hits identified in R. tarandus whole plasma and plasma EVs, representing shared and unique 

proteins hits (uncharacterized hits are indicated in brackets). 



 

3.6.1 Discussion: Deiminated Protein Hits in Whole Body fluids and EVs Com-

monly Identified in Purple Sea urchin, Sea lamprey and Reindeer  

In Table 11 below are listed the four common deiminated protein targets across the 

three species: Histone H2A, H2B, H3, H4, Elongation factor 1 alpha, Ribosomal proteins, 

and Complement C. These proteins were observed in either the entire biofluid samples 

and the biofluid-derived extracellular vesicles (EVs), or exclusively in either the whole 

biofluid sample or the biofluid-derived EVs sample of purple sea urchin, sea lamprey, 

and reindeer. 

Table 11. Common deiminated proteins identified in Purple sea urchin coelomic 

fluid and coelomic fluid-EVs, Sea lamprey plasma and plasma-EVs and Reindeer 

plasma and plasma-EVs.  

Deiminated  

Proteins 
                                                      Species 

 

Purple 

sea  

urchin 

EVs 

Purple 

sea  

urchin 

CF 

Sea  

lamprey 

plasma-

EVs 

Sea  

Lamprey 

plasma 

Rein-

deer 

plasma 

-EVs 

Rein-

deer 

Plasma 

Histone H2A, 

H2B, H3, H4       

Elongation factor 

alpha 1 
 

     

Ribosomal  

proteins 
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Histone H2A, H2B, H3, H4 were identified to be deiminated in either coelomic fluid 

and coelomic fluid-EVs in purple sea urchin, also in plasma and plasma-EVs of lamprey 

and in plasma and plasma-EVs of reindeer. These histones are known deiminated tar-

get with roles in epigenetic regulation and antipathogenic responses in a range of taxa 

(Pamenter et al.,2019; Criscitiello et al.,2020 a,b,c) as well as in relation to gene regu-

lation in human pathologies, including cancer (Lange et al.,2017; Fuhrmann and 

Thompson,2016, Beato and Sharma,2020). In sea urchin histones are reported in em-

bryos, larva, and adults (Marzluff et al.,2006), and their modifications such as phos-

phorylation and ubiquitination have been widely studied in development (Green et 

al.,1995; Jasinskiene et al.,1995). In lamprey, histones have been assessed in sperm 

(Saperas et al.,1994) and histone acetylation has been related to neural regeneration 

(Chen et al., 2016), however, deimination of histone has never been reported before. 

The role of deiminated histone H3 has been studied in anti-pathogenic responses in 

relation to extracellular trap formation (NETosis/ ETosis) (Burgener and Schroder, 

2020) and their role as antimicrobial compound has been reported in humans (Lee et 

al.,2009) and various taxa including molluscs (Li et al., 2007; De Zoysa et al., 2009; Seo 

et al., 2011; Dorrington et al., 2011), crustaceans (Smith and Dyrynda, 2015; Sruthy et 

al.,2019), amphibians (Cho et al.,2009), teolosts (Fernandes et al.,2002), reptiles (Ko-

zlowoski et al.,2016), and pinnipeds (Villagra-Blanco et al.,2019). Also, histones have 

been related to neural regeneration (Lange et al.,2011,2014) and neurodegenerative 

diseases (Sancandi et al.,2021).  

Complements 

components 
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Elongation factor 1 alpha was detected in coelomic fluid of purple sea urchin, which 

has previously found to undergo transcriptional and translational modification in early 

developmental processes (Peeler et al.,1990). In lamprey, was identified to be deimi-

nated in plasma and plasma-EVs. In reindeer, elongation factor 1 alpha was identified 

in its deiminated form in whole plasma and exported in plasma-EVs. Elongation factor 

1 alpha has multiple roles in metabolic function, cell growth, cytoskeleton organisation, 

apoptosis, nuclear export of proteins and immune response (Khacho et al.,2009, Tala-

patra et al.,2002, Vera et al., 2014). Previously, it has been identified as a deiminated 

candidate in teleosts (Magnadottir et al.,2018) and Crustacea (Bowden et al.,2020).  

A range of ribosomal proteins were found to be deiminated in coelomic fluid (60 ri-

bosomal protein L40); in lamprey, 60S ribosomal protein L18 was found to be deimi-

nated in both plasma and plasma-EVs, while 60S ribosomal protein L23, ribosomal pro-

tein L3 like, 60S acidic ribosomal protein P0 were found to be deiminated in plasma 

EVs only. In reindeer, ubiquitin-60S ribosomal protein L40 was identified in plasma-

EVs only. Ribosomal proteins are structural components of the protein synthesis ma-

chinery and play multifaceted roles in protein synthesis (Gerst, 2018; Baßler and Hurt, 

2019); they also have been related to innate, including mucosal, immune responses 

and can act as antimicrobials (Moon,2011,2014; Seo,2017). Ribosomes have been iden-

tified as deimination candidates in other taxa, including humans (Guo et al.,2011), tel-

eost (Magnadottir et al.,2018) and Mollusca (Bowden et al.,2020).  

Complement C3 was identified as deiminated in coelomic fluid but not deiminated in 

EVs; however, it was presented in its normal form as part of the EV cargo, thus indicat-

ing that it plays different roles in cellular communication in deiminated form and that 

export of its unmodified versus deiminated form in EVs may differ between animal 

species. C3 is a key component of the complement system and has been well-described 
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in sea urchins (Hibino et al., 2006; Smith et al.,2010; Chiaramonte and Russo, 2015). A 

complement system that resembles and has a similar response to the vertebrate's com-

plement system: the complement system is called prophenoloxidase, and its function 

is to facilitate wound healing by promoting the production of melanin at the site of in-

jury (Chiaramonte and Russo, 2015). In lamprey, the C1q domain-containing protein 

and C1q-TNF-related protein-9 were identified as deimination candidates in plasma 

and plasma-EVs. C1q forms part of the lamprey complement system, acting as lectin 

(Matsushita et al.,2004), activating C3 in association with MASP via the lectin pathway 

(Dodds and Matsushita, 2007; Matsushita 2018). Lamprey C1q can furthermore inter-

act with a secreted type of VLR (VLRB) in a complex with antigens and may, via MASP, 

mediate the activation of C3, resulting in cytolysis. The C1q/TNF-related superfamily 

proteins (CTRPs)  are involved in diverse processes, including inflammation, apoptosis, 

host defence, autoimmunity, organogenesis, cell differentiation, insulin resistance and 

hibernation (Chen et al., 2016b). Several C1Q/TNF-related proteins have been identi-

fied in river lamprey (Eudontomyzon morii) and are related to immune response or 

injury repair processes (Chen et al., 2016b). The deimination of C1q has previously 

been identified in several taxa, including in mammals (Criscitiello et al., 2020a) and 

reptiles (Criscitiello et al., 2020c) and C1q domain-containing proteins were also iden-

tified to be deiminated in Mollusca (Bowden et al., 2020c). Complement components 

of the complement system, including C1q, C3, C4, C5, and C9, as well as factor H and the 

C3/C5 convertase, have also been identified to be deiminated in the whole plasma of 

reindeer.  

The identification of deiminated histones H2A, H2B, H3, and H4 in coelomic fluid and 

coelomic fluid-derived extracellular vesicles (EVs) of purple sea urchins, as well as in 

the plasma and plasma-derived EVs of lamprey and reindeer, highlights the conserva-

tion of histone deimination across diverse taxa. These modified histones are known to 
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play crucial roles in epigenetic regulation, antipathogenic responses, and gene regula-

tion, including associations with human pathologies such as cancer. The study also 

sheds light on the previously unreported deimination of histones in lamprey, specifi-

cally in sperm, and emphasises the potential relevance of histone deimination in neural 

regeneration, a phenomenon observed in lamprey. Furthermore, the role of deimi-

nated histone H3 in anti-pathogenic responses, such as extracellular trap formation, 

has implications for innate immune defence in various organisms, including humans 

and different animal taxa. Elongation factor 1 alpha, detected in the coelomic fluid of 

purple sea urchin and found to be deiminated in lamprey and reindeer, emerges as a 

multifunctional protein with roles in metabolic function, cell growth, cytoskeleton or-

ganisation, apoptosis, nuclear export of proteins, and immune response. The identifi-

cation of deiminated elongation factor 1 alpha in teleosts and crustaceans further sup-

ports the conservation of this post-translational modification across different species. 

The study also uncovered deimination events in various ribosomal proteins across the 

studied organisms, highlighting the potential impact of deimination on the structural 

components of the protein synthesis machinery. Ribosomal proteins, known for their 

roles in protein synthesis, also exhibit antimicrobial properties and have been associ-

ated with innate immune responses. Complement C3, identified as deiminated in the 

coelomic fluid of purple sea urchins, suggests a unique role for deimination in cellular 

communication, as the deiminated form of C3 was not detected in EVs. The intricate 

involvement of complement components, including C1q, C3, C4, C5, C9, factor H, and 

the C3/C5 convertase, in the complement system of reindeer further emphasises the 

potential impact of deimination on immune-related processes across species.This com-

prehensive analysis of deiminated proteins in diverse organisms highlights the broad 

implications of protein deimination in various biological processes, including epige-

netic regulation, immune response, and cellular communication. The conservation of 
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deimination events across different species suggests evolutionary significance and 

opens avenues for further exploration of the functional consequences of this post-

translational modification in health and disease. 

3.6.2 Protein interaction networks identification for deiminated protein hits 

from body fluids and EVs  

Deiminated  candidate proteins identified in purple sea urchin coelomic fluid and EVs, 

lamprey plasm a and plasma EVs and reindeer plasma and plasma EVs were submitted 

to STRING (Searching Tool for the Retrieval of Interacting Genes/Proteins) 

(https://string-db.org/) for the prediction of protein-protein interaction networks as 

shown in Fig.22:Protein-protein interaction networks of deiminated proteins identi-

fied in purple sea urchin coelomic fluid (PPI enrichment p-value for the protein net-

work is 5.31 × 10^(-5)) and EVs (PPI enrichment p-value for the protein network is 

1.11 × 10-6 ) based on known and predicted interactions in Echinoidea; Fig.23 Protein-

protein interaction networks of deiminated proteins identified in sea lamprey whole 

plasma (PPI enrichment p-value: 2.78 × 10-15) and plasma EVs (PPI enrichment p-

value: 1.28 × 10-11); Fig.24 Protein-protein interaction networks of deiminated pro-

teins identified in reindeer plasma and plasma-EVs based on known and predicted in-

teraction in Bos Taurus as a representative species for Artiodactyla (Reindeer (Rangi-

fer tarandus))(PPI enrichment p-value for both networks is p < 1.0 × 10-16 ). Coloured 

nodes represent query proteins only. Coloured lines connecting nodes show the type 

of interactions between the nodes of the networks based on known interactions, pre-

dicted interactions, show the type of interactions between the nodes. 

  



 

 

Figure 22. STRING analysis across phylogeny. Protein-protein interaction networks of deiminated proteins identified in Strongylocentrotus purpuratus 

(purple sea urchin). 
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Figure 23. STRING analysis across phylogeny. Protein-protein interaction networks of deiminated proteins identified in Petromyzon marinus (sea lam-

prey). 
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Figure 24. STRING analysis across phylogeny. Protein-protein interaction networks of deiminated proteins identified in Rangifer tarandus (reindeer).  



 

3.6.3 Discussion on KEGG Pathway Identification by STRING Analysis for 

Deiminated Proteins in Purple Sea Urchin, Sea Lamprey and Reindeer 

STRING analysis for deiminated proteins in purple sea urchin coelomic fluid revealed 

nine KEGG pathways (Fig.25): phagosome, glycolysis gluconeogenesis, pentose phos-

phate pathway, related to immune functions; biosynthesis of amino acids, fructose and 

mannose metabolism, carbon metabolism, ribosome biogenesis, protein processing in 

ER and metabolic pathways, all related to metabolic functions. Two of these pathways 

(phagosome and protein processing in endoplasmic reticulum) were exported and 

identified also in coelomic fluid EVs (Fig.25). KEGG pathways identified for deiminated 

proteins in lamprey whole plasma were HIF-1 signalling pathway, Platelet activation, 

Influenza A, Fructose and mannose metabolism, Carbon metabolism and Type II diabe-

tes mellitus. In contrast, KEGG pathways identified in lamprey plasma-EVs were Anti-

gen processing and presentation, Staphylococcus aureus infection, Legionellosis, Prion 

diseases, Fluid shear stress and atherosclerosis, RNA degradation, Thyroid hormone 

synthesis, Arrhythmogenic right ventricular cardiomyopathy ARVC), Hypertrophic 

cardiomyopathy, Dilated Cardiomyopathy (Fig 26). In reindeer, KEGG pathways iden-

tified in whole plasma were pertussis, ferroptosis, phagosome, Staphylococcus aureus 

infection, systemic lupus erythematosus (SLE), prion disease, thyroid hormone synthe-

sis, vitamin digestion and absorption, and complement and coagulation pathways 

which are also found in reindeer plasma EVs. Specific pathways for reindeer plasma 

EVs were ECM receptor interaction, platelet activation, amoebiasis, the estrogen sig-

nalling pathway, the AGE–RAGE signalling pathway in diabetic complications, the re-

laxin signalling pathway, as well as in protein digestion and absorption (Fig.27). 



 

 

Figure 25. KEGG pathways identified from STRING analysis for deiminated protein candidates across phylogeny. Strongylocentrotus purpuratus (purple sea urchin) coe-

lomic fluid and coelomic fluid EVs; 
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Figure 26. KEGG pathways identified from STRING analysis for deiminated protein candidates across phylogeny. Petromyzon marinus (sea lamprey) plasma and 

plasma EVs;. KEGG pathways identified are highlighted by the colour-coded nodes in (A), (B) and (C), respectively. 
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Figure 27. KEGG pathways identified from STRING analysis for deiminated protein candidates across phylogeny. Rangifer tarandus (reindeer) plasma and plasma 

EVs. KEGG pathways identified are highlighted by the colour-coded nodes in (A), (B) and (C), respectively. 



 

Ten KEGG pathways were found to be shared after STRING analysis for deiminated 

proteins in Strongylocentrotus purpuratus (purple sea urchin), Petromyzon marinus 

(sea lamprey) and Rangifer tarandus (reindeer); they are illustrated in Fig.28,29 and 

30 respectively, and summarised in Table 12 below. Common proteins identified be-

tween species are highlighted with coloured boxes (red boxes highlight KEGG path-

ways common to purple sea urchin and sea lamprey; purple boxes highlight common 

KEGG pathways between sea lamprey and reindeer; yellow boxes highlight KEGG 

pathways common to purple sea urchin and reindeer



 

 

 

Figure 28. Common KEGG pathways identified from STRING analysis for deiminated protein candidates in purple sea urchin (Strongylocentrotus purpuratus). 

Common pathways are identified by colour-coded boxes: yellow boxes for pathways common to purple sea urchin and reindeer, purple boxes for pathways common sea 

lamprey and reindeer, and red boxes for common pathways between purple sea urchin and lamprey.  
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Figure 29.Common KEGG pathways identified from STRING analysis for deiminated protein candidates in lamprey (Petromyzon marinus). Common pathways 

are identified by colour-coded boxes: yellow boxes for pathways common to purple sea urchin and reindeer, purple boxes for pathways common sea lamprey and rein-

deer, and red boxes for common pathways between purple sea urchin and lamprey.  
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Figure 30. Common KEGG pathways identified from STRING analysis for deiminated protein candidates in reindeer (Rangifer tarandus). Common pathways 

are identified by colour-coded boxes: yellow boxes for pathways common to purple sea urchin and reindeer, purple boxes for pathways common sea lamprey and rein-

deer, and red boxes for common pathways between purple sea urchin and lamprey 



 

Table 12. Common KEGG pathways identified in whole plasma/coelomic fluid and 

plasma/coelomic fluid EVs of purple sea urchin, lamprey, and reindeer.  

Com-

mon/shared 

KEGG path-

ways 

Purple 

Sea Ur-

chin coe-

lomic 

fluid 

Purple 

Sea Ur-

chin coe-

lomic 

fluid-EVs 

Sea 

lam-

prey 

whole 

plasma 

Sea 

lam-

prey 

plasma-

EVs 

Rein-

deer 

whole 

plasma 

Reindeer 

plasma-

EVs 

Glycolysis and 

Gluconeogen-

esis 

 
 

  
  

Biosynthesis 

of amino acids  
 

  
  

Fructose and 

mannose me-

tabolism 

 
 

 
   

Carbon me-

tabolism  
 

 
   

Phagosome 
  

   
 

Complement 

and coagula-

tion cascades 

  
    

Platelet acti-

vation 
  

 
 

 
 



 162 

Thyroid hor-

mones syn-

thesis 

   
 

 
 

Staphylococ-

cus aureus in-

fection 

   
 

 
 

Prion disease    
 

 
 

 

Glycolysis and gluconeogenesis KEGG pathway were found to be commonly present 

in purple sea urchin coelomic fluid but not exported in coelomic fluid EVs and in sea 

lamprey plasma and plasma-derived EVs. Also, glycolysis and gluconeogenesis have 

been identified in cetacean sera (whales and orca) (Magnadóttir et al.,2020), in alliga-

tor plasma-EVs (Criscitiello et al.,2020 c), in lobster and horseshoe crab haemolymph 

(Bowden et al.,2020), in alveolates (Kristmundsson et al.,2021) and in plasma-EVs 

from naked mole-rat (Pamenter et al.,2019). Biosynthesis of amino acids pathway 

was identified to be commonly present in sea urchins and lamprey. In purple sea ur-

chins, biosynthesis of the amino acids pathway is present only in coelomic fluid, while 

in lamprey, this pathway is also exported in plasma-EVs. Fructose and mannose me-

tabolism pathways are identified in sea urchin coelomic fluid and lamprey plasma but 

not in lamprey plasma-EVs. Carbon metabolism was commonly identified in coelomic 

fluid and lamprey plasma. Phagosome was the only KEGG pathway identified to be 

common to purple sea urchins and reindeer. Complement and coagulation cascade 

was found to be common to sea lamprey and reindeer plasma and plasma EVs. The 

complement system is a proteolytic cascade in blood plasma and a mediator of innate 

immunity, a nonspecific defence mechanism against pathogens. The main 
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consequences of complement activation are the opsonisation of pathogens, the recruit-

ment of inflammatory and immunocompetent cells, and the direct killing of pathogens. 

Complement and coagulation cascade has been found to be deiminated in both plasma 

and plasma-EVs in reindeer; however, deiminated target proteins which participate in 

these cascades showed some difference in plasma and plasma-EVs: in reindeer, 

plasma-EVs deiminated candidates connected to complement and coagulation system 

were fibrinogen, kininogen and bradykinin, while in whole plasma, C1q, C3, C4, C5, C9 

as well as factor H and the C3/C5 convertase were identified as deiminated (D’Alessio 

et al.,2021). Platelet activation was commonly identified in lamprey whole plasma 

and reindeer whole plasma. Still, it was not exported in lamprey and reindeer plasma-

EVs. At the same time, Thyroid hormones synthesis, Staphylococcus aureus infec-

tion and Prion disease KEGG pathways were found only plasma-EVs of both lamprey 

and reindeer.  

In conclusion, the comparative analysis of metabolic pathways in diverse organisms 

and their extracellular vesicles (EVs) reveals intriguing patterns of selective presence 

and absence. Glycolysis, gluconeogenesis, and carbon metabolism are fundamental 

pathways commonly found in various species, underscoring their essential roles in cel-

lular energetics. The observed differences in pathway distribution between purple sea 

urchin coelomic fluid, lamprey plasma, and their related EV cargoes suggest intricate 

regulatory mechanisms and selective packaging of molecular cargo. The distinct pres-

ence of amino acid biosynthesis solely in the coelomic fluid of purple sea urchins and 

its export in lamprey plasma-EVs highlight the nuanced nature of pathway localisation. 

Fructose and mannose metabolism, identified in sea urchin coelomic fluid and lamprey 

plasma but absent in lamprey plasma-EVs, further accentuates the dynamic nature of 

pathway distribution. Notably, the complement and coagulation cascade's commonal-

ity in sea lamprey and reindeer, coupled with deimination in both plasma and plasma-
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EVs of reindeer, unveils potential regulatory roles in innate immunity. Identifying spe-

cific deiminated candidates in different cellular compartments suggests intricate regu-

lation within the complement and coagulation system. Platelet activation's exclusive 

identification in lamprey and reindeer whole plasma, but not in their plasma-EVs, un-

derscores the selectivity in EV cargo and its potential implications for intercellular 

communication. The discovery of unique KEGG pathways, such as thyroid hormone 

synthesis, Staphylococcus aureus infection, and Prion disease, solely in plasma-EVs of 

lamprey and reindeer, suggests a specialised role for EVs in conveying specific signal-

ling information. This comparative analysis sheds light on the sophisticated regulation 

of metabolic pathways and immune-related processes in different organisms and their 

extracellular vesicles. The findings underscore the importance of considering both cel-

lular and vesicular components when interpreting the intricate language of intercellu-

lar communication. Further exploration of the molecular cargo within EVs holds prom-

ise for unravelling novel mechanisms governing systemic responses and cellular cross-

talk in diverse biological systems.  
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Chapter 4. Exploring the Potential Correlation Between Circu-

lating EV Citrullinome and Brain Citrullinome in a Hypoxia 

Resistant Species, the Naked Mole-Rat (Heterocephalus gla-

ber)   

4.1 Introduction 

Extracellular vesicles are circulatory membrane vesicles in body fluids and play im-

portant roles in cell communication and pathological processes via the transport of 

various EV cargo, including modified protein cargo. EVs can be indicative of various 

physiological and pathological responses (Bister et al.,2020), and changes in circulat-

ing EV signatures have been linked to a range of hypoxia-related diseases, such as can-

cer and inflammation (Bister et al.,2020; Yaghoubi et al.,2020; Venturella et al.,2021; 

Zhang et al.,2021; Zhang et al.,2022). Therefore, it is of great interest to explore 

whether circulatory EVs signatures, including those of the brain, may indicate a wider 

physiological response to acute hypoxia. The optimal animal model chosen for the 

study is a hypoxia-tolerant specie, the naked mole-rat. Heterocephalus glaber, naked 

mole-rats are eusocial mammals that have been recognised recently as an important 

non-traditional animal model for understanding how evolutionary processes, due to 

challenging habitats, may optimise mechanisms mechanism for survival under adverse 

conditions, and lead to unusual characteristics such as tolerance against hypoxia, can-

cer, and ageing (Cheng et al.,2021; Pamenter et al.,2022). Such animal models may al-

low a better understanding of the mechanistic aspects of several human diseases that 

share features in common with the subterranean eco physiological stressors to which 

this species is exposed (Buffenstein & Ruby, 2021; Buffenstein et al.,2022). Indeed, na-

ked mole rats are one of the most hypoxia-tolerant adult mammals and can tolerate 
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minutes to hours of anoxia (3% O2) and days to weeks at 8%O2 (Park et al.,2017); they 

respond to hypoxia with a suit of metabolic modifications to reduce energy demand 

and maximise the efficiency of metabolic pathways, by decreasing as much as 85% of 

resting metabolism, while still retaining consciousness and staying active. This shift to 

hypometabolic state is supported in part by a decrease in behaviour (Ilacqua et 

al.,2017; Kirby et al.,2018; Pamenter et al.,2019) and thermogenesis (Vandewint et 

al.,2019; Cheng et al., 2021;), and in energy-consuming cellular processes (Nguyen et 

al.,2019; Logan et al.,2020; Al-Attar et al.,2020; Farhat et al.,2020; Hadj-Moussa et 

al.,2021; Reznick et al.,2021). Moreover, in hypoxia state, blood glucose increases, met-

abolic pathways are reorganised to favour carbohydrate metabolism (Pamenter et 

al.,2019; Dzal et al.,2019), and mitochondrial respiration becomes more efficient by 

increasing the coupling of ATP generation to O2 consumption, decreasing proton leaks 

(Pamenter et al.,2018; Lau et al., 2020; Cheng et al.,2021). Therefore, part of this thesis 

focussed on assessing EV signatures and correlating these to the brain citrullinome fol-

lowing acute hypoxia treatment in the naked mole-rat, have been assessed (D’Alessio 

et al.,2022; Paper 4). This is the first work to assess the roles of EVs in systemic and 

cellular responses to hypoxia in a hypoxia-resistant species and to assess possible cor-

relation with brain citrulline changes following the hypoxia challenge. Findings may 

thus be relevant for understanding changes in the brain citrullinome in various neuro-

degenerative diseases, where part of the injury is caused by hypoxic stress, as well as 

in acute CNS injury where hypoxia also occurs (Kell & Pretorius, 2022). Indeed, a role 

for PADs is increasingly being recognised in such scenarios (Lange et al.,2011, 2014), 

and the potential for EV-citrulline signatures has been highlighted (Sancandi et 

al.,2020; Mercer et al.,2022).  
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4.2 Extracellular Vesicles Profiles and Related Citrullinome Changes 

Under Normoxic and Hypoxic Conditions in Naked Mole-rat  

4.2.1 EVs Isolation and Characterisation by NTA Analysis, Western blotting, 

and Transmission Electron Microscopy  

Naked mole rats of 1–2-year-old subordinate males and females weighing 40-60g were 

exposed to either 21% O2 (normoxia) or 7% O2 (hypoxia) for 4h; each experimental 

group was comprised of 10 animals. Following treatment, the animals were sacrificed 

by cervical dislocation followed by rapid decapitation: blood was collected, and plasma 

was extracted by spinning the blood at 1500rpm for 15min, plasma aliquots were fro-

zen at -80C until further analysis, and whole brains were rapidly extracted on ice and 

similarly frozen in liquid nitrogen, and then stored at -80C until further analysis. Dr 

Matthew Pamenter kindly carried out the experiments relating directly to the animal 

model at the University of Ottawa, and all experimental procedures were approved by 

the University of Ottawa Animal Care Committee (protocol #3444) in accordance with 

the Animals for Research Act and by the Canadian Council on Animal Care.  

Naked Mole-Rat plasma EVs isolation 

For assessment of EVs signatures, were isolated from individual naked mole-rat 

plasma from the experimental groups either exposed to normoxia (control) or hypoxia 

(10 animals per group), using differential centrifugation as previously described in Pa-

menter et al. (2019). 100µl of plasma of each animal was added to 400µl DPBS and then 

centrifuged at 4000 x g for 30min. The supernatant was collected and spun at 100,000 

x g for 1 h at 4°C for collection of total EVs.  The EVs enriched pellet was resuspended 

in 500µl DPBS and centrifuged again at 100,000 x g for 1h at 4 °C. The supernatant was 

discarded, and the EVs pellet was diluted in 100µl DPBS for further analysis.  
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EVs Quantification by NTA Analysis  

EVs isolates from individual plasma samples were quantified by nanoparticle tracking 

analysis (NTA) by diluting 10µl of EVs pellet with 900µl DPBS and applied to NS300 

Nanosight (Malvern Panalytical Ltd. Malvern, UK) at syringe pump speed 50. Particles 

per sample were recorded four times for 1min at camera level 9, and the post-analysis 

threshold was set at level 5 with 40-60 particles per window. Replicate histograms 

were generated from the recorded videos using the NanoSight software 3.0 (Malvern), 

representing the mean and confidence intervals of the four recordings for each sample 

(Fig 31-B). Circulating plasma EVs from naked mole-rats hypoxia and normoxia groups 

were profiled by NTA for assessment of changes in total EV (0-1000nm) numbers, as 

well as for EV subgroups based on size, separately counted in the size range of 0-

100nm (“small EVs”); 101-200nm (“medium-sized EVs”) and >200nm (“large EVs”), 

based on NTA measurements (Fig.31-A). Changes in plasma extracellular vesicle (EV) 

profiles were noted when comparing normoxia-treated animals to those subjected to 

hypoxia. Overall, there was a significant decrease in plasma EVs after hypoxia, particu-

larly for smaller and medium-sized EVs (<100 nm; 101–200 nm). A tendency toward 

reduced levels of larger EVs (201–1000 nm) was also observed in the hypoxia-treated 

group, albeit not significant.  

Elevated extracellular vesicle (EV) release is commonly associated with hypoxia in var-

ious models, including humans (Venturella et al.,2021; Zhang et al.,2021), and there is 

a suggestion that an increase in larger EVs is linked to inflammatory responses in hu-

man diseases (Słomka et al.,2018). Notably, our observations reveal a trend toward a 

decrease in the number of EVs, including those larger than 201 nm. The alterations in 

plasma EVs of naked mole rats under hypoxic conditions may signify changes in cargo 

export and the modulation of inflammatory responses to hypoxia. Additionally, it could 
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point to protective anti-inflammatory systemic responses in this species, known for its 

remarkable hypoxic tolerance. 

EVs Characterisation by Western Blotting and Transmission Electron Microscopy  

EVs were also assessed by Western blotting for two EV surface markers, CD63 and Flo-

tillin-1, following the MISEV2018 guidelines for the minimum requirements for EV 

characterisation: 100 μL aliquot per sample was diluted with 100 μL 2× reducing 

Laemmli sample buffer (BioRad; containing 5% β-mercaptoethanol, Sigma-Aldrich) 

and boiled for 5 min at 100 C. 5 μL aliquot per sample was then applied to 4–20% TGX 

gels (BioRad, Watford, UK). SDS-PAGE was carried out at 165 V for 52 min. Gels were 

then transferred for Western blotting analysis using semi-dry transfer (1h at 15V), and 

even protein transfer was assessed by PonceauS red stain (Sigma-Aldrich). The mem-

branes were blocked in 5% bovine serum albumin (BSA, Sigma-Aldrich) in TBS-T for 1 

h at room temperature (RT) and incubated in primary antibodies (CD63 (ab216130) 

and Flotillin-1 (ab41927) all 1/1000) overnight at  4°C on a shaking platform. Follow-

ing primary incubation, membranes were washed with TBS-T 3x, 10min each time, and 

secondary antibody HRP-labelled anti-rabbit IgG diluted 1/3000 TBS-T, incubated for 

1h at RT. Membranes were washed 5x 10min each time in TBS-T before proceeding 

with visualisation, using ECL (Amersham Biosciences, Buckinghamshire, UK) and the 

UVP BioDoc-ITTM System (Thermo Fisher Scientific, Dartford, UK) (Fig 31-C). In addi-

tion, EVs were characterised by transmission electron microscopy (TEM) to assess the 

EVs morphology (Fig 31-D), as previously described in Chapter 2, Section 2.1.4 



 

 

Figure 31. EVs profile trends from plasma of naked mole-rats treated for 4h in normoxia 

(control)or hypoxia. (A) Number of EVs isolated from naked mole-rat plasma, comparing 

normoxia and hypoxia conditions. Changes were assessed in release profiles of total EVs (0-

1000nm), small EVs (<100nm), medium-sized EVs (101-200nm) and large EVs (201-1000nm) 

based on NTA measurements of plasma EVs from 10 animals per groups; error bars represent 

standard error of the mean (SEM); t-test, exact p-values are shown, p < 0.05 considered statistically 

significant (indicated by *). (B) Representative NTA curves of plasma EVs from naked mole rats 

following hypoxia or treatment, respectively. (C) Western blotting analysis of EVs markers for 

naked mole-rat plasma EVs, showing positive bands for CD63 and Flotillin-1; (D) Transmission 

electron microscopy (TEM) of plasma-EVs from naked mole rats, showing representative images of 

differently sized EVs: scale bar indicates 100nm, black arrows highlight individual EVs. (D’Alessio 

et al.,2022).  



 

4.2.2 Protein-citrullination EV cargo Profiles Naked Mole-Rat Plasma Under 

Normoxic (Control) Versus Hypoxic Conditions and Associated KEGG Path-

way  

Protein-citrullination EV cargo identification 

EVs were isolated and pooled from the plasma of the two experimental groups 

(normoxia and hypoxia) and subjected to F95 enrichment for isolation of citrulli-

nated/deiminated proteins (as described in Chapter 2, Section 2.4 – Isolation of Deimi-

nated Proteins using F95 enrichment), to identify deiminated/citrullinated protein hits 

in plasma-EV cargo. The F95-enriched proteins isolated by immunoprecipitation from 

the plasma EVs of the two groups were first analysed by SDS-PAGE and silver staining 

(Fig.32-A) and then subjected to LC-MS/MS analysis for identification of protein hits 

(as described in Chapter 2, Section 2.5.1 – LC-MS/MS) to compare citrullinated proteins 

from naked mole-rat plasma-EVs cargo under normoxia and hypoxia conditions. 

Deiminated protein hits identified in plasma EVs of normoxia- and hypoxia-treated na-

ked mole-rats were next assessed by STRING analysis https://string-db.org/, accessed 

on 10 March 2022) for protein-protein interaction analysis (Fig32-B). 
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Figure 32. F95-enriched protein cargo of plasma EVs citrullinome from normoxia- and 

hypoxia-treated naked mole-rats. (A) SilverGel showing citrullinated fractions from EVs, then 

subjected to LC-MS/MS analysis. (B) STRING protein-protein interaction networks of plasma-EV 

citrullinome of normoxia- and hypoxia-treated naked mole-rats.   

Table 13 below lists the protein hits identified as deiminated specific to the normoxia 

group and hypoxia group, respectively, and protein hits commonly shared between 

both groups. Overall, a total of 29 protein hits were identified in both plasma EVs 

groups, whereas 21 deiminated hits were specific for the normoxia plasma EVs group, 

and 15 deiminated hits were identified to be specific to the hypoxia plasma EVs group.  
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Table 13. F95-enriched deiminated proteins identified in plasma EVs from normoxia- and 

hypoxia-treated naked mole-rats. Common and specific hits per group are highlighted in the 

table, and deiminated protein hits identified in normoxia or hypoxia plasma EVs, or both, are 

indicated with a tick (v). Protein hits identified in the normoxia group only, are highlighted in blue, 

and protein hits specific to the hypoxia group are highlighted in pink.  

Protein ID Protein Name Normoxia Hypoxia 

G5B5P2 Serum Albumin v v 

G5BT87 
Histidine-reach 

glycoprotein 
v v 

G5ALS3 
Keratin, type II cy-

toskeletal 
v v 

G5ALS1 
Keratin, type II cy-

toskeletal 6B 
v v 

G5B3Q0 
Keratin, type II cu-

ticular Hb5 
v v 

G5BPM1 
Alpha-2-macro-

globulin 
v v 

G5BT86 Kininogen-1 v v 

G5BS33 
Hemoglobin sub-

unit beta 
v v 

G5BQA9 Serotransferrin v v 

G5B0M6 
Keratin, type II cy-

toskeletal 14 
v v 

G5BXY1 
Hemoglobin sub-

unit alpha 
v v 
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G5BJ37 
Keratin, type II cy-

toskeletal 79 
v v 

G5BAT4 Desmoplakin v v 

G5C776 Arginase v v 

G5B0M4 
Keratin, type I cy-

toskeletal 17 
v v 

G5BJ39 
Keratin, type II cy-

toskeletal 8 
v v 

G5BYJ8 
Hemoglobin sub-

unit beta 
v v 

G5BUN4 

Inter-alpha-tryp-

sin inhibitor 

heavy chain H4 

v v 

G5C0N5 Complement C3 v v 

G5BSE8 Histone H2A v v 

G5BV28 Histone H3 v v 

G5C3H6 Complement C4-A v v 

G5BRJ4 

Induced myeloid 

leukemia cell dif-

ferentiation pro-

tein Mcl-1-like 

protein 

v v 

G5ARW1 Peroxidredoxin-1 v v 

G5BC311 Desmoglein-1 v v 

G5AWC0 Annexin v v 
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G5AXH0 

Actin, gamma-en-

teric smooth mus-

cles 

v v 

G5BFU9 

N6-adenosine-

methyltransfer-

ase 70kDa subu-

nit 

v v 

G5BG61 
SRRM2-like pro-

tein 
v v 

G5B0N6 
Keratin, type I cu-

ticular Ha30-I 
v  

G5B0N5 
Keratin, type I cu-

ticular Ha4 
v  

G5B3P5 
Keratin, type II cy-

toskeletal 75 
v  

G5AX68 
Keratin, type I cy-

toskeletal 27 
v  

G5B0N2 
Keratin, type I cu-

ticular Ha5 
v  

G5ALS4 
Keratin, type II cy-

toskeletal 71 
v  

G5B3P8 
Keratin, type II cu-

ticular Hb4 
v  

G5BL99 
Keratin, type II cu-

ticular Hb6 
v  
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G5BJ40 
Keratin, type I cy-

toskeletal 18 
v  

G5AX70 
Keratin, type cyto-

skeletal 25 
v  

G5AYD5 
Dedicator of cyto-

kinesis protein 10 
v  

G5BQ09 
Coagulation fac-

tor XII 
v  

G5AYL5 
Integrator com-

plex subunit 7 
v  

G5B319 

Janus kinase and 

microtubule-in-

teracting protein 

1 

v  

G5B3A4 Plakophilin-1 v  

G5BV47 Histone H3.3 v  

G5BI06 
Skin-specific pro-

tein 32 
v  

G5C656 Puratrophin-1 v  

G5APA7 Selenoprotein P v  

G5BH20 Histone H2B v  

G5BKL1 Histone H2B  v 

G5ALS8 

Keratin, type II cy-

toskeletal 1 (frag-

ment) 

 v 



 177 

G5ALS9 

Keratin, type II cy-

toskeletal 1b 

(fragment) 

 v 

G5B0M0 
Junction plakoglo-

bin 
 v 

G5CAP7 

Glyceraldheyde-

3-phosphate de-

hydrogenase 

(fragment) 

 v 

G5C5U7 Plectin-1  v 

G5BYG4 

Apoptosis facilita-

tor Bcl-2-like pro-

tein 14 

 v 

G5BNM3 

Multidrug re-

sistance-associ-

ated protein 7 

 v 

G5BAK9 

Fatty acid-binding 

protein, epider-

mal 

 v 

G5BX43 

Serine/threonine-

protein kinase 

PCTAIRE-3 

 v 

G5C312 
Desmocollin-1 

(fragment) 
 v 
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G5AQ00 
Tubulin-alpha-1C 

chain 
 v 

G5AUQ5 

Serine/threonine-

protein kinase 

PDIK1L 

 v 

G5BYF7 

Putative G-pro-

tein coupled re-

ceptor 19 

 v 

G5B253 

Ventricular zone-

expressed PH do-

main containing 

protein-like pro-

tein 1 

 v 
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KEGG Pathways Identification 

STRING analysis was used to identify Kyoto Encyclopedia of Genes and Genomes 

(KEGG) pathways for deiminated proteins from naked mole-rat derived EVs 

(https://string-db.org/, accessed on 10 March 2022). Based on hits identified from the 

LC-MS/MS analysis, predicted protein interaction networks were built using the pro-

tein IDs and organism of choice, Heterocephalus glaber, in the STRING software. KEGG 

pathway analysis for the normoxia-treated naked mole-rat plasma-EV citrullinome 

(Fig.33-A) and KEGG pathway analysis for the hypoxia-treated naked mole-rat plasma-

EV citrullinome (Fig.33-B), revealed four shared pathways between the groups (Com-

plement and coagulation cascades, African trypanosomiasis, S.aureus infection and sys-

temic lupus erythematosus), all related to immune functions, and one specific pathway 

for the normoxia group (oestrogen signalling pathway), thus indicating that some main 

pathways in immune responses are influenced by deimination in circulatory EV cargo 

transport, both in hypoxia and normoxia conditions. Notably, the estrogen signalling 

pathway, known for its diverse functions in health and disease, including the regulation 

of epigenetic mechanisms, was specifically associated with the normoxia EV citrul-

linome. (D’Alessio et al.,2022 – Paper - 3).  

 



 

 

Figure 33. STRING analysis of plasma EV citrullinome for (A) normoxia-treated naked mole-rat and (B) hypoxia-treated naked mole-rats, showing predicted protein 

networks and associated KEGG pathways.  



 

4.3 The Brain Citrullinome and Related Citrullinome Changes Under 

Normoxic and Hypoxic Conditions in Naked Mole-rat  

4.3.1 Protein Isolation from Brain Tissue and Western Blotting 

Proteins were extracted from brain tissue of naked mole-rats exposed to 21% O2 

(normoxia) or 7% O2 (hypoxia) (n=5 animals per treatment group). Whole brains were 

homogenised in RIPA+ buffer (Sigma-Aldrich, Gillingham, UK, containing 10% protease 

inhibitor cocktail, Sigma-Aldrich) in 2ml Eppendorf tubes on ice, using a Mini Handled 

Homogeniser (Kimble, DWK, Life Sciences, VWR International). The homogenate was 

then gently pressed through a 23G needle into fresh Eppendorf tubes on ice, followed 

by gently pipetting up and down to eliminate any tissue clots. For each brain (400mg 

tissue), 2 ml of RIPA+ buffer was used. The homogenates were then incubated on a 

roller for 1.5h at 4°C for collection of isolated protein. The extracted proteins were ali-

quoted and immediately frozen at -80 °C. For SDS-PAGE and Western blotting 100µl of 

each extracted protein sample were diluted with 100µL 2x reducing Laemmli sample 

buffer (BioRad; containing 5% ß-mercaptoethanol, Sigma-Aldrich) and boiled for 5min 

at 100 ºC. For each sample, 5µL of the aliquots was applied to 4-20% TGX gels (BioRad, 

Watford, UK), and SDS-PAGE analysis was carried out at 165 V for 52min; the gels were 

thereafter transferred for Western Blotting analysis using semi-dry transfer (1h at 15 

V) and assessed for even protein transfer by PonceauS red stain (Sigma-Aldrich). The 

membranes were blocked in 5% bovine serum albumin (BSA, Sigma-Aldrich) in TBS-T 

for 1h at room temperature (RT) and incubated in primary antibodies overnight at 4ºC 

on a shaking platform. The primary antibodies used were anti-human PAD1 

(ab181762, Abcam Cambridge, UK), PAD2 (ab50257), PAD3 (ab50246), PAD4 

(ab50247), PAD6 (PA5–72059, Thermo Fisher Scientific, Hemel Hempstead, UK), and 

pan-citrulline F95 (MABN328, Merck, Feltham UK, as well as citrullinated histone H3 
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(citH3, ab5103) antibodies, all diluted 1/1000 in TBS-T. Washing was carried out with 

TBS-T (3 × 10 min). Secondary antibody incubation was completed for 1h at RT (using 

HRP-labelled anti-rabbit IgG or anti-mouse IgM antibodies; BioRad, diluted 1/3000 in 

TBS-T). Following washing (5 × 10 min in TBS-T), visualisation was carried out using 

ECL (Amersham Biosciences, Buckinghamshire, UK) and the UVP BioDoc-ITTM System 

(Thermo Fisher Scientific, Dartford, UK). Blots were stripped and re-probed for beta-

actin (Abcam, 1/5000 in TBS-T). Protein densitometry analysis was conducted using 

ImageJ software. Results from the western blotting analysis confirmed the presence of 

all PAD isozymes in whole brain protein extracts, with increase in PAD1, PAD3 and 

PAD6 levels observed in response to hypoxia (albeit not statistically significant) (Fig.34 

-A, Cand E), while PAD2 levels did not change (Fig.34-B) and PAD4 levels were signifi-

cantly (p=0.0031) reduced in the hypoxia brains (Fig.34-D). Histone H3 citrullination 

did not change significantly (Fig.34-F). Overall, considerable individual variability was 

also observed; 5 brains were assessed per group. 
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Figure 34. PAD isozyme and CitH3 protein level in brains of naked mole-rats following 

normoxia and hypoxia treatment, showing (A) PAD1, (B) PAD2, (C) PAD3, (D) PAD4, (E) 

PAD6, and (F) CitH3. Protein levels were assessed in n = 5 brains per group and normalised against 

beta-actin protein levels: exact p-values are indicated (t-test; *indicates significance at p < 0.05; 

circles represent normoxia and squares hypoxia brains samples, respectively), and the error bar 

represents SD.  

4.3.2 F95-Enrichment, Silver Staining and LC-MS/MS of Deiminated Proteins 

from Brain Tissue of Naked Mole-Rat 

Protein extractions from naked mole-rat brain tissue were enriched using F95 pan-cit-

rulline antibody (MAB328, Merck) in conjunction with the Catch-and-Release Immuno-

precipitation Kit (Merck) following the protocol as described in Chapter 2, Section 2.3 

– Isolation of Deiminated Proteins using F95 enrichment. Protein extracts from 5 

brains were pooled per experimental group (normoxia and hypoxia) and subjected to 

SDS-PAGE and silver staining (as described in Chapter 2, Section 2.2 – SDS-PAGE and 
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Western Blotting -  and Section 2.4 – Silver Staining of Total Deiminated Pro-

teins)(Fig.27- A); protein elutes from brain tissue were diluted in 1:1 in 2x reducing 

Laemmli sample buffer, boiled for 5min at 100 C, and separated on 4-20% TGX gels 

(BioRad) for 52min at 165V. Following electrophoresis, the gels were silver stained 

using the BioRad Silver Stain Plus Kit according to the manufacturer’s instructions. 

Protein extracts from normoxic and hypoxic naked mole-rat brain tissue (n=5 brain 

tissue for treatment group), were also subjected to in-gel digestion for LC-MS/MS anal-

ysis, carried out by the Cambridge Centre for Proteomics (University of Cambridge, 

Cambridge, UK), as previously (as described in Chapter 2, Section 2.5.1 – LC-MS/MS). 

The samples were prepared 1:1 in reducing Laemmli sample buffer, boiled and run 0.5 

cm into a 10% TGX gel (BioRad), and then cut out as one whole band per sample for in-

gel analysis (whole EV protein, F95-enriched EV proteins, F95-enriched brain proteins 

for normoxia versus hypoxia groups). The Cambridge Centre carried out proteomic 

analysis for Proteomics (Cambridge, UK) according to previously described methods 

(Pamenter et al.,2019 and as described in Chapter 2, Section 2.5.2), and protein hits 

were assessed against the naked mole-rat protein database CCP_Heterocephalus_gla-

ber_20190911 (21,449 sequences; 10,466,552 residues). In addition, a common con-

taminant database was also searched (cRAP 20190401; 125 sequences; 41,129 resi-

dues). Protein scores are derived from ion scores as a non-probabilistic basis for rank-

ing protein hits; individual ion scores > 30 indicated identity or extensive homology (p 

< 0.05). Naked mole-rat brain citrullinome for hypoxia versus control brains was as-

sessed by Silverstaining (Fig.35-A) and then subjected to protein network analysis by 

STRING (https://string-db.org/, accessed on 10 March 2022) (Fig.35-B). 852 protein 

hits were detected in the normoxic brains, while the hypoxic brains exhibited 1222 

hits. Among these, 34 deiminated hits were exclusive to normoxic brains, and 245 hits 

were exclusive to hypoxic brains. 
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Figure 35. The brain citrullinome of naked mole-rats following normoxia or hypoxia 

treatment. (A) SilverGel showing F95-enriched proteins from brains (normoxia) and brains taken 

from animals after a hypoxia challenge; n = 5 (pool of 5 brains per group; 2 experimental replicates). 

(B) Protein-interaction networks for all deiminated protein candidates identified in naked mole-

rat brains following normoxia or hypoxia (brain citrullinome). The PPI enrichment p-value for both 

networks was <1.0 × 10−16, indicating hits and pathways are presented in Figure 7D. The PPI 

enrichment p-value for both networks was <1.0 × 10-16, indicating more interactions than expected 

for a random set of genomes, indicating that the proteins are at least partially biologically connected 

as a group. (C) Venn diagram summarising deimination/citrullinome hits (F95) and shared and 

specific pathways for the citrullinome between normoxic and hypoxic brains (n = 5 brains per 

group in all experiments).  

4.4 Protein-Protein Interaction Network Analysis of Naked Mole-Rat 

Brain Citrullinome Compared to Naked Mole-Rat EVs Citrullinome 

Observed changes in PAD regulation may be reflected in brain citrullinome changes. 

The brain citrullinome revealed 107 KEGG pathways common to the normoxic (con-

trol) and hypoxic brain groups. 28 KEGG pathways were unique to the hypoxic brain 

citrullinome: pathways identified were related to a range of physiological, 

C.  Brain citrullinome 
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pathobiological mechanisms, hemostasis, and immunological/inflammatory pathways 

(D’Alessio et al.,2022). Normoxic brain citrullinome revealed only 2 KEGG pathways 

(Phenylalanine, tyrosine, and tryptophan biosynthesis; Nitrogen metabolism). Fur-

thermore, protein-protein interaction between deiminated protein hits, identified as 

specific to hypoxia brains, revealed 50 KEGG pathways. On the contrary, no KEGG path-

ways were identified from the protein interaction network analysis, and deiminated 

protein hits were identified to be specific to normoxia brains (control group), excluding 

any overlapping targets between the groups from the protein network analysis.  

The investigation into the estrogen signalling pathway has revealed an intriguing con-

nection between the hypoxic brain and extracellular vesicles (EVs) in normoxia. The 

estrogen signalling pathway is evident in the hypoxic brain, suggesting a potential role 

in cellular responses to low oxygen levels; activation or modulation of this pathway in 

the hypoxic brain may be associated with adaptive mechanisms or responses to oxygen 

deficiency (Chaltel-Lima,2023). Simultaneously, when exploring the EV citrullinome in 

the normoxia (control) group, a surprising recurrence of the estrogen signalling path-

way was observed. Unlike its presence in the hypoxic brain, the estrogen-related pro-

teins found in the EV citrullinome were exclusive to the normoxia condition, indicating 

a distinct regulatory role for citrullination in the extracellular vesicle environment un-

der normal oxygen levels. The presence of the estrogen signalling pathway in both the 

hypoxic brain and EVs under normoxia implies a potential interplay between the cel-

lular response to oxygen levels and extracellular communication through EVs. This 

connection prompts further investigation into the mechanisms governing estrogen sig-

nalling in diverse cellular compartments and its implications for intracellular adapta-

tions to hypoxia and intercellular communication via EVs in normoxia. Unravelling this 

intricate relationship may offer valuable insights into the broader regulatory network 

governing estrogen signalling across different physiological conditions.  
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Moreover, analysis of comparative network of the EV citrullinome and brain citrul-

linome of hypoxia and normoxia naked mole-rat groups, has revealed intriguing con-

nections. Notably, the identified KEGG pathway, African trypanosomiasis, emerges as 

a commonality in both the EVs citrullinome and the brain citrullinome across the 

normoxia (control) and hypoxia-exposed animal groups. This surprising connection 

suggests that there might be communication or shared reactions at the molecular level 

between EVs and the brain, highlighting how important citrullination is for cells to 

adapt to different oxygen levels (Albanese et al.,2021). The implication of African tryp-

anosomiasis in both normoxia and hypoxia EVs and brain citrullinome, raises ques-

tions about its specific role in the cellular response to oxygenation stress. This connec-

tion in the citrullinome networks prompts further investigation into the molecular 

mechanisms linking African trypanosomiasis to normoxic and hypoxic conditions. A 

recent study by Saraiva et al., (2022), investigate the hypoxia effects on Trypanosoma 

cruzi,  the causative agent of African trypanosomiasis, also known as Chagas diseases. 

The study shows that hypoxic conditions trigger a shift in the bioenergetic metabolism 

of T. cruzi epimastigote, showing an increased production of ROS and fermentation to 

sustain ATP production, that allow the parasite to survive and proliferate (Saraiva et 

al.,2022). This connection in the citrullinome networks of naked mole-rat  prompts fur-

ther investigation into the molecular mechanisms linking African trypanosomiasis to 

normoxic and hypoxic conditions. 

 

 



 188 

Chapter 5 – Pilot Investigation on the Potential of Atlantic Cod 

(Gadus morhua) Serum/Mucus Derived Extracellular Vesicles 

for In-Vitro Application in Tissue Regeneration Models.  

5.1. Introduction 

Wound healing research often relies on animal models to better understand the mech-

anisms and processes involved in tissue regeneration. Various animal species, such as 

mice, rats, rabbits, guinea pigs, pigs, and zebrafish, have been used as models for 

wound healing (Grada et al., 2018). Importantly, cod-derived products have shown 

promising results in wound healing and tissue regeneration. Fish skin collagen, and in 

particular Atlantic codfish (Gadus morhua) skin-derived collagen, has been investi-

gated as an innovative, sustainable, and efficacious product to produce new cosmetic 

formulations (Alves et al.,2017), in tissue regeneration and drug delivery (Furtado et 

al.,2022). Another study investigated the properties of Gadus morhua (Atlantic cod) 

liver oil in diabetic wound healing in vivo (Kahzaeli et al., 2020). The researchers found 

that encapsulating certain concentrations of cod liver oil with poly lactic acid/chitosan 

nano scaffolds significantly reduced wound area and improved healing compared to 

rats treated only with nanofibers. Additionally, another study compared human am-

nion/chorion membrane allografts with skin xenografts from cod in acute wound heal-

ing (Kirsner et al., 2020). Importantly, wounds treated with cod skin graft healed sig-

nificantly faster than that treated with human amnion/chorion membrane. The cod 

skin exhibited a unique molecular composition, including high Omega-3 polyunsatu-

rated fatty acids (PUFAs), promoting wound healing (Kotronoulas et al., 2019). The 

preservation of the cod skin's integrity and molecular composition during viral deacti-

vation, typically employed for xenograft materials to reduce the risk of viral infection, 
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greatly influenced the wound healing process (Kirsner et al., 2020). As cod-derived 

products have shown such promising results in the context of wound healing and tissue 

regeneration, and since extracellular vesicles (EVs) have gained attention as potential 

therapeutic agents due to their ability to transfer bioactive molecules and participate 

in intercellular communication, it is of great interest to further investigate other cod-

derived products, including cod-EVs isolated from different biological fluids such as 

serum and mucus. This may be of considerable interest as to date, there have mainly 

been comprehensive studies carried out on mesenchymal stem cell-derived extracel-

lular vesicles (EVs) and their role in wound healing (De Jong et al.,2014; Lamichhane 

et al., 2015; Rani and Ritter,2016; Keshktar, Azarpira and Ghahremani,2018; Ferreira 

and Gomes, 2018; Casado-Diaz et al, 2020; Zhang et al.,2020). In comparison, minimal 

studies have focused on EVs derived from fluids of various species across phylogeny 

(Wu et al.,2022) or from plants and animal derivates, such as aloe vera or royal jelly 

(Kim et al.,2021; Alvarez et al.,2023).  Therefore, a specific focus of the current study 

was to assess any potential for cod serum and mucus-derived EVs in wound healing 

models in vitro. This part of the study utilised three cell lines: 1) 3T3.L1 - mouse fibro-

blasts, 2) HaCat – Immortalized Human keratinocytes, 3) HDFa – Human Dermal Fibro-

blasts, Adult, to assess wound closure at different time points (0h,6h,24h), upon EVs 

treatment, derived from Atlantic cod serum and mucus. Wound closure was carried out 

by measuring differences in scratch closure/migration speed. In addition, Fibroblast 

Growth Factor 2 (FGF2), a marker of fibroblasts implicated in different biological pro-

cesses both in vivo and in vitro, including cell migration, differentiation, angiogenesis, 

and wound healing (Yun et al.,2010; Koike et al.,2020), and Vimentin, an intermediate 

filament, marker of fibroblasts and wound healing (Cheng et al.,2016; Ostrowska-Pod-

horodecka et al.,2022), were assessed in different assays by immunocytochemistry.  
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Atlantic Cod – Gadus morhua  

The Atlantic cod genome has been sequenced, revealing a unique immune system with 

distinct properties that differ from other teleost fish species (Star et al., 2011). The cod 

exhibits high levels of IgM and a minimal antibody immune response after pathogen 

exposure (Magnadóttir et al.,2001; Magnadóttir et al.,2011). Furthermore, its periph-

eral blood contains abundant phagocytic neutrophils. Interestingly, while most genes 

involved in the vertebrate immune response are present in the Atlantic cod genome, it 

lacks major histocompatibility complex (MHC) II isoforms, the assembly and trafficking 

chaperone Invariant chain (Ii), and the MHCII interacting protein CD4, which are es-

sential for adaptive immunity against bacterial and parasitic infections (Star et al., 

2011). The cod genome also reveals an unusual composition of Toll-like receptors 

(TLRs), which play a fundamental role in the innate immune response and initial path-

ogen detection. The cod genome predominantly includes teleost-specific TLR14/18 

from the TLR1 family and families of nucleic acid-recognizing TLRs (TLR7, -8, -9, and -

22), suggesting that the cod immune response relies on nucleic acid-detecting TLRs for 

the recognition of bacterial pathogens (Sundaram et al., 2012).  Importantly, EVs have 

recently been isolated and characterized for the first time from cod mucus and serum 

(Magnadóttir et al., 2019a, 2020), verifying their presence in these biofluids. Nanopar-

ticle tracking analysis revealed a poly-dispersed population of EVs ranging from 30 to 

500 nm in cod mucosa, with an approximate yield of 5.8x109 particles/ml. Further 

characterization using transmission electron microscopy confirmed the morphology of 

these EVs, and western blot analysis detected the presence of phylogenetic-conserved 

specific markers CD63 and Flotillin-1, confirming their identity as EVs (Magnadóttir et 

al., 2019a). Similarly, cod serum-derived EVs displayed a similar size distribution (30-

600 nm) and were positive for CD63 and Flotillin-1 markers (Magnadóttir et al., 

2019b). Notably, the analysis of cod mucosal EVs cargo revealed the presence of innate 



 191 

immune factors such as C3 and C-reactive proteins I and II (CRP-1 and CRP-II), which 

were also found to be deiminated in mucosal EVs. Other deiminated proteins, including 

tubulin beta chain, elongation factor 1-alpha, Beta-actin, fast skeletal muscle alpha-ac-

tin, galectin, and profilin, were also identified in mucosal EVs (Magnadóttir et al., 

2019a). The deimination of complement C3 was also observed in cod serum and se-

rum-derived EVs, marking the first identification of deiminated complement C3 in cod 

EVs (Magnadóttir et al., 2019b). Complement component C3 plays a crucial role in all 

pathways of complement activation, which is essential for the first line of immune de-

fence against invading pathogens. Additionally, C3 has been implicated in tissue regen-

eration and remodelling during cod ontogeny (Lange et al., 2004a, 2005) The unique 

immune system and composition of EVs in cod suggest that these vesicles may have 

specific properties and functions contributing to tissue regeneration. Therefore, stud-

ying the effects of Atlantic cod serum and mucus-derived EVs in tissue regeneration 

and exploring their whole protein cargo content and mechanisms of action could pro-

vide valuable insights for the development of novel therapeutic strategies in regener-

ative medicine.  

5.2. Material and Methods  

5.2.1. Cod Serum and Mucus Extracellular Vesicles Preparation, Isolation, 

Characterisation, and Protein Content Analysis  

Cod serum EVs were isolated from cod serum and mucus using sequential centrifuga-

tion and ultracentrifugation according to previously standardized and described pro-

tocols (Fig.36) (Criscitiello et al.,2020 – a,b,c; Bowden et al.,2020; Lange et al.,2019) 

and following recommendations of MISEV2018 (the minimal information for studies 

of extracellular vesicles) (Théry et al.,2018). For each EV isolation, 250µl of cod serum 

and mucus aliquots were diluted 1:5 in (750µl) Dulbecco’s PBS (DPBS, ultrafiltered 
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using a 0.22 µm filter before use). Serum and mucus aliquots were centrifuged for 20 

min at 4000×g at 4 ºC to remove apoptotic bodies and aggregates, and the obtained 

supernatants were then collected and ultra-centrifuged at 20,000×g at 4 ºC for 1h. The 

obtained supernatants were discarded, and the EV-enriched pellets were resuspended 

each in 500µl DPBS and thereafter ultra-centrifuged again for 1h at 20,000 xg at 4 ºC. 

The final resulting total EV pellets were resuspended each in 50µl of DPBS and stored 

at -80C for further experiments and analysis (Fig.36). For the characterisation with na-

noparticle tracking analysis (NTA), based on Brownian motion of particles in suspen-

sion, cod serum and mucus EVs samples were diluted 1/1000 in DPBS (10µl of EV prep-

aration diluted in 990µl of DPBS). The diluted EV sample was applied to the NanoSight 

NS300 system (Malvern Panalytical Ltd., Malvern, UK), recording four repetitive reads, 

60 seconds each and camera setting level 13. Post-analysis threshold setting was set at 

level 3. Replicate histograms were generated from these videos using the NanoSight 

software 3.0 (Malvern), representing the mean and the confidence intervals of the 

three sample recordings. EV size distribution profiles generated by the three record-

ings showed a poly-dispersion of EVs in the 50-350nm range comprising both small 

and medium/large EVs (further details in section 5.3.1). The concentration of EVs was 

determined based on the NTA quantification of particles per ml and estimated as 

1.55x1010 +/- 9.17x108 particles/ml EVs per 1ml Cod serum and 1.29x1010 +/- 

1.22x102 particles/ml in EVs per 1ml of cod mucus respectively.         
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         Created with BioRender.com 

Figure 36. Atlantic Cod Extracellular vesicles small scale isolation protocol and NTA analysis. 

(Image created with BioRender.com) 

5.2.2. Western blotting  

For the characterisation of surface markers on Atlantic cod serum- and mucus-derived 

EVs, SDS-PAGE was carried out, followed by Western Blotting. Cod EVs samples were 

diluted 1:1 in denaturing 2× Laemmli sample buffer (containing 5% beta-mercaptoeth-

anol, BioRad, UK) and heated for 5min at 100 °C. Protein separation was carried out 

using 4–20% gradient TGX gels (BioRad UK) for 50min at 165 V, followed by Western 

blotting at 15 V for 1 h on a Trans-Blot® SD semi-dry transfer cell (BioRad, UK). Mem-

branes were stained with PonceauS (Sigma, UK) for 5 min and rinsed with distilled 

water to assess even protein transfer, and then blocked with 5% bovine serum albumin 

(BSA, Sigma, UK) in Tris-buffered saline (TBS) containing 0.1% Tween20 (BioRad, UK; 

TBS-T) for 1 h at room temperature. Primary antibody incubation was carried out 
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overnight at 4 ◦C on a shaking platform using antibodies against the following EV mark-

ers: CD63 (ab216130, Abcam, UK) Flotillin-1 (ab41927, Abcam) and Alix (ab117600, 

Abcam) (Table 11); diluted 1/1000 in TBS-T, previously shown to cross-react with EVs 

from other taxa, besides humans. Following primary antibody incubation, the nitrocel-

lulose membranes were washed at RT in TBS-T for 3 × 10 min and thereafter incubated 

with HRP-conjugated secondary antibodies (anti-rabbit IgG, BioRad, diluted 1/3000 in 

TBS-T) (Table 11), for 1h at RT. The membranes were then washed for 4 × 10 min with 

TBS-T, followed by one wash in TBS without Tween20, and digitally visualised, using 

enhanced chemiluminescence (ECL, Amersham, UK) in conjunction with the UVP Bio-

Doc-ITTM System (Thermo Fisher Scientific, Dartford, UK).   

Table 14. List of primary and secondary antibodies used for WB for EVs characterisation.   

Primary Antibod-

ies 

Cat. Number  Company  Dilution in TBS  

CD63 ab216130 Abcam, UK  1/1000 

Flotillin-1 ab41927 Abcam, UK 1/1000 

Secondary anti-

bodies 

Cat. Number Company Dilution in TBS  

Anti-rabbit IgG 

H&L 

ab6721 BioRad 1/3000 

 

5.2.3. Liquid Chromatography with Tandem Mass Spectrometry LC-MS/MS 

Analysis  

Liquid chromatography with tandem mass spectrometry (LC–MS/MS) was carried out 

to identify whole cod serum-EV and mucus-EVs proteome, as a service carried out by 
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Cambridge Proteomics (University of Cambridge, UK). In summary, the concentrated 

protein band (containing whole proteome extract) was excised for in-gel digestion, 

trypsin digested and subjected to proteomic analysis using a Dionex Ultimate 3000 

RSLC nanoUPLC system (Thermo Fisher Scientific Inc., Waltham, MA, USA), in conjunc-

tion with a QExactive Orbitrap mass spectrometer (Thermo Fisher Scientific Inc, Wal-

tham, MA, USA). Peptide separation was performed using reverse-phase chromatog-

raphy (flow rate 300 nL/min) and a Thermo Scientific reverse-phase nano Easy-spray 

column (Thermo Scientific PepMap C18, 2 μm particle size, 100 A pore size, 75 μm i.d. 

× 50 cm length). Peptides were loaded onto a pre-column (Thermo Scientific PepMap 

100 C18, 5 μm particle size, 100 A pore size, 300 μm i.d. × 5 mm length) from the Ulti-

mate 3000 autosampler (0.1% formic acid for 3 min, flow rate 10 μL/min). Thereafter, 

peptides were eluted from the pre-column onto the analytical column. The linear gra-

dient employed was 2–40% solvent B (80% acetonitrile, 20% water + 0.1% formic 

acid) for 30 min. An Easy-Spray source (Thermo Fisher Scientific Inc.) was used to 

spray the LC eluant into the mass spectrometer. An Orbitrap mass analyser (set at a 

resolution of 70,000) was used to measure all m/z values of eluting ions, scanned be-

tween m/z 380 and 1500. Fragment ions were automatically isolated and generated 

using data-dependent scans (Top 20) by higher-energy collisional dissociation (HCD, 

NCE: 25%) in the HCD collision cell. The resulting fragment ions were measured using 

the Orbitrap analyser set at a resolution of 17,500. Singly charged ions and ions with 

unassigned charge states were excluded from selection for MS/MS, employing a dy-

namic exclusion window of 20 s. The data were processed post-run using Protein Dis-

coverer (version 2.1., Thermo Scientific). All MS/MS data were converted to mgf files. 

The files were submitted to the Mascot search algorithm (Matrix Science, London, UK) 

to identify protein hits. Protein hits search identified from cod serum EVs and whole 

mucus was conducted against a species-specific (Gadus morhua), 



 196 

(Gadus_morhua_20190405; 1283 sequences; 308668 residues), with significance 

threshold set at p<0.05 and cut-off ion score at 15, or against all teleost UniProt data-

base (CCP_Teleostei Teleostei_20201009; 4085639 sequences; 2121030378 residues), 

with significance threshold set at p<0.05 and cut-off ion score at 53.  

5.2.5. In-vitro Application of Atlantic Cod Serum and Mucus-Derived EVs to 

an in-vitro Scratch Wound Healing Model. 

5.2.5.1 Mouse Fibroblasts (3T3-L1)  

Mouse fibroblast cells (ATCC 3T3-L1 cell line) were cultured in a T75 flask (Thermo 

Scientific) in 1x DMEM (Gibco™) containing 10% FBS (MP Biomedical Fetal Bovine Se-

rum, Fisher Scientific) and 1% Penicillin-Streptomycin (Gibco™) until 70-80% conflu-

ency, cells were trypsinized with 3ml of 0.25% trypsin-EDTA, incubated for 10min and 

thereafter neutralised with 5ml of DMEM and spin down at 1000g for 5min. The cell 

pellet was resuspended in 1ml DMEM and seeded first into a 6-well plate (Ther-

moFisher) at a concentration of 3x102  cells/well to assess cell growth and perform the 

first assessment of wound scratch assay. Thereafter, cells were plated in a 12-well plate 

(ThermoFisher) at a concentration of 2x102  cells/well and cultured in complete me-

dium (DMEM) containing 10%FBS and 1% Penicillin-Streptomycin to nearly confluent 

cell monolayers for about 24h/36 h. The 6-well and 12-well plates were incubated until 

90% confluency was reached to obtain a full fibroblast monolayer to perform a linear 

scratch with a sterile 200ul plastic pipette tip. Any cellular debris was removed by 

washing the wells with phosphate buffer saline (PBS). Fresh DMEM medium was added 

to a set of three wells (control group), and isolated EVs from 1ml Atlantic cod serum, 

containing approximately 1.55x1010 +/- 9.17x108 particles/ml EVs, were diluted in 

1ml DMEM and added to a set of three wells per treatment group. Images were taken 
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using EVOS FL Auto Imaging Systems (Thermo Fisher Scientific) at time points of 0h 

and 24h, following optimisation of assessment of wound closure time, using the 4x ob-

jective. 

5.2.5.2 Immortalized Human Keratinocytes (HaCat) 

Human immortalised keratinocytes (HaCat) migration was assessed using a scratch 

wound assay. After reaching 80% confluency, the cells were trypsinized with 3ml of 

0.25% trypsin-EDTA, incubated for 7-10min and thereafter neutralised with 5ml of 

DMEM and spun down at 1000g for 5min. Cell pellets were resuspended in 1ml DMEM, 

and then the cells were seeded into 12-well plates (ThermoFisher) at a concentration 

of 2x102 cells/well and cultured in media containing 10%FBS and 1% Penicillin-Strep-

tomycin to nearly confluent cell monolayers for about 24h/36 h. The selection of seed-

ing density was based on general cell culture recommendations, the cells’ doubling 

time and the necessity of obtaining an 80 % confluency in a short time to conduct 

scratch assay analysis. Several trials were required to achieve the right seeding density 

(more information is provided about the protocol optimisation in Appendix 1, section 

1.2). A linear scratch was generated in the monolayer using a sterile 200µl plastic pi-

pette tip. Any cellular debris was removed by washing the well with phosphate buffer 

saline (PBS). Fresh DMEM medium was added to a set of three wells (control group), 

and isolated EVs obtained from 250µl Atlantic cod serum (3,88x109 particles/ml) were 

diluted in 1ml DMEM and added to a set of three wells (treatment group) while control 

wells only received medium. Images were taken using EVOS FL Auto Imaging Systems 

(Thermo Fisher Scientific) at 0h and 24h using the 4x objective. 

5.2.5.3 Human Dermal Fibroblasts Adult (HDFa) 

The HDFa primary cell line migration was assessed using the same scratch wound as-

say protocol described above. After reaching 80% confluency, cells were trypsinized 
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with 3ml of 0.25% trypsin-EDTA, incubated for 2-3min, neutralised with 5ml of DMEM, 

and spun down at 1000g for 5min. Cell pellets were resuspended in 1ml DMEM, and 

the cells were seeded into a 12-well plate (ThermoFisher) at a concentration of 2x102   

cell/well and cultured in media containing 10%FBS and 1% Penicillin-Streptomycin to 

nearly confluent cell monolayers. The rationale behind the choice of seeding density 

was, as before, based on the general cell culture recommendations, cell doubling time 

and the necessity to obtain an 80 % confluency in an optimal time window to conduct 

the scratch assay analysis. Several trials were required to achieve the right seeding 

density. A linear scratch was generated in the cell monolayer of each well with a sterile 

200µl plastic pipette tip. Any cellular debris was removed by washing the wells with 

phosphate buffer saline (PBS). Fresh DMEM medium was added to a set of three wells 

(control group), and isolated EVs from 250µl (3,88x109 particles/ml) Atlantic cod se-

rum was diluted in 1ml DMEM and added to a set of three wells (treatment group). In 

contrast, control wells were treated with medium only as before. Images were taken 

using EVOS FL Auto Imaging Systems (Thermo Fisher Scientific) at 0h, 6h and 24h with 

a 4x objective.  

5.2.6. Immunocytochemistry (ICC) 

Human Derma Fibroblasts, adult cells (HDFa) (Cat. No. C-013-5C; GIBCO) were cul-

tured in a T75 flask until confluency was reached; cells were then trypsinised with 3ml 

of 0.25% trypsin-EDTA and incubated for 2-3min; trypsin was then neutralised with 

5ml of DMEM, spun down at 1000 g for 5min and cell pellet resuspended in 1ml DMEM. 

Cells were seeded onto a 12 well plate at a concentration of 3x102 cells/well and cul-

tured until 80% confluency was reached. Once HaCat reached confluency (about 12-

18h later the day were seeded), the media was replaced with fresh media for the con-

trol group (x3 well), which received 1ml of fresh DMEM only, while the treatment 
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group (x3 well) received 250 µl of cod serum and/or mucus derived EVs diluted in 

750µl of fresh medium and apply to a set of three wells. Cells were incubated for 4h, 

and ICC protocol was applied thereafter. Media was removed from each seeded well, 

and cells were rinsed with PBST (1x PBS + 0.1% Tween20). Cells were fixed at room 

temperature for 10 min with 4% Paraformaldehyde in PBS (pH 7.4) (Thermo Fisher), 

washed three times with ice-cold PBS and then incubated for 10 min with PBS contain-

ing 0.2% Triton X-100 for permeabilization, and after 10 min rinsed three times, 5 min 

each time, with PBS. Cells were incubated with blocking buffer (1% BSA + 22.52mg/ml 

glycine in PBST) for 30min and after incubated with primary antibodies (Anti-Vi-

mentin and Anti-FGF2, 1/500) diluted in 1% BSA+PBST overnight at 4ºC. Following 

primary antibody incubation, the blocking solution was removed, and the cells were 

washed three times, 5 minutes each wash, with PBS and secondary antibody incubated 

for 1h at room temperature in 1% BSA, left in the dark. After the incubation, cells were 

washed three times with PBS and incubated for 1 minute with 0.1/µg/ml of DAPI solu-

tion. The DAPI counterstain solution was removed, cells rinsed with PBS and visualised 

using the EVOS FL Auto Imaging Systems (Thermo Fisher Scientific). The ICC protocol 

was adapted and optimised for this experiment based on a general ICC protocol. In the 

first instance, the ICC protocol was optimised on control scratch injuries (See Appendix 

2) to assess the staining quality before carrying out the ICC-optimized protocol on the 

full experiment setup, including EV treatment. Mouse fibroblasts were mainly used to 

optimise scratch injuries (including time windows for wound closure), and ICC was not 

applied in this model; when moving into human cellular models, HDFa cells were 

stained for anti-Vimentin and anti-FGF2 to assess changes in expression of those two 

proteins, when treated with Atlantic cod serum- and mucus-derived EVs. EVs applied 

from Atlantic cod were either from serum or mucus and in some instances, both 

sources were assessed; this was somehow restricted to various pilot attempts due to 
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restrictions in the availability of cod serum and mucus. Findings provide some prelim-

inary insights into the potential of cod EVs to promote wound healing.   

5.2.7. Statistical Analysis 

Images obtained from the scratch assays at different time points were imported to 

PowerPoint, and images were organised to ensure that image size was consistent; the 

scratch was manually delineated with a red line. The images were then grouped and 

copied in ImageJ software (https://imagej.nih.gov/ij/), where the area of the scratches 

volume was measured using the function of freehand selection, tracing the wound 

edges previously manually traced in PowerPoint. Results were recorded in GraphPad 

Prism 9, and histograms were generated, representing differences in gap clo-

sure/changes in gap size of the EV treated versus control scratch injuries at different 

time points.  
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5.3. Results  

5.3.1. Characterization of Gadus morhua (Atlantic Cod) Serum and Mucus 

EVs  

EVs from cod serum were characterised by size distribution based on the Brownian 

motion of particles in suspension using nanoparticle tracking analysis (NTA), morpho-

logical analysis using transmission electron microscopy (TEM; kindly imaged by Dr 

Igor Kraev, Open University) and Western blotting using the EV-specific markers CD63 

and Flotillin-1 (Fig.37). NTA results showed a poly-dispersed population consisting 

mainly of approximately 70-500nm sized vesicles (small/EVs and medium/EVs), with 

the majority of EVs being 90-400nm, with main peaks around 100-120nm and smaller 

peak at 300-400nm size range (Fig.37). The concentration of EVs was determined 

based on the NTA quantification of particles per ml and estimated as 1.55x1010 +/- 

9.17x108 particles/ml EVs per 1ml cod serum. Western blotting showed a positive 

band for the specific EV markers CD63 at the predicted size of 26kDa and Flotillin-1 at 

the predicted size of 47kDa (Fig.37). Transmission electron microscopy confirmed the 

EVs morphology and verified the size range observed by NTA (Fig.37).   
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Figure 37. Cod serum EVs characterisation. Characterisation of EVs isolated from cod serum by 

NTA (Nanoparticle tracking analysis) for size distribution (a representative NTA histogram is 

shown, black line representing the mean and the red line (broad lone) represents the standard er-

ror for the mean (SEM), based on four 60s replicate video recordings of the same sample), by TEM 

(Transmission electron microscopy) for EVs morphology and by Western blotting for EV-specific 

markers CD63, Flot-1 and Alix (all antibodies diluted 1/1000).  

Atlantic cod mucus-derived EVs have been previously characterised by Magnadóttir et 

al., (2019a): EVs from cod mucus were characterised by size exclusion using NTA, by 

morphological analysis using TEM and by Western blotting using the EVs-specific 

markers CD63 and Flot-1 (Fig.38).  The NTA analysis shows a poly-dispersed popula-

tion of EVs in the size range of 30-500nm, with peaks at 128, 175, 295 and 415nm and 

the concentration of EVs was determined based on the NTA quantification of particles 

per ml and estimated as 1.29e10 +/- 1.22e9 particles/ml in EVs per 1ml Cod mucus. 

Western blotting analysis shows a positive band for EV-specific marker CD63 at the 
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expected band size of 26kDa and Flot-1 at the expected size of 47kDa. Transmission 

electron microscopy (TEM) analysis in Fig. 30 shows representative morphological im-

ages of poly-dispersed EV population, all images scale bar at 200nm, confirming the 

classic morphology of EVs.  

 

Figure 38. Cod mucus EVs characterisation. Characterisation of EVs isolated from cod mucus by 

NTA (Nanoparticle tracking analysis) for size distribution a representative NTA histogram is 

shown, this black line representing the mean and the red line (broad lone) represents the standard 

error for the mean (SEM), based on four 60s replicate video recordings of the same sample), by 

TEM (Transmission electron microscopy) for EVs morphology and by Western blotting for EV-

specific markers CD63, Flot-1 and Alix (all antibodies diluted 1/1000). 

5.3.2. LC-MS/MS Analysis of Whole Proteome of Cod Serum and Mucus EVs  

In the present investigation, an examination of the entire proteome was conducted on 

EVs derived from Atlantic cod serum and mucus. Previous research has already 
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detailed the citrullinome of serum and mucus cod EVs (Magnadóttir et al., 2018, 2019, 

2020). Tandem mass spectrometry (LC-MS/MS) was employed to analyse the complete 

proteome of serum and mucus EVs. The whole serum EVs data were submitted to the 

in-house Mascot (Cambridge Centre for Proteomics) using the Ga-

dus_morhua_20190405 database (1283 sequences: 308668 residues), with settings at 

a significant threshold of p < 0.05 and a cut-off at Ion score 33. The identified protein 

hits for cod serum EVs are presented in Table 15, including protein ID, species name, 

matches, and total score. Eight protein hits were identified: Fast skeletal muscle alpha-

actin, Beta-actin, Serotransferrin, 60s ribosomal protein L22, Galectin, Elongation fac-

tor 1 alpha, Ribosomal protein L15, and Profilin. 

Table 15. Whole cod serum EVs protein content identified by tandem mass spectrometry 

(LC-MS/MS) analysis in Gadus morhua (Atlantic Cod). Highlighted protein hits are hits identified 

as common to the cod serum EVs proteome and cod mucus EV proteome. 

Protein ID 

Protein name 

Species name 

Common name 

Matches 

(Sequences) 

Total score 

(p<0.05)ⱡ 

Q78AY8_GADMO 

Fast skeletal muscle alpha-actin 

Gadus morhua 

Atlantic Cod  

5 

(5) 

214 

Q2PDJ0_GADMO 

Beta-actin 

Gadus morhua 

Atlantic Cod 

4 

(4) 

138 

Q92079|TRFE_GADMO 

Serotransferrin 

Gadus morhua 

Atlantic Cod 

17 

(2) 

106 

P52865|RL22_GADMO 

60S ribosomal protein L22 

Gadus morhua 

Atlantic Cod 

1 

(1) 

65 

G8ENP0_GADMO 

Galectin 

Gadus morhua 

Atlantic Cod 

1 

(1) 

40 
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A8CZC9_GADMO 

Elongation factor 1 alpha 

Gadus morhua 

Atlantic Cod 

3 

(1) 

40 

A0A067XLH1_GADMO 

Profilin 

Gadus morhua 

Atlantic Cod 

3 

(1) 

35 

Q8JHA8_GADMO 

Ribosomal protein L15 

Gadus morhua 

Atlantic Cod 

1 

(1) 

21 

† Ion score is −10*Log(P), where P is the probability that the observed match is a random event. Indi-

vidual ion scores <33 indicate identity or extensive similarity (p < 0.05). Protein scores are derived from 

ion scores as a non-probabilistic basis for ranking protein hits. 

Whole Atlantic cod mucus-derived EVs proteome files were submitted to in-house 

Mascot (Cambridge Centre for Proteomics) using the following database: Ga-

dus_morhua_20190405 (1283 sequences; 308668 residues), with settings at signifi-

cant threshold p < 0.05 and cut- off at Ions score 15. Identified protein hits for Atlantic 

cod mucus-derived EVs proteome are reported below (Table 16) with protein ID, spe-

cies name, matches and total score. Fifty-seven protein hits were identified, and eight 

of the identified protein were in common with the protein hits identified in Atlantic cod 

serum-derived EVs proteome. 
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Table 16. Atlantic cod mucus-derived EVs proteome, identified by tandem mass 

spectrometry (LC-MS/MS) analysis in Gadus morhua. Highlighted protein hits are hits 

commonly found in Atlantic cod serum-derived EVs proteome and Atlantic cod mucus-derived EV 

proteome. 

Protein ID 

Protein name 

Species name 

Common name 

Matches 

(Sequences) 

Total score 

(p<0.05)ⱡ 

Q92079|TRFE_GADMO 

Serotransferrin  

Gadus morhua 

Atlantic Cod 

32 

(28) 

1747 

V9I305|V9I305_GADMO 

Transglutaminase 2 

 

Gadus morhua 

Atlantic Cod 

26 

(18) 

1086 

G8DZS1_GADMO   

Heat shock cognate 70 kDa pro-

tein (Fragment) 

Gadus morhua 

Atlantic Cod 

29 

(14) 

1081 

Q9PUG4_GADMO 

Tubulin beta chain 

Gadus morhua 

Atlantic Cod 

30 

(16) 

996 

 

A8CZC9_GADMO   

Elongation factor 1-alpha 

Gadus morhua 

Atlantic Cod 

25 

(14) 

805 

V9I378_GADMO 

Transglutaminase 1 

Gadus morhua 

Atlantic Cod 

18 

(13) 

757 

A0A067XL91_GADMO 

Flotillin-1 (Fragment) 

Gadus morhua 

Atlantic Cod 

11 

(9) 

616 

K7SPU9_GADMO 

MHC class I antigen (Fragment) 

Gadus morhua 

Atlantic Cod 

13 

(10) 

599 
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A0A067XL41_GADMO 

Calpain small subunit 1 

Gadus morhua 

Atlantic Cod 

13 

(11) 

577 

Q78AY8_GADMO 

Fast skeletal muscle alpha-actin 

Gadus morhua 

Atlantic Cod 

58 

(9) 

565 

P56533|BADH_GADMC 

Betaine aldehyde dehydrogen-

ase 

Gadus morhua 

Atlantic Cod 

11 

(11) 

540 

K7S1G8_GADMO 

MHC class I antigen (Fragment) 

Gadus morhua 

Atlantic Cod 

12 

(9) 

532 

Q2PDJ0_GADMO 

Beta-actin (Fragment) 

Gadus morhua 

Atlantic Cod 

58 

(8) 

511 

Q6WEU6_GADMO 

S2 ribosomal protein (Frag-

ment) 

Gadus morhua 

Atlantic Cod 

9 

(8) 

467 

Q8JHA8_GADMO 

Ribosomal protein L15 

(Fragment) 

Gadus morhua 

Atlantic Cod 

11 

(7) 

419 

G8DZS2_GADMO 

Nucleoside diphosphate kinase 

(Fragment) 

Gadus morhua 

Atlantic Cod 

10 

(6) 

388 

G0XNX4_GADMO 

Peptidyl-prolyl cis-trans isomer-

ase 

Gadus morhua 

Atlantic Cod 

7 

(6) 

331 

P83456|PPB_GADMO 

Alkaline phosphatase 

Gadus morhua 

Atlantic Cod 

8 

(8) 

307 
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Q5XQS6_GADMO 

Preproapolipoprotein A-I 

(Fragment) 

Gadus morhua 

Atlantic Cod 

5 

(4) 

305 

A0A067XLH1_GADMO 

Profilin 

Gadus morhua 

Atlantic Cod 

7 

(4) 

249 

A0A0G2QMS5_GADMO 

Histone H3 (Fragment) 

Gadus morhua 

Atlantic Cod 

31 

(3) 

205 

D5LIQ8_GADMO 

Putative ribosomal protein L8 

(Fragment) 

Gadus morhua 

Atlantic Cod 

6 

(4) 

201 

G0XNX5_GADMO 

Cystatin B 

Gadus morhua 

Atlantic Cod 

9 

(5) 

201 

A8CZB9_GADMO   

20-beta hydroxysteroid dehy-

drogenase 

Gadus morhua 

Atlantic Cod 

4 

(4) 

197 

P81600|ADHH_GADMO 

Alcohol dehydrogenase class-3 

chain H 

Gadus morhua 

Atlantic Cod 

3 

(3) 

184 

P52865|RL22_GADMO 

60S ribosomal protein L22 

(Fragment) 

Gadus morhua 

Atlantic Cod 

4 

(2) 

182 

G0XNX6_GADMO 

Mannan-binding lectin 

Gadus morhua 

Atlantic Cod 

4 

(4) 

169 

A0A343ANK4_GADMO 

Cytochrome c oxidase subunit 2 

Gadus morhua 

Atlantic Cod 

4 

(3) 

142 
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D5LIQ2_GADMO 

Pantophysin 

Gadus morhua 

Atlantic Cod 

2 

(2) 

138 

G8ENP0_GADMO 

Galectin (Fragment) 

Gadus morhua 

Atlantic Cod 

13 

(2) 

136 

E3U9P6_GADMO 

Bloodthirsty 

Gadus morhua 

Atlantic Cod 

3 

(3) 

117 

Q8AWX8_GADMO   

Glyceraldehyde-3-phosphate 

dehydrogenase 

 

Gadus morhua 

Atlantic Cod 

3 

(2) 

115 

G0XNX7_GADMO 

Peptidylprolyl isomerase 

Gadus morhua 

Atlantic Cod 

2 

(2) 

108 

D5LIQ1_GADMO 

Putative ribosomal protein L17b 

(Fragment) 

Gadus morhua 

Atlantic Cod 

3 

(2) 

106 

A7XA14_GADMO 

Nascent polypeptide-associated 

complex alpha polypeptide 

NACA (Fragment) 

Gadus morhua 

Atlantic Cod 

1 

(1) 

74 

Q9YGI3_GADMO 

Beta-2-microglobulin 

Gadus morhua 

Atlantic Cod 

2 

(1|) 

66 

K9LCP7_GADMO 

Caspase 3 (Fragment) 

Gadus morhua 

Atlantic Cod 

1 

(1) 

55 

D7R9W9_GADMO 

Fas (Fragment) 

Gadus morhua 

Atlantic Cod 

1 

(1) 

44 
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D7R9Z6_GADMO 

Mitogen-activated protein ki-

nase 1 (Fragment) 

Gadus morhua 

Atlantic Cod 

2 

(1) 

42 

D7R9Y5_GADMO 

Toll-like receptor 9 (Fragment) 

Gadus morhua 

Atlantic Cod 

1 

(1) 

41 

Q6DTY9_GADMO 

Glucose transporter 3 

Gadus morhua 

Atlantic Cod 

1 

(1) 

34 

A7XA12_GADMO 

Aminopeptidase puromycin-

sensitive protein (Fragment) 

Gadus morhua 

Atlantic Cod 

1 

(1) 

27 

A4ZGE0_GADMO   

Non-specific cytotoxic cell re-

ceptor protein 1 

Gadus morhua 

Atlantic Cod 

1 

(1) 

24 

B8XJS4_GADMO 

Hemoglobin alpha 1 chain 

Gadus morhua 

Atlantic Cod 

1 

(1) 

24 

Q9PV18_GADMO 

RAG1 protein (Fragment) 

Gadus morhua 

Atlantic Cod 

1 

(1) 

24 

D6MXZ1_GADMO 

Acyl-Coenzyme A 

dehydrogenase (Fragment) 

Gadus morhua 

Atlantic Cod 

1 

(1) 

24 

Q8JIV4_GADMO 

Fast skeletal myosin heavy chain 

(Fragment) 

Gadus morhua 

Atlantic Cod 

1 

(1) 

23 

G8DZS4_GADMO Gadus morhua 

Atlantic Cod 

1 

(1) 

23 
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Hypoxanthine phosphoribosyl-

transferase (Fragment) 

A0A0D3RBU4_GADMO 

Interferon regulatory factor 

protein 7 

Gadus morhua 

Atlantic Cod 

1 

(1) 

23 

A7XA16_GADMO 

Titin isoform b (Fragment) 

Gadus morhua 

Atlantic Cod 

1 

(1) 

23 

F8SXV2_GADMO   

Osteonectin (Fragment) 

Gadus morhua 

Atlantic Cod 

(1) 23 

A7XA17_GADMO 

Titin isoform c (Fragment) 

Gadus morhua 

Atlantic Cod 

1 

(1) 

22 

Q1M164_GADMO 

Interleukin-8 

Gadus morhua 

Atlantic Cod 

1 

(1) 

22 

F8TW94_GADMO 

Activating transcription factor 3 

Gadus morhua 

Atlantic Cod 

1 

(1) 

22 

A0A0C6EYL8_GADMO   

Amine oxidase 

Gadus morhua 

Atlantic Cod 

1 

(1) 

22 

D7R9Z7_GADMO 

Mitogen-activated protein ki-

nase (Fragment) 

Gadus morhua 

Atlantic Cod 

1 

(1) 

21 

A7UFK3_GADMO 

Hexokinase 1a 

Gadus morhua 

Atlantic Cod 

1 

(1) 

21 

† Ion score is −10*Log(P), where P is the probability that the observed match is a random event. Indi-

vidual ion scores <15 indicate identity or extensive similarity (p < 0.05). Protein scores are derived from 

ion scores as a non-probabilistic basis for ranking protein hits. 
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The above tables (Table 15 and 16) highlight protein hits identified to be common to 

Atlantic cod serum-derived EVs and Atlantic cod mucus-derived EVs' whole proteome. 

These hits are highlighted in yellow. They include fast skeletal muscle alpha-actin, 

beta-actin, serotransferrin, 60s ribosomal protein L22, Galectin, Elongation factor 1 al-

pha, Profilin, and Ribosomal protein L15.  
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5.3.3 Atlantic Cod Serum and Mucus Derived- EVs Application to In-vitro 

Wound Healing Model.  

5.3.3.1 3T3.L1 Mouse Fibroblast in-vitro Wound Healing Model 

In the first instance, due to feasibility and for optimisation of protocols and cell culture, 

mouse fibroblasts were used to assess the potential of cod serum EVs on wound heal-

ing. Scratch assays were performed on mouse fibroblasts (3T3-L1 cell line) cells, cul-

tured in a 12-well plate until 80-90% confluency was reached; a linear scratch was 

performed using a sterile 200µl plastic pipette tip and cellular debris washed with 

phosphate-buffered saline (PBS). Fresh 1ml of DMEM was added to a set of three wells 

(control group) and derived-EVs preparation from 1ml cod serum was diluted in 1ml 

DMEM and added to a set of three wells (treatment group); each treatment well con-

tained about 1.55x1010 +/- 9.17x108 particles/ml of cod serum EVs, control wells con-

tained medium only. Images were taken using EVOS FL Auto Imaging Systems (Thermo 

Fisher Scientific) at 0, 6h and 24h with a 4x objective. Images were then imported into 

PowerPoint, where scratches were manually defined with the drawing selection 

(Fig.39) and exported into ImageJ for gap area measurements, using the hand-free se-

lection by tracing the line previously drawn in PowerPoint for accuracy. 
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Figure 39. 3T3.L1 scratch assay. Representative images of mouse fibroblasts (3T3-L1 cell line) 

scratch assay analysis of control group and treated group with cod serum EVs derived from 1ml 

serum and cell migration assessed at 6h and 24h. Wound scratch assay images were taken with 

EVOS FL Auto Imaging Systems (Thermo Fisher Scientific) with x4 objective, at time points of 0h, 

6h and 24h performed in a 12-well plate using 3T3-L1 monolayer as an in vitro wound model. The 

experiment replicates n=3 per group (See Appendix 1, 1.1 3T3.L1 cell line). 

  

3T3.L1 - Ctrl 3T3.L1 – 1ml Cod serum EVs 

0h

6h

24h
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The investigation into the time points for cell migration of 3T3.L1 cells (mouse fibro-

blasts) subjected to treatment with Atlantic cod serum-derived extracellular vesicles 

(EVs) involved assessments at 6h and 24h, employing Ordinary one-way ANOVA tests. 

Generally, the behaviour of 3T3.L1 mouse fibroblasts demonstrated a descending 

trend in wound scratch, albeit without statistical significance (p=0.9921; mean differ-

ence=240.0), following treatment with Atlantic cod serum-derived EVs after 6h (n=3; 

mean=2738). This was compared to the control group at 6h (n=3; mean=2978). Like-

wise, at the 24-hour mark, there was no notable difference (p=0.9963; mean differ-

ence=185.7) between the negative control group at 24h (n=3; mean=185.7) and the 

cod serum-EVs treatment group at 24h (n=3; mean=0.000).    Furthermore, the mean 

difference between the negative control group and the treatment group at 0h was cal-

culated (mean difference=-238.7). However, the observed disparity between the 

groups did not reach statistical significance (p=0.9922) (Fig.40-A). Exploring changes 

between the control group at 0h and the control and treatment groups at 0h, 6h, and 

24h revealed noteworthy statistical differences. Significant changes were observed be-

tween the control group at 0h and both the control (**p=0.0021) and treatment 

(**p=0.0015) groups at 24h. Meanwhile, the alterations between the control group at 

0h and both the control (p=0.3924) and treatment (p=0.2681) groups at 6h, although 

indicative of a decreasing trend in wound closure when 3T3.L1 cells were treated with 

1ml of cod serum-derived EVs, did not attain statistical significance (Fig.40-B). 



 

 

Figure 40. Assessment of cod serum derived-EVs in-vitro efficiency in promoting wound healing closure in 3T3.L1 mouse fibroblasts, at 6h and 24h. Comparison 

of means between the negative control group and cod serum derived-EVs treatment group at 0h, 6h and 24h (A). Comparison of mean negative control group at 0h and 

mean cod serum derived-EVs control and treatment groups at 6h and 24h (B). Data are represented as mean ± standard deviation (SD) from three independent 

experiments. Statistical significance was determined using Ordinary one-way ANOVA, where *p < 0.05, **p < 0.01, ***p < 0.001. 
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When comparing the mean of the negative control group (mean=4663) with the mean 

of the treatment group at 6h (mean=2738), no statistically significant difference was 

observed (p=0.6790, mean difference=1925). However, there was a noticeable trend 

suggesting a reduction in wound scratches. Similarly, comparing the mean of the posi-

tive control group (Cod serum-EVs) at 0h (mean=4902) with the mean of the treatment 

group (Cod serum-EVs) at 6h (mean=2738) showed a reduction in wound scratch; 

however, the difference was not statistically significant (p=0.2551). The comparison 

between the negative control group at 6h and the treatment group at 6h, also, did not 

have a significant difference (p=0.9985) (Fig.41-A). Significant differences were found 

in two instances: between the mean of the control group at 0h (mean=4663) and the 

mean of the treatment group (cod serum-EVs) at 24h (mean=0.000) (mean differ-

ence=4663; **p=0.0012), indicating complete wound closure of 3T3.L1 cells in vitro; 

and between the mean of the treatment group at 0h (mean=4902) and the treatment 

group at 24h (mean=0.000) (mean difference=4902; **p=0.0009), suggesting the effi-

cacy of Atlantic cod serum-derived EVs in an in vitro wound scratch model over 24h. 

However, no significant difference was found between the control group at 24h and the 

treatment group at 24h (p=0.9944) (Fig.41-B). 

Conversely, when comparing the negative control group with the treatment group at 

6h and 24h, the treatment group at 6h with the treatment group at 24h, and the control 

groups at 6h with the control group at 24h (Fig.41-C), all showed statistically signifi-

cant differences (ctrl 6h/Cod serum-EVs 24h *p=0.0247; cod serum-EVs 6h/cod se-

rum-EVs 24h *p=0.0379; ctrl 6h/ctrl 24h p=0.0343), suggesting the efficiency of Atlan-

tic cod serum-derived EVs in promoting wound regeneration over the 18h period. 



 

 

Figure 41. Assessment of changes in in-vitro wound area upon treatment with 1ml of cod serum derived-EVs on 3T3.L1 mouse fibroblasts. Mean comparison 

between the control group and treatment group,  between treatment groups and between control groups at 0h and 6h (A), 0h and 24h (B), and 6h and 24h (C). Data are 

represented as mean ± standard deviation (SD) from three independent experiments. Statistical significance was determined using the Ordinary one-way ANOVA test, 

where *p < 0.05, **p < 0.01, ***p < 0.001. 
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Due to potential relevance and translatability to humans, the experiments were next 

moved to two human cell lines for modelling wound healing, using human keratino-

cytes and human fibroblasts, as shown in Sections 5.3.3.2 and 5.3.3.3 below. Further 

detail on optimising the mouse fibroblast cultures and various troubleshooting is 

shown in Appendix 1, section 1.1. 

5.3.3.2 Human Immortalized Keratinocytes (HaCat) in-vitro Wound Healing Model  

HaCat (Human immortalised keratinocytes) cell lines were seeded and cultured in 12-

well plates and treated with cod-derived EVs from 1ml and 2ml of serum for 24. After 

the generation of a scratch to the cell monolayers, cells of the treatment group were 

treated with 1ml (x3 wells) (See Appendix 1, section 1.2) of cod EVs preparation (total 

cod EVs in 1ml 1.55x1010 +/- 9.17x108 particles/ml) mixed with 1ml DMEM, and 2ml 

of cod EVs preparation (3,1x1010) were added to another set of three wells. Control 

groups were treated with 1ml of fresh medium. Pictures were taken at 0h and 24h us-

ing EVOS FL Auto Imaging Systems (Thermo Fisher Scientific). Representative images 

for HaCat scratch assays are shown in figure 42 below. 



 

 

Figure 42. Representative images for HaCat cells scratch assay analysis. Wound scratch assay images were taken with EVOS FL Auto Imaging Systems (Thermo Fisher 

Scientific) with an x4 objective at time points of 0h and 24h. The assay was performed on a 12-well plate using a HaCat monolayer as an in-vitro wound model and treated 

with different concentrations (1ml/2ml) of cod serum derived EVs (1ml of cod serum EVs = 1.5x109 particles/ml). The experiment replicates n = 3 per group (See Appendix 

1, section 1.2).  

HaCat – 2ml Cod serum EVs 0hHaCat – Ctrl 0h HaCat – 1ml Cod serum EVs 0h 

HaCat – 2ml Cod serum EVs 24hHaCat – 1ml Cod serum EVs 24h HaCat – Ctrl 24h 



 

Assessment of in-vitro wound scratch healing of human keratinocytes, treated with dif-

ferent EVs yield (1ml and 2ml) from the same cod serum EVs preparation, revealed an 

overall trend for reduction after 24h. This reduction, however, was not statistically sig-

nificant (p=0.3973) when comparing the control group at 0h and the group treated 

with 1ml of cod serum-derived EVs) at 24h, neither when comparing the control group 

at 0h and the control group at 24h (p=0.5482)(Fig.43-A). Conversely, the reduction ob-

served was statistically significant when comparing the control group at 0h and the 

treatment group, which received 2ml of cod serum-derived EVs at 24h (**p=0.0200). 

This was also the case for the control group at 24h, compared with the control group 

at 0h (*p=0.0349)(Fig.43-B).  



 

 

Figure 43. Assessment of cod serum derived EVs in-vitro efficiency in promoting wound healing closure in HaCat cells at 0h and 24h. (A) Mean comparison 

between the control group and treated HaCat cells with 1ml of cod serum-derived EVs at 0h and 24h. (B) Mean comparison between the control group and treated  HaCat 

cells with 2ml of cod serum EVs at 0h and 24h. Data are represented as mean ± standard deviation (SD) from three independent experiments. Statistical significance was 

determined using Ordinary one-way ANOVA, where *p < 0.05, **p < 0.01, ***p < 0.001. 
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5.3.3.3 Human Dermal Fibroblasts, adult (HDFa) in vitro Wound Healing Model Hu-

man dermal fibroblasts and adult (HDFa) cells were chosen as an in vitro model to as-

sess the regenerative potential of Cod serum-derived EVs. Cells were seeded in a 12-

well plate at 2x102 seeding density and allowed to settle at the bottom of the wells 

before proceeding with the wound scratch assay. Cell monolayers were scratched with 

a sterile 200µl plastic pipette tip, and cellular debris was washed with phosphate-buff-

ered saline (PBS). Fresh 1ml of DMEM was added to a set of three wells (control group) 

and derived-EVs preparation from 1ml cod serum was diluted in 1ml DMEM and added 

to a set of three wells (treatment group); each treatment well contained about 

1.55x1010 +/- 9.17x108 particles/ml of cod serum EVs, control wells contained me-

dium only. Images were taken using EVOS FL Auto Imaging Systems (Thermo Fisher 

Scientific) at time points of 0h and 24h with a 4x objective and imported into Power-

Point, where scratches were manually defined with the drawing selection (Fig.44), and 

thereafter exported into ImageJ for gap area measurements, using the hand-free selec-

tion, by tracing the line previously drawn in PowerPoint, for accuracy.  



 

 

Figure 44. Representative images for HDFa cells scratch assay. Wound scratch assay images were taken with EVOS FL Auto Imaging Systems (Thermo Fisher Scientific) 

with an x4 objective at the time points of 0h and 24h, performed on 12-well plates using HDFa monolayer as an in-vitro wound healing model and treated with 1 ml of cod 

serum derived EVs (1 ml of cod serum EVs = 1.5x109 particles/ml). The experiment replicates n = 3 per group.  

HDFa – Ctrl 0h HDFa – 1ml Cod serum EVs 0h HDFa – 1ml Cod serum EVs 24hHDFa – Ctrl 24h



 

In vitro wound healing assessment on HDFa cells, treated with 1ml (1.55x1010 cells/ml) 

Cod serum EVs, revealed a statistically significant closure of the wound when compar-

ing the mean of the control group at 0h and the treatment group at 24h (p=0.0003) and 

between treatment groups at 24h (p=0.0006) (Fig.45). These findings suggest varia-

tions in the concentration or treatment protocols within the Cod serum EVs groups 

may have influenced the wound healing outcomes, indicating potential avenues for op-

timisation and further investigation. Moreover, statistical analysis revealed a signifi-

cant difference in wound closure between control groups over the 24-hour period 

(p=0.0002), implying that other factors, beyond the treatment itself, may have played 

a role in influencing the observed wound healing outcomes in both control groups.   

  



 

 

 

Figure 45. Assessment of cod serum derived EVs in-vitro efficiency in promoting wound healing closure in HDFa cells at 0h and 24h. Data are represented as 

mean ± standard deviation (SD) from three independent experiments. Statistical significance was determined using Ordinary one-way ANOVA, where *p < 0.05, **p < 0.01, 

***p < 0.001. 
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5.3.4. HDFa immunostaining with Anti-Vimentin and Anti-FGF2 antibodies 

with cod serum and cod mucus derived-EVs treatment  

Various growth factors impact the wound healing process, and modifications in their 

expression or receptor expression are noticeable during this phase. Within the fibro-

blast growth factors (FGF) family, FGF-1, FGF-2, and KFG are identified as crucial reg-

ulators of wound healing (Grazul-Bilska et al., 2003). FGF-2 plays a key role in stimu-

lating collagen synthesis, epithelialisation, fibronectin and proteoglycan synthesis. An-

imal models have demonstrated the ability to induce cell migration, neovascularisa-

tion, and granulation tissue formation (Grazul-Bilska et al., 2003). FGF-2 also holds sig-

nificant functions in organ systems' development, remodelling, and various disease 

states. Among its well-known activities is the regulation of the growth and function of 

vascular cells (Nugent and Iozzo, 2000). FGFs contribute to the proliferation and/or 

migration of essential cell types involved in the wound healing process, both in vitro 

and in vivo, such as fibroblasts and keratinocytes. Furthermore, the potential therapeu-

tic use of FGF-2 as an anti-scarring agent in wound healing has been explored (Kashpur 

et al., 2013). Vimentin, belonging to the extensive family of Intermediate Filaments 

(IFs), has been identified as a highly adaptable cytoskeletal protein crucially engaged 

in various essential aspects of wound healing. Its significant role in epithelial-mesen-

chymal transition (EMT) during wound healing is well established (Coelho-Rato et 

al.,2023). Furthermore, vimentin actively contributes to diverse cellular processes, in-

cluding growth, proliferation, migration, cell survival, and stress resilience. As a result, 

vimentin plays a participatory role in all phases of the wound healing process. (Coelho-

Rato et al.,2023).   

In this particular investigation, the impact of FGF-2 and Vimentin on human dermal 

fibroblast (HDFa) was evaluated using an in vitro wound scratch model. The aim was 
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to assess changes in their expression following treatment with serum- and mucus-de-

rived EVs from Atlantic cod fish. HDFa cells were treated with 250µl cod serum and 

mucus-derived EVs, as described in section 5.2.6, and then stained with anti-FGF2 

(Fig.46) and anti-Vimentin antibodies (Fig.47) to assess changes in protein expression 

in response to cod serum derived EVs treatment. This experiment lays the foundation 

for future experiments (not included in the current study due to shortage of cod serum 

and mucus available) in which both antibodies will be tested on HDFa cells, treated 

with cod-derived mucus and serum EVs at different time points to assess, expression 

of proteins of interests during wound closure. Preliminary findings of this part of the 

study are shown in Figure 46. ICC images were taken with EVOS FL Auto Imaging Sys-

tems (Thermo Fisher Scientific) with a x4 objective. Image settings, such as contrast, 

brightness and sharpness, were previously set on a control image and kept the same 

for consistency. Images were exported firstly into PowerPoint for picture formatting 

and then into ImageJ software (FIJI). Antibodies fluorescence was quantified by meas-

uring the mean grey value of the picture, and measurements were imported to 

GraphPad for statistical analysis. The expression of FGF-2 protein revealed a slight in-

crease, although not significant (p=0.3140), in fluorescent signal on HDFa cells treated 

with cod serum-EVs, compared to the control group, also stained for FGF-2. Similarly, 

HDFa cells stained for Anti-Vimentin showed a slight increase in protein expression, 

although no significant (p=01464), in cells treated with cod mucus derived-EVs, com-

pared to the control group (Fig.47-B).  

  



 

 

Figure 46. ICC Assessment of FGF-2 expression in HDFa treated with Cod serum-derived EVs. (A) Representative immunofluorescence images showing HDFa cells 

treated with 250µl (6.2x107 particles) cod serum EVs, probed for FGF-2 primary antibody(1/500) coupled with Goat Anti-Rabbit IgG H&L secondary antibody, labelled 

with Alexa Fluor 488 green dye (1/1000). (B) Histograms represent changes in fluorescence intensity of HDFa control and treated cells with cod EV derived from serum, 

stained for anti-FGF2. Data are represented as mean ± standard deviation (SD) from three independent experiments. 
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Figure 47. ICC assessment of Vimentin expression in HDFa treated with Cod mucus-derived EVs. (A) Representative immunofluorescence images showing HDFa 

cells treated with 250µl (3,88x109 particles/µl) cod serum EVs, probed for Vimentin antibody (1/500), coupled with Goat Anti-Rabbit IgG H&L secondary antibody, labelled 

with Alexa Fluor 488 green dye (1/1000). (B) Histograms represent changes in fluorescence intensity of HDFa control and treated cells with cod EV derived from mucus, 

stained for anti-vimentin. Data are represented as mean ± standard deviation (SD) from three independent experiments. Statistical significance was determined using the 

Unpaired t-test, where *p < 0.05, **p < 0.01, ***p < 0.001. 
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Further investigations involved the assessment of FGF-2 protein expression on HDFa 

cells, following incubation with 250µl of Atlantic cod serum derived-EVs (3,88x109 

particles/µl) (Fig.48) and 250µl of cod mucus derived-EVs (3,23x109 particles/µl)(Fig-

41). First, FGF-2 expression was assessed on HDFa cells treated with 250µl of cod se-

rum derived-EVs at 8h and 24h, coupled with a secondary antibody labelled with Alexa 

Fluor 647 red dye. ICC images were taken at time points of 8h and 24h with EVOS FL 

Auto Imaging Systems (Thermo Fisher Scientific) with a x4 objective, and image set-

tings, such as contrast, brightness and sharpness, were previously set on a control im-

age and kept the same for consistency (Fig.48-A). Images were exported firstly into 

PowerPoint for picture formatting and then into ImageJ software (FIJI). Antibodies flu-

orescence was quantified by measuring the mean grey value of the picture, and meas-

urements were imported to GraphPad for statistical analysis. Statistical analysis re-

vealed an increased fluorescent signal of FGF-2 after 8h (p=0.2334) compared with the 

control group at 8h and 24h (p=0.5241), although not statistically significant. Moreo-

ver, a difference in expression was observed between the treatment group at 8h and 

24h. An increase was observed in the fluorescence signal on HDFa cells probed for FGF-

2 and treated with cod serum derived-EVs after 24h when compared with the treat-

ment group at  8h (p=0.8600) (Fig.48-B); however, this change was not statistically 

significant.  



 

 

Figure 48. ICC assessment of FGF-2 expression in HDFa cells, treated with cod serum-derived EVs at 8h and 24. (A) Representative immunofluorescence images 

showing HDFa cells treated with 250µl (3,88x109 particles/µl) cod serum EVs, probed for FGF-2 antibody (1/500) at 8h and 24h, coupled with Goat Anti-Rabbit IgG H&L 

secondary antibody, labelled with Alexa Fluor 647 gred dye (1/1000). (B) Histograms representing changes in fluorescence intensity of HDFa control and cod serum 

derived-EVs, stained for anti-FGF2 antibody. Data are represented as mean ± standard deviation (SD) from three independent experiments. Statistical significance was 

determined using Unpaired t-test, where *p < 0.05, **p < 0.01, ***p < 0.001. 
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FGF-2 expression was also assessed on HDFa cells treated with 250µl of cod mucus 

derived-EVs (3,23x109 particles/µl) at 8h and 24h (Fig.49-A). In this instance, the flu-

orescence signal of FGF-2 of cells treated with cod mucus-EVs did not change for 8h 

when compared to the control group (p=0.9998); the signal slightly increased over the 

period of 16h (p=0.9877) when compared with the treatment group at 8h, while a de-

crease in signal is observed when compared with the control group at 24h (p=0.4406) 

(Fig.49-B). 
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Figure 49. ICC assessment of FGF-2 expression in HDFa cells, treated with cod mucus-derived EVs. (A) Representative immunofluorescence images showing HDFa 

cells treated with 250µl (3,23x109 particles/µl) cod mucus derived-EVs, probed for FGF-2 antibody (1/500) at 8h and 24h, coupled with Goat Anti-Rabbit IgG H&L 

secondary antibody, labelled with Alexa Fluor 647 gred dye (1/1000).  at 8h and 24h. (B) Histograms representing changes in fluorescence intensity of HDFa control and 

cod mucus derived-EVs at 8h and 24h stained for anti-FGF2 antibody. Data are represented as mean ± standard deviation (SD) from three independent experiments. 

Statistical significance was determined using Unpaired t-test, where *p < 0.05, **p < 0.01, ***p < 0.001. 
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These experiments will require further in-depth investigation in future studies to val-

idate and gain a deeper understanding of these observations. This will shed light on 

the potential impact of cod serum and mucus-derived EVs on protein expression dur-

ing wound closure. Addressing the limitations of the present study, such as the con-

strained availability of cod serum and mucus samples, will be essential to enhance the 

robustness and completeness of further experiments. 

5.4 – Discussion 

Wound healing and tissue regeneration constitute fundamental biological processes 

critical for maintaining tissue homeostasis and restoring structural integrity following 

injury or trauma. The pursuit of efficacious wound healing therapies has prompted the 

urge to explore novel therapeutic techniques that exploit the regenerative potential of 

biological agents. Amongst these, extracellular vesicles (EVs), released by all cells in 

the extracellular environment and delimited by a lipid bilayer (Welsh et al.,2024), have 

emerged as biological agents and mediators of intracellular communication (Chung et 

al.,2020). Through their selective cargo delivery of protein, lipids, and nucleic acids, 

EVs modulate various physiological processes such as angiogenesis, inflammation, cell 

proliferation and differentiation, thereby exerting profound effects on tissue repair 

mechanisms (Silva et al.,2017, Koga et al.,2022) EVs derived from multiple human cell 

sources, such as stem cells, and in particular mesenchymal stem cells (MSC), platelets, 

dendritic cells, macrophages, epithelial cells, and tumour cells,  have been extensively 

studied regarding their function and therapeutic properties in the field of tissue regen-

erative Antich-Rosselló et al.,2022; Silva et al.,2017; Wang et al.,2020; Oh et al.,2020; 

Glady, Vandebroek and Yasui,2021). However, human cell lines require extensive op-

timisation of several parameters; to cultivate human cells successfully, various factors 

must be considered and improved, including the techniques used for isolating and stor-

ing cells, the formulation of the culture medium, and methods for expanding cells to 
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achieve the desired quantity and density. These, together with the process of cell se-

nescence and yield limitations, represent a complication of the use of human EVs in 

clinical trials, as their volume availability is scarce, the costs are higher, and matters of 

safety and ethical compliance are extremely fundamental (Paganini et al.,2019). While 

specific applications may necessitate particular human cell lines, these restrictions 

have prompted the investigation of other potential sources for EVs. Studies have inves-

tigated the function and therapeutic role of EVs derived from different biological 

sources in the context of tissue regeneration, such as milk (Herwijnen et al.,2016; 

Zonneveld et al.,2021); EVs derived from bees royal jelly (Àlvarez et al.,2023); plants 

(Kim et al.,2021) and fruits, e.g., grapefruit (Savci et al.,2021), lemon (Urzí et al.,2023). 

Limited research has been conducted in this context, including on the therapeutical 

potential of EVs derived from marine organisms. Despite the therapeutic potential of 

EVs-derived products from different biological sources, no studies have been con-

ducted on the therapeutical potential of EVs derived from the serum and mucus of At-

lantic cod (Gadus morhua). The genome sequence of Atlantic cod has revealed a unique 

immune system, which makes this species distinctive from other teleosts (Star et 

al.,2011). Cod-derived products, such as Atlantic cod skin collagen (Furtado et 

al.,2022), cod liver oil (Kahzaeli et al.,2020) and skin xenografts from cod (Kirsner et 

al.,2020) have shown promising results in tissue regeneration; however, up to date, no 

studies have explored the regenerative potential of EVs derived from Atlantic cod se-

rum and mucus in cellular wound healing models. On the other hand,  EVs derived from 

cod serum and mucus were recently characterised, and their deiminated cargo was an-

alysed, providing insights into their immune defences and tissue regeneration, but 

functional studies have not been carried out (Magnadóttir et al.,2019; Magnadóttir et 

al.,2020). Therefore, this study aimed, for the first time, to explore the cod serum- and 

mucus-derived EV proteomes to identify proteins contributing to the active 
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therapeutical function in wound healing and investigate the therapeutic potential of 

EVs derived from a comparative animal model with unusual immunological properties 

in an in vitro wound healing model. Atlantic cod serum and mucus EVs were isolated 

using previous standardised protocols in our lab (Kosgodage et al., 2018; Lange et 

al.,2019; Criscitiello et al., 2019; Criscitiello et al.,2020 a,b,c); Pamenter et al., 2019; 

Phillips et al., 2020; Bowden et al., 2020(a), and according to the Minimal Information 

for Studies of Extracellular Vesicles 2023 (MISEV2023) guidelines (Welsh et al.,2024) 

involving sequential centrifugation and ultracentrifugation. EVs isolated from Atlantic 

cod serum and mucus were assessed by transmission electron microscopy (TEM), val-

idating their size and morphology in both biofluids, further confirmed by Western Blot, 

which showed positive bands for the specific EVs markers CD63 and Flotillin-1. Cod 

serum and mucus-derived EVs’ size distribution was determined using nanoparticle 

tracking analysis (NTA), which showed an EV poly-dispersed population in the 70 to 

500nm size range in both Atlantic cod mucus and serum samples. Similar size distribu-

tion was observed in previous Atlantic cod serum and mucus-derived EVs studies con-

ducted in our lab (Magnadóttire et al.,2019 and 2020) and further observed in studies 

investigating other marine species, as in the case of Pinctada martensii (Akoya pearl 

oyster) mucus (Wu et al.,2022) and olive flounder plasma (Jayathilaka et al., 2023). 

However, compared to the current study, the above investigations into the regenera-

tive potential of marine species-derived EVs showed an EV yield greater (6.3 x 1010 

particles/ml and 1.11 x 1012 particles/ml, respectively) than the EV concentration of 

Atlantic cod serum (1.55x1010 particles/ml) and mucus (1.29x1010 particles/ml) ob-

served in this study. Although this might suggest a less regenerative efficacy of cod se-

rum and mucus-derived EVs, it is important to highlight the biological differences be-

tween the species investigated in these studies and, most importantly, the different 

isolation approaches used in each investigation.  
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Proteomic analysis of Atlantic cod serum- and mucus-derived EVs by LC-MS/MS re-

vealed eight protein hits commonly found in cod serum and mucus EVs. The common 

protein hits identified were fast skeletal muscle alpha-actin, beta-actin, serotransfer-

rin, 60S ribosomal protein L22, ribosomal protein L15, galectin, elongation factor 1, 

alpha and profilin. These are discussed below, highlighting their contribution to the 

regenerative potential of cod serum and mucus-derived EVs.   

Fast skeletal muscle alpha-actin is a protein found in the skeletal muscle tissues of 

vertebrates, including fish like Atlantic cod. It plays a crucial role in the structure and 

function of muscle cells. Alpha-actins are a family of actin proteins that contribute to 

the contractile apparatus of muscle cells, allowing for muscle contraction and move-

ment. The “fast” designation indicates that this isoform is associated with fast-twitch 

muscle fibres, which are responsible for quick and powerful muscle contractions, such 

as those needed for rapid movements (Wang et al.,2022). In a previous study from our 

lab, this protein was identified as deiminated in Atlantic cod mucosa (Magnadóttir et 

al.,2018) and cod mucus-derived EVs, as well as in Atlantic cod serum-derived EVs 

(Magnadóttir et al.,2020). 

Beta Actin participate in cytoskeletal rearrangement and has been linked to mucosal 

responses in Atlantic cod following infection (Rajan et al.,2013). In a previous study, 

beta-actin was found to be deiminated in Atlantic cod mucosa (Magnadóttir et al.,2018) 

and cod mucus-derive EVs (Magnadóttir et al.,2019a); moreover, deimination of this 

protein target has been linked to EVs release and biogenesis (Kholia et al., 2015). This 

study identified it in Atlantic cod serum- and mucus-derived EV proteomes.  

Serotransferrin target protein has been previously identified in its deiminated form 

in Atlantic cod mucosa (Magnadóttir et al.,2018), while in this study, it is found to be 

present in both cod serum and mucus EVs. It acts as an antimicrobial agent and is at 
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the frontier in the innate immune mechanisms in fish (Stafford and Belosevic, 2003; 

Mohd-Padil et al.,2013). Transferrin is an essential element for the growth of microor-

ganisms and is an acute-phase protein involved during the inflammatory response pro-

cess of removing iron from deteriorated tissue (Bayne and Gerwick, 2011).  

60S ribosomal protein L22 is a protein component of the ribosome's large subunit 

(60S) and plays a role in the assembly and function of the ribosome during translation. 

Deiminated 60S ribosomal protein L22 forms were previously found in Atlantic cod 

mucosa (Magnadóttir et al.,2018) and cod serum-derived EVs (Magnadóttir et 

al.,2020).  

Galectin was found to be deiminated in whole Atlantic cod mucus (Magnadóttir et 

al.,2018), cod mucus-derived EVs, and it has different functions in embryogenesis and 

innate immunity. Other forms of galectins are present in teleost fish, two of which have 

been described in cod mucus (Rajan et al.,2013); they are involved in apoptosis and 

many pathological processes, including autoimmune, acute, and chronic inflammatory 

diseases (Sciacchitano et al.,2018). It regulates wound healing through inflammation, 

angiogenesis, re-epithelialization and fibrosis (McLeod et al.,2018).  

Elongation factor 1 alpha has been previously identified in its deiminated form in 

Atlantic cod serum EVs (Magnadóttir et al.,2020), in Atlantic cod total mucosa (Mag-

nadóttir et al.,2018), and cod mucus EVs (Magnadóttir et al.,2019). Elongation factor 1 

alpha regulates cell growth, apoptosis, and the immune response. It has also been 

linked to the degranulation of neutrophils (Talapatra et al.,2002), and it mainly acts in 

cytoskeleton organisation and nuclear export of proteins (Khacho et al.,2008).  

Profilin is a family of small multi-ligand proteins structurally conserved among eukar-

yotes. Profilin is pivotal as a key regulator of actin polymerisation, demonstrating 
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critical importance in cellular functioning. The actin cytoskeleton relies significantly 

on profilin, which is engaged in nearly all cellular processes, such as motility, endocy-

tosis, metabolism, signal transduction, and gene transcription. By interacting with var-

ious actin-binding proteins that feature proline repeat domains, profilins facilitate 

membrane protrusion and contribute to cell motility (Davey and Moens,2020). Profilin 

protein was previously identified by our group in its deiminated form in both cod mu-

cus (Magnadóttir et al.,2018) and serum (Magnadóttir et al.,2020).  

Ribosomal protein L15 is a component of the 60S ribosome subunit, responsible for 

synthesising proteins in the cell. It has been linked to the mucosal response of cod dur-

ing infection (Rajan et al.,2013), and in sea urchins, it is increased under immune chal-

lenge and injury. In this study, ribosomal protein L15 was found to be present in both 

whole serum- and mucus-derived EVs proteome and previously identified by our 

group in its deiminated form in both serum EVs (Magnadóttir et al.,2020) and total cod 

mucus (Magnadóttir et al.,2018) citrulline.  

In addition, fifty other protein hits were identified in cod mucus-derived EV proteome, 

revealing differences in EV cargoes between cod serum and mucus and how this could 

impact the EV regenerative potential.  

In the current study, the regenerative efficacy of cod serum-derived EVs was assessed 

in vitro on three different cellular models (mouse fibroblasts (3T3.L1), immortalised 

human keratinocytes (HaCat), and human dermal fibroblasts, adult (HDFa)), confirm-

ing, overall, the cod serum EVs' regenerative potential. However, differences between 

the three models were observed in the results. Wound healing assay carried out on 

mouse fibroblasts (3T3-L1) showed a significant reduction of the wound gap after 6h 

treatment with 1ml (1.55x1010 particles/ml) cod serum-derived EVs and complete 

wound closure at 24h. Similarly, HDFa cells treated with 1ml cod serum-EVs showed a 
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significant reduction of the wound gap after 24h treatment. This was not the case for 

the scratch assay performed on HaCat cells treated with 1 ml cod serum-EVs, which 

showed a reduction of the wound gap after 24h, albeit not significant. On the other 

hand, HaCat cells were also treated with 2 ml of cod serum-EVs, and in this instance, 

the wound was significantly reduced after 24h. Furthermore, HDFa cells treated with 

cod serum-EVs were stained to assess the expression of Vimentin and FGF-2 growth 

factor, crucial regulators of wound healing (Grazul-Bilska et al.,2003; Coelho-Rato et 

al.,2023) showing increased fluorescence on treated cells and therefore suggesting a 

role for EVs in enhancing wound healing processes by upregulating their protein activ-

ity (Ren et al.,2019).  

It is important to note that this pilot study is laying the basis for a more extensive in-

vestigation on the role of Atlantic cod serum and mucus-derived EVs, which will need 

to address the regenerative activity of EVs in wound healing in more depth. Therefore,  

further investigations using different doses on each cellular model will need to be con-

ducted, and their migration upon treatment with cod serum-EVs will be assessed at 

different time points. Moreover, assessing the cell viability, cellular uptake of EVs, and 

in-vitro toxicity of EVs could give further insights into the biological activity of Atlantic 

cod-derived EVs. Due to limited resource availability, the present pilot study is limited 

in analysing the proteomic content of the cod biofluid-derived EVs, assessing in vitro 

efficacy on different wound healing cellular models, and assessing the expression of 

factors involved in wound healing processes by immunostaining. In conclusion, this 

pilot study successfully isolates and characterises the EVs isolated from Atlantic cod 

serum and mucus, showing in vitro potential regenerative activity in wound healing 

processes, further confirmed by the upregulated expression of two important regula-

tors, Vimentin and FGF-2, during inflammation and proliferation phases of wound 
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healing. Therefore, EVs isolated from Atlantic cod biofluids, such as mucus and serum, 

may present innovative therapeutic options for chronic and acute wound management.   

General Conclusion – Summary of the studies  

The different chapters of this PhD thesis collectively contribute to a comprehensive 

understanding of extracellular vesicles (EVs) and their cargoes across various animal 

species, shedding light on their roles in physiological processes such as immune re-

sponse, metabolic regulation, and tissue regeneration. In the first aim of the study, the 

profiling of EV signatures and their deiminated protein cargoes across different spe-

cies, including mammals, jawless fish, and Echinodermata, demonstrates the conserva-

tion of histone deimination and the broad implications of protein deimination in epi-

genetic regulation and innate immune responses. The second aim investigates circula-

tory EVs under stress conditions, focusing on changes in brain citrulline signatures. 

The study reveals potential pathways linking brain citrullinome changes to circulatory 

EV profile alterations, providing insights into the adaptive mechanisms of species like 

the naked mole-rat under hypoxic conditions. The third aim explores the regenerative 

potential of EVs derived from cod mucus and serum in cellular wound healing models. 

This investigation highlights the therapeutic potential of EVs from a comparative ani-

mal model with unique immunological properties, showcasing their efficacy in enhanc-

ing wound healing processes. Overall, this thesis underscores the importance of EV-

mediated cellular communication in orchestrating diverse biological processes across 

phylogeny. The findings contribute to the growing body of knowledge on EV-based bi-

omarkers, immune modulation, and regenerative medicine, offering promising ave-

nues for future research and therapeutic development. Through comparative analyses 

and functional studies, this work enhances our understanding of EVs' roles in health 
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and disease, paving the way for innovative therapeutic interventions in various bio-

medical contexts. 
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Appendices 

Appendix 1 – Cell cultures  

1.1 3T3.L1 Mouse Fibroblast cell culture: Setup, Troubleshooting and Opti-

misation  

3T3.L1 cell line (mouse fibroblasts) was used, in the first instance, as an in vitro model, 

to assess the regenerative potential of EVs derived from Atlantic cod serum. Different 

preparations of cod serum-derived EVs have been assessed in this model, at different 

time points. The experiment set up for wound scratch assay involved seeding 3T3.L1 

cells at a concentration of 2x102 cells/well in a 12-well plate and allowing cells to ad-

here at the bottom of the wells. The cell monolayer was scratched with a 200µl yellow 

tip, and cellular debris was washed with fresh PBS. Each control received 1ml of fresh 

DMEM (n=3), while 1ml, 500µl and 200µl of EVs preparation derived from cod serum, 

were added to a well and topped up with fresh DMEM.  Images of the 6 well-plate were 

acquired with the EVOS microscope, before being incubated for 24h at 37ºC. The plate 

was subsequently imaged after the 24-hour incubation to assess wound closure. The 

pictures obtained at time points of 0h and 24h, were exported to PowerPoint, where 

the area of the scratch was manually delineated with a red line (Fig. 50). 
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Figure 50. 3T3.L1 In vitro scratch assay set up in a 12-well plate. 3T3.L1 cells were seeded at 

concentration of 2x102  cells/well treated with 200µl, 500µ and 1ml cod serum-derived EVs, and 

incubated at 37ºC for 24h. 

Observations of the previous set-up wound scratch assay experiment, in which was 

noted that the linear scratch of the control group reached closure at the same time as 

the treatment group, therefore concluding that the different preparations of cod se-

rum-derived EVs, were not appropriate to assess the potential of cod-serum EVs in the 

regeneration of mouse fibroblasts (3T3.L1) in-vitro wound model. Further assay opti-

misation was carried out on a 12-well plate. 3T3.L1 cells were seeded at the optimal 

concentration of 2x102  cells/well and allowed to adhere at the bottom of the wells. 

Once cells had settled, a linear scratch was performed on the cellular monolayer, with 

a 200µl yellow tip, and cellular debris, was removed by washing the cells with fresh 

PBS until clear. Afterwards, cells (n=3 wells) were treated with 2ml of cod serum-de-

rived EVs preparation and topped up with fresh DMED to reach a volume of 1ml/well, 

while the control group (n=3 wells) received 1ml of DMED, to have equal volumes in 

each well. Images of scratches were acquired before the cells were incubated at 37ºC, 
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for 24h. Further images of the 6 well plates were acquired after the period of incuba-

tion to capture the mouse fibroblasts and wound closure of the control group and the 

treatment group. The images were then exported into PowerPoint, where the area of 

the wound of each image was manually traced with a red line (Fig.51) before proceed-

ing with any further observations or analysis.  

 

Figure 51. 3T3.L1 In vitro scratch assay set up in a 12-well plate. 3T3.L1 cells were seeded at a 

concentration of 2x102  cells/well treated with 2ml of cod serum-derived EVs, and incubated at 

37ºC for 24h.  

Observations made on the previous set-up wound scratch assay experiment, in which 

was noted that the linear scratch of the control group reached closure at the same time 

as the treatment group, resulted in a reconsideration of the setup. From the above ob-

servations, it was concluded that the different preparations of cod serum-derived EVs 

were not appropriate to assess the potential of cod-serum EVs in the regeneration of 

mouse fibroblasts (3T3.L1) in-vitro wound model, and, therefore, a further optimisa-

tion of the experiment was required. The new optimisation of the experiment set-up 
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included the assessment of 1ml cod serum-derived EVs preparation and regenerative 

potential in mouse fibroblasts (3T1.L1 cells) at time points of 6h and 24h. Mouse fibro-

blasts were seeded into a 12-well plate at 2x102 cells/well concentration. The cells 

were allowed to settle and adhere at the bottom of the well,  before proceeding with 

scratching the 3T3.L1 monolayer with a 200µl yellow tip and rinsed with fresh PBS 

until the scratch was clearly visible. The cells were then treated with 1ml of cod serum 

EVs preparation topped up with fresh DMEM while the control group received 1ml of 

DMEM only.  

 

Figure 52. 3T3.L1 In vitro scratch assay set up in 12-well plate. 3T3.L1 cells were seeded at a 

concentration of 2x102 cells/well treated with 1ml of cod serum-derived EVs, and incubated at 

37ºC for 6h and 24h.  

3T3.L1 - Ctrl 0h 3T3.L1 – 1ml Cod serum-EVs 0h 3T3.L1. - Ctrl 6h 3T3.L1 – 1ml Cod serum EVs 6h

3T3.L1 – Ctrl 24h 3T3.L1 – 1ml Cod serum- EVs 24h
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The above wound scratch healing assay set-up was considered optimal to assess cod 

serum-derived EVs in a different, and, more translatable into human, in vitro wound 

healing model. 

1.2 HaCat Cell Culture: Setup, Troubleshooting and Optimisation  

Immortalised human keratinocytes (HaCat) were used in this pilot study to assess cod 

serum-derived EVs functionality in promoting wound healing in vitro human cellular 

model. HaCat cells were seeded on a 12-well plate at 2 x 1010 cell/well and treated with 

1ml (1.55x1010 particles/ml) and 2ml of cod serum-derived EVs. Cell migration was 

assessed over 24h period.  

 

Figure 53.  HaCat in vitro scratch assay set up in 12 well-plate.  

Cod serum-EVs (2ml) - 0hCTRL– 0h Cod serum-EVs (1ml) - 0h CTRL– 0h 

Cod serum-EVs (2ml) - 24hCTRL– 24h Cod serum-EVs (1ml) - 24h CTRL– 24h 
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1.3 HDFa cell culture: Setup, troubleshooting and optimisation 

Human Dermal Fibroblasts, adult (HDFa) cells were used in this pilot study to assess 

cod serum-derived EVs functionality in promoting wound healing in vitro human cel-

lular model. HDFa cells were seeded on a 12-well plate at 2 x 1010 cell/well and treated 

with different concentration of cod serum-derived EVs, for optimisation. Cell migration 

was assessed over 24h period (Fig. 54). 

 

 

Figure 54. HDFa in vitro scratch assay set-up and optimisation in 12 well-plate.  
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Appendix 2 - ICC 

2.1 HDFa ICC with FGF2 and Vimentin – no treatment  

Immunocytochemistry protocol was assessed on HDFa cells (Fig. 55)  before treatment 

with cod serum and mucus-derived EVs to assess staining of proteins of interest, such 

as Vimentin and FGF2. Cells were cultured following the method previously described 

in Chapter 2, Section 2.8 – HDFa cell culture and a linear scratch was performed in the 

cell monolayer before proceeding with the ICC protocol described in Chapter 2, Section 

2.8.2   

 

Figure 55. HDFa ICC set-up and assessment before cod-serum and mucus-derived EVs treatment.  
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2.2 HDFa ICC Assessment of Anti-FGF2 changes at 8h and 24h upon Cod-derived 

serum and mucus EVs treatment  

 

 

 

 

Figure 56. HDFa ICC set-up in 12-well plate. Assessement of Anti-FGF2 expression at 8h and 24h 

upon treatment with 1ml of cod serum and mucus-derived EVs.  
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