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Abstract

Mining marine materials for novel functional ingredients that modulate the immune
response for benefit in chronic inflammation.

Kim Connick, Christine E Loscher

Immunomodulation Research Group, School of Biotechnology, Dublin City Wsitye Dublin
9, Ireland.

Marine life is rich in biodiversity and a wealthy source of novel bioactive compounds. Ongoing
research in marine biactives has identified immunomodulating ingredients, which have
potential to support the immune system. Irishaters have been used a source of food for
thousands of years and there is a long tradition of fishing and seaweed harvesting along the west
coast. This project aimed to mine new aimilammatory compounds from Irish marine sources.
Three species were idéfied as potential sources of these compounds and investigated in this
project. 1. Palarmia palmataa red seaweed, Boarfish, a small mesopelagic fish found in the
Atlantic shelf and. Blue Whiting, a north east Atlantic pelagic fish. These spedidsuad off

the west coast of Ireland, are significant sources of protein and this project assessed these
proteins for the presence of bioactive protein hydrolysates which displayedrdlammatory
effects. Inflammation plays a major role in a large twem of chronic diseases such as
inflammatory bowel disease and rheumatoid arthritis. Low grade chronic inflammation is also
heavily implicated in aging and many side effects associated with aging. This phenomenon known
as inflammaging is considered be & the core of most ageelated diseases including
lfT KSAYSNEQ RAa&ASI&aST GKSNRaoOft SNrPara [yR RAL
inflammatory activity could have potential in the treatment of these conditions.

This project aimed to identifgnti-inflammatory protein hydrolysates and/or peptides from a
marine food source for use as functional food ingredients which reduce chronic inflammation in
disease and aging. Usimgvitro studiesnovel marine protein hydrolysates were identified that
modulated the immune response through their effects on cytokine secretion by dendritic cells,
naive undifferentiated CDZ cells and ThTh2 and Th17 celSandidate hydrolysates were then
fractionated using HPLC in the search for the individual bioagimides that had these
properties. Candidate bioactive peptides were then examined iftnarivomurine model of
dextran sodium sulphaténduced colitis to assess their therapeutic application in a disease
setting.

A number of marine protein hydrolyssg with the ability to modulate inflammation were
identified from all species screenauvitro. A hydrolysate fraction from Blue Whiting displayed
potent antrinflammatory effectsin vitro, this antiinflammatory effect was then shown to
translate into anin vivomurine model of chronic inflammation, reducing diseassociated
symptoms to that of healthy control levels. The protein hydrolysates examined are sourced from
marine foods, and hence could be advantageous over other sources of potential fabction
ingredients as they are already fit for human consumption. They are also from low value sources
and their potential as sources of novel functional food ingredients could add much needed value
to these marine organisms. Marine organisms suclPalnariapalmata, boarfish and blue
whiting offer real potential as sources of novel bioactive protein hydrolysates for incorporation
into functional foods to modulate immen function and improve health.

XXi
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1.1 Introduction
The link between diet and human health is well known, advances in resaat@h

understanding the association between health and food has led to the development of
functional foods and ingredients. Functional foods not only provide nutrition and satisfy
appetie, they also offer added benefits such as prevention or reduction of disease{Siro
al., 2008). Foods marketed as a functional food, or nutraceutical, typically have added
ingredients with specific health benefits (Coppetsl.,2006). As of Decemb&006,
functional foods and functionahgredients are regulated by the European Union (EU)
(Regulation (CE) 1924/2006). This regulation states that nutritional and health claims of
products must be regulated by the European Food and Safety Authority (EFE3A)Ng

their presentation, labelling and promotiqiEFSA, 2006)hefunctional food market has
experienced rapid growth over the past two decades as the general population has
become more healtltonscious (Moonst al., 2018). A report published 024 showed

the global functional food market to be estimated at $33 billiMetirad, 2003), with
Europe having the third largest market in the world (B&elnsen andscholderer2000).

This fgure has undoubtedly riseas the demand for new novel functiohimgredients

continues to grow.

1.2 Functional food and ingredients
Functional foods have been around for many years, with the term first being used in the

m by /REb@rfrod 2000). This group of food includes commonly used products, like
orange juie and breakfast cereal, which have been fortified with vitamins and minerals,
such as vitamin C and folic acMalinowet al., 1998). This fortification of food with
nutrients which provideadded benefits such as vitamin C boosting the immune system
(Gleesonet al, 2004), was then expanded into micronutrients such as onr%ga
polyunsaturated fatty acids (PUFA) which have been shown to restore immunodeficiency
(Gogos=et al.,, 1998). Other types of functional foods include enriched food, which are
foods withadded ingredients which would not normally be found in those foods (Fatch

al., 2005). Examples of enriched foods are those with added probiotics, probiotics contain
live cultures of bacteria such asactobacillus sprhese provide proven health bertsfin
diseases such as inflammatory bowel disease (IBD) by balancing the microbiota and

restoring healthy populations of bacteria (Schdtzl., 1998). Prebiotics, an emerging

2



group of functional ingredients, provide stimulation of so called good bacteithe gut

and help to support a healthy immune system. These have been shown to be beneficial to
gut health and in the treatment of gastrointestinal related disorders (Twedraf, 2003).
Naturally occurring plant based phytosterols are also being tsedrichfood such as
margarine (Flor&@roActiw) as they have lower absorption than cholesteardiumans

hence help lower cholesterol and improve cardiovascular disease and overall health (Jones
and AbuMweis 2009). Aother group of functional foodsare enhanced food, where
specific healthy ingredients of the food have been increased through genetic manipulation
or special feed. One example of this is the use of special chicken feed to increase the level
of omega3 PUFA in the eggs theliicken lay (Msias 2011).

The potential uses and benefits of functional foods are far reaching and have the potential
to impact the daily lives of many people. Vitamin and mineral deficiency have traditionally
been a major target of the market, with foods suctcaeeal, including All Brant®ytified

with folic acid in order to reduce the risk of infants born with neural tube birth defect
(NTD) (Crideet al., 2011). Another common use of functional ingredients is in improving
cardiovascular health. A common cardascular protective functional food $sanoland

sterol ester enhanced margarine with many types currently on the Irish market, including
FloraProActi®,Benecaot 'y R L /[ FyQd . St A $t@S20005 M b 2
inflammatory diets whiclnclude functional ingredients that have been shown to reduce
inflammationincludeginger Grzannaet al., 2005), curcuminGhainani2003) and salmon

peptides Ahnet al., 2012).

1.2.1Sources of functional food and ingredients
Sources of functionahgredients are greatly varied and include plants, animals, animal

products, fish ana@ther marine organisms to name but a few. Dairy products have been
at the forefront so far in developments in functional foods with products such
asbifidobacterium a pobiotic dairy product, being very successful in the market (Saarela,
2007). An emerging focus in dairy functional ingredient research is the potential use of
bioactive protein hydrolysates in infant milk formula. Some infants wdro notbe

breastfed and ee instead bottle fed using infant milk formulalhis can result



insensitisation: YR |y AYYdzy2t23A0Ftf NBalLkRyasS G2 O2
milk protein allergy (CMPA$¢aillorand Cadranegl2006). Current treatments include the

use ofhydrolysedinfant milk formulasuch asAptamilt SLIJi A Mt X G KA OK o6 NBI
milk proteins into smaller peptide strands, this can result in the immune system not
mounting the same immune response, however the infant does not bedotedsedto

the proteins andcan suffer allergic reactions in the futureéritsché 2003). Research is

ongoing into dairbased hypoallergenic protein hydrolysates which can both prevent

CMPA but also helplerisel KS Ay Tl yi (2 Kewiaeal, 2018).f | LINR G S

1.2.2Marine sources of functional food and ingredients

al NAyS 2NHFyAadaYa |NB | I NBHSf & 3InNRIHPBIRE & 2 dz
HAMMO® ¢KS YIENARYS SY@aANRYYSYyl A& K2YS G2 ¢
GKAOK 2FFSNI NBGiIA AP (1GRyYILA2I diry” RFE2ANJ COKAMZ2EF LJ2 (G Sy (0 A
o0& (KS ydzy SONPA&ER YO2NWLY2Sdzy R& 6AGK @ NASR 0 A
ARSY(GATASROh BRI ARIftMNMHOP CAAK 2Afa YR Y
I & K2 (20 I IONNBS NAARBIzZY NRA OK T 429 ABDBS ! Qa . & INEff Syd
HNnHO GKAOK KI @S 0SSy akKadd/ A GpadBRIAZOE0 26 @
LINBGBSy(G O23yAiGAGBS RSOt AYySStEyvRMBYHST  NRGIRY
GKAOK ' NB L3R éSNFdzE | yR ARNRAR | O Nk 4@ SATy 20 S&B y
®S HANHOI YI N3N AAyNYRGES (DardE t HAMHO | YR (K¢
YAONR2NBI YA &RR Y @ENARE & Hndos) @ t KSy2f A0 02 VYl
ta2 RAALX I 8SR Yyioa8EXRFYdy RONKXOXEFER | YRNKY
AyOf dzRSa (KR YYKOHBDIIARWEAREY DIt nnnT 00X GKS

ALy ip elaSNB LK RBEGE =1 f dvnnoo I YR 0KS L gt
0 dzO dzY GAONIYH NRAYR 2 ISt 2T iddnT 00 WIKEYRE A DNIO® Yii
YI NRY S G239 IKERRi2EMZ0S | f 42 0SSy NBNRNEFTEND & A
STTSOUGS I HbakKECAS dz> | & P wail (20 SNDdzf 2aAa 02 YLI2 dzy F
LIS LIWYASR S LIK IAYaRRR 331 SR FNR2 Y biSH S LKIMEEEY S kiR gy IASS
Aaz2fFGSR FTNR2Y | WHYRYISt HUuRMENIDS & 6



Table 1.1 Marine sources of bioactive compounds, the bioactive compounds and

activity.
Source species Compound Bioactivity Reference
Photobacteriumprofundum (Bacteria) Omega3  Reduce  Ruzickovat |
PUFA obesity al., 2004
Prevent Sydenharet
cognitive al, 2012
decline
Odontellaaurita (Microorganism Carotenoid Anti-oxidant  Xiaet
Diatom) al., 2013
Aplysinaaerophoba(Sea sponge) Phenol Anti-oxidant ~ Ahnet al,
2003
Cucumarigrondosa(Sea cucumber) Phenol Anti-oxidant ~ Mamelonaet
al., 2007
Neamphiussp. (Sea sponge) Peptide Anti- Yamancet
tuberculosis  al., 2012
Lobophytumcrassum(Soft coral) Diterpenoid Anti- Linet al,
inflammatory 2013

Marine algae, both macroalgae and microalgae, have already provided many novel
antioxidant compounds, includingthe microalg@pirulinaand Chlorellad m {ieinRire,
2001) and the macroalgakvrainvilledongicaulisZubiaet al.,2007).Anti-bacterial
activiy has been demonstrated in compounds isolated from
macroalgad-alkenbergiadillebrandii(LimaFilhoet al., 2002)

and CaulerpaacemosgKandhasamgnd Arunachalam, 2008)\nti-viral activity has been
displayed by a glycolipid isolated from the brown neatgaeSargassumulgarewith the

ability to inhibit the Human herpes simplex virisand ¢2 (HSVL and HS\2)
(Plouguernéet al., 2013).



Many antiinflammatory molecules have also been found in algae such as the polyketide

from Eckloniacavawhich hadeen shown to inhibitumour necrosis factor 6 ¢amdC "
interleukin6 (I1-6) in macrophagé vitro(Yanget ald> HAMHO® | Y2 GKSNI ¢
found in algae IS the meroterpenoid from the brown
seaweedCystoseiraisneoidegde losReyest al., 2013).The ability tomodulate the

immune system is not limited to compounds found in algae, numerous marine organisms

have demonstrated their ability to alter the immune response. For example, the
compounds called diterpenoids from the soft cdrabophytuntrasuminhibit¢ b Ch | Yy R

IL-12 secretion from bone marrow derived dendritic cells (BMDCsg{lah 2013).



Table 1.2 Algae (macro and micro) sources of bioactive compounds, the bioactive

compounds and activity.

Sources species Compound Bioactivity Reference
| Turbinariaornata ~ Carotenoid ~ Anti-oxidant Kelmaret al,
2012
(Macroalgae)
Symphyocladidatiuscula Phenol Anti-oxidant  Zhanget al.,
2007
(Macroalgae)
Spirulina(Microalgae) Fatty Acid Anti-oxidant mu fasddire,
2001
Chlorella(Microalgae) Fatty acid Antioxidant  m i fagddPire,
2001
Avrainvillealongicaulis Unknown Anti-oxidant  Zubiaet al.,2007
(Macroalgae)
Falkenbergiabillebrandii Unknown Anti- LimaFilhoet al,
bacterial 2002
(Macroalgae)
Caukrparacemosa Unknown Anti- Kandhasamwand
bacterial Arunachalam,
(Macroalgae) 2008
Sargassunvulgare Glycolipid Anti-viral Plouguernéet al.,
2013
(Macroalgae)
Eckloniacava(Macroalgae) Polyketida Anti- Yanget al., 2012
inflammatory
Cystseirausneoides Meroterpenoid  Anti- delosReyest
inflammatory al., 2013)
(Macroalgae)




Fish oil has been traditionally used as an-amftammatory for hundreds of years and has
the ability to suppress the prmflammatorycytokines Itmi = ¢ b G& in HufaRs L |
(Bloket al., 1997). However, fish protein hydrolysates have taken front row in research
into marine bioactive compounds with numerous fisfdrolysatebasedproducts now on

the market.These include the fish hydgaate based producPeptAce®, a hydrolysate
from Bonito found in the Atlantic Ocean, which has been shown to be cardioprotective as
anangiotensinconvertingenzyme (ACE) inhibitor (CarragCastillaet al., 2012). Another

fish hydrolysate product currély on the market iSeacure®, a hydrolysate from deep sea
white fish from the Pacific Ocean, which claims to help protect the cells of the
gastrointestinal tract (Marchbanket al, 2009has been shown to display
immunomodulatory activity by boosting thenmune system through the increase of

cytokines such as-l10, 1:4 and IL6 in vivo(Duarteet al., 2006).

Functional foods have been claimed to help prevent disease onset, but recent focus has
been on developing bioactive compounds as functional ingrgdiwhich help to treat
disease and disease symptoms. Bioactive peptides from a range of sources including
casein from milk, proteins from sardines and ovalbumin from eggs display ACE inhibitory
activity and are useful in the treatment of cardiovasculsedse (Erdmanet al., 2008).
Probiotics and prebiotics are common therapies in the treatment of mild to modéBide

and other gastrointestinal tract disorders, they work through enhancing the growth of
commensal bacteria angromoting balance in the natal microbiota of the gutvhich is

often imbalanced in IBD (Nat al, 2010). Peptides isolated from egg whites
demonstrated theabilityto reduce symptoms of IBD and decrease-pritammatory
cytokinesschas TNFZ-6,l-pi | YR Ay i S NIF)S EEnyivomoddofIBD 6 L Cb
(Leeet al,, 2009). Gammalinoleic acid extracted from the oil of plant seeds such as
sunflower seed oil has been shown to effectively reduce symptoms of rheumatoid arthritis
(RA) in paents urieret al., 1996). Numerous functional food ingredients have also
displayed antdiabetic effects with compounds isolated framushroomsPereraand Li,

2011), flaxseed@omah 2001), seaweed (Holdt arktaan 2011), cereal (Brennan and
Cleary2005) and fishKtariet al., 2013), to name but a few, all reducing the symptoms of
diabetes. Compoundsolated from marine organisms, such as fish proteins and protein

hydrolysates, have proven antiflammatoryeffects with real potential in the treatemt

8



of inflammatory diseases such as IBD and RA. Functional ingredients, like probiotics, are
already used as complementary treatments in patients with IBD or in IBD remission
(Sartor, 2004). Dietary therapies for IBD and gastrointestinal disorders areuatently in

use, through specific diets such as the Mediterranean diet which is considered anti
inflammatory (DeFilippiset al.,, 2016) with functional ingredients playing a major role.
Functional food and the use of dietary intervention in the treatmenh disease is
advancing at a rapid pace and is considered the future of both disease prevention and
treatment (Witkowskiet al., 2018).



Table 1.3 Sources of functional ingredients which treat disease, their bioactive

compounds au activity.

Source Compound Bioactivity Reference

Milk ‘Casein  Cardiovascular ~ Erdmanretal,
disease (ACE 2008
Inhibitory)

Sardines Protein Cardiovascular Erdmanret al.,
disease (ACE 2008
Inhibitory)

Eggs Ovalbumin Cardiovascular Erdmannret al.,
disease (ACE 2008
Inhibitory)

Eggs Peptides IBD (Reduction in  Leeet al., 2009

pro-inflammatory

cytokines)

Sunflower seed oil

Gamma linoleic

RA (reduced

Zurieret al., 1996

acid symptoms)
Mushrooms Protein Diabetes Pereraand Lj 2011
Flaxseed Omega3 PUFA Diabetes Oomah, 2001
Seaweed Extracts Diabetes Holdt andKraan,
2011
Cereal Betaglucans Diabetes Brennan and
Cleary, 2005
Zebra Fish Protein Diabetes Ktarietal., 2013
hydrolysates

1.3The immune reponse and inflammation
The immune response provides protection from invading pathogens and helps in the

repair of tissue following injury. It can be divided into teategories; innate or

adaptiveimmunity (Vivieret al., 2011). Innate immunity serves @ask S

defene and is present from birth. Defels of the innate immune system include

10
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physiological aspects such as the abilitlyebsymesn mucus to cleave bacterial cell walls
(Shilhavyet al., 2010), anatomic such as the skin &sgier to invading pathogens (Elias,
2007) and phagocytic such as the ability of macrophages to engulf and destroy bacteria
(Greenberg and Grinstein, 2002). The adaptive immune system, in contrast, is considered
learned immunity, it is built up over timand involves the recognition of antigens
following its destruction or removal by the innate immune system. This occurs when
macrophage phagocytosmtigens andlisplays them on their surface membrane at major
histocompatibility complex (MHC) sites and tbearerecognisedy a small subset

of specialised cells, known as T helper celdajnikand Kasahara, 2000). Another
process which begins upon phagocytosis of antigens is the secretion-offfarmmatory
cytokines by macrophage cells. This releaseytdkines then helps to orchestrate the
adaptiveimmune response through attraction and activation of T cellsdardritic cells

(DCgamong other immune cell8anchereawand Steinman, 1998).

Both the innate and adaptive immune responses can drivateaand chronic
inflammation. Acute inflammation limits tissue damage caused by injury or infection
through limiting the spread gihathogensand attracting macrophage and neutrophil cells

to the site in order to destroy and remove the invading antigé&asi(let al., 1989). Acute
inflammation also initiates tissue repair througholiferation of connective tissues and
various other processes (Sporn and Roberts, 1986). Chronic inflammation is classed as
persistent and systemic inflammation and can fastweeks, montisand even years. It
may develop following acute inflammation or independently and is the underlying cause
of many inflammatory related disorders (¥tial., 2003). During chronic inflammation
cytokines interact resulting in the movement of macytes to the site of inflammation
where activatiom factors such as in IFg\and granulocytemacrophage colony stimulating
factor (GMCSHFilifferentiate the monocytes into either macrophage or dendritic cells
(Paluckeet al., 1998) Cytokines known to metk chronic inflammatorprocessesnclude

IbLmi 36,IlMT X LCb:! ¥ | yeRal, @@, o { { dzYLJ2
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1.3.1Cytokines
Cytokines are smatdignalingoroteins which play a fundamental role in the immune

system through allowing communication between theninmne response and host tissue
cells (Budckt al., 2016). They act via binding to a receptor which then sends a signal to a
recipient cell resulting in a change in function or phenotype of the cell. They exist in broad
families, such as the-12 superfamily, that are structurally related but display diverse
functions {ignaliand Kuchroq 2012). They are secreted by many cells and function can
vary greatly. The major classes of cytokines includegmoanti-inflammatorycytokines,
cytokines of neutrophénd eosinophilrecruitmentand cytokines of T cell recruitment and
growth factors Hanadaand Yoshimura, 2002). In chronic inflammation and inflammatory
diseases there are large increases in-tammatory cytokines and decreases in anti
inflammatory cyokines. Preinflammatory cytokinessuctia ¢ b Chmil yKR- @§ 06 S0O2 Y
targets of therapeutics to treat these diseases (Bugteal., 1995). Antinflammatory
cytokines such as-ll10 are currently in use as therapeutic agents to regulate inflammation
and treat inflammatorydisorders (Asadullaét al., 1998). Manynore cytokines are

currently being researched as potential therapeutic targets or therapeutic agents.

1.3.1.1Lm i

ILmi g+ & FANBRG LIzNR FASR T Niigendwhsahercioriedih y mM@T
1984 (Henderson anBettipher, 1989). This led the way for research using recombinant

ILmi YR GKS Ylyeé FdzyOlAzya 2F GKAa Oedz21A
indicated Iemi Q& NRES Ay AYyFElLYYIFLGA2YyS AG o6l a 2yt
of anti-lL-m i 0 S Md itsXdrucial role in inflammation become clear (Spethal.,

2017). Nearly all microorganisms inducell. & S O NB-ik& r2cgpto@(XLIR) ligagds, €
howeverlkmi | f 82 Ay RdzOSa AGaStFT Ay Yzyz20eidSa :
(Monteleoneet al., 2015). This se$itimulation has been shown to result in sustained
levelsofImi  Ywb! f S@Sfta 20SNIHn K2dzZNA O2YLI} NBR
a peak at 4 hours in TLR ligand stimulation, $keiéstimulationis considered to lay
apossiblerole in chronic inflammatioiiNeteaet al., 2015). This cytokine has many
functions, its main one being edimulation of T cells (Bevilacqea al,

1984),enhancemenbf natural killer (NK) cells (Huntet al, 1995) and to act as a

chenpattractant to other inflammatory molecules (Matsushima and Oppenheim, 1989). It
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has been shown to play pivotal roles in a number of inflammatory disorders including RA
(Ruscittiet al., 2015), diabetes (Herdet al., 2015) and IBD (Spolenal., 2017).1-m i KI a
been identified as a target for aAmflammatory therapies (Williamst al., 2000).

1.3.1.2IL-6
IL-6 is a preinflammatory cytokine secreted by T cells and monocytes. It has numerous

functions including stimulation of acute phase proteimtesis by the liver, inducg B
cells to mature into anbody producing plasma cells and activation and differentiation of
T cells $amoilovaet al., 1998)Alongsidehese functions, H6 plays a major role in
chronic inflammation and is thought to beuwial to the transition from neutrophiio
monocyte recruitment seenas an acute inflammatory response develops into
chronicinflammation Kaplansket al., 2003). Upregulation of this cytokine has been
observedin avariety of inflammatory diseases andhids been linked to the pathogenesis
of inflammatory diseases such as RA, type | diabetes, psoriasis, anBeigialand
Wright, 1997). H6 inhibition is currently used in the treatment of RA through the use of
an antibody called Tocilizumab which reed FDA approval in 2018iflsmaet al,
2016).

1.3.1.3IL-10
IL-10 is an antinflammatory cytokine and a crucial immunoregulator during pathogenic

infection, suppressing excessive T cells responses (FRaiféll 2014). It modulates the
expresson of proinflammatorycytokines suchas-Mi 3 L [ YR ¢ b Ch X 6 dzi
AYKAOAGEA GKS LINRPEAFSNI GA2y-28ByThicalswlo@lSof f &
reduces the chemokine production thus preventing DC migration to lymph raoakthe
differentiation of Th1 cells from naive undifferentiated CD4ellgCastillo andKolls

2016). IE10 knockout (KQhice have displayed excessive secretion ofipfammatory
cytokines and the development of inflammatory diseases including 1B RA

(h Qa | Ke2ay, 2001). IL10 has been identified as a potential therapeutic agent in the
treatment of inflammatory disease and has been trialed using recombinél Ih the
treatment of IBD Fedoraket al., 2000).

13
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1.3.1.4 1117
IL-17, consideed a major inflammatory cytokine, was first discover@d993 and named

IL-17 in 1995 Anthonysamyet al., 1999). 117 has many roles but its main function is in

the activation of the tissue response and in initiating the neutrefgudlimmunedefence

It is mainly secreted by Th17 cells but it has also Istewnto be secreted by NK cells

and neutrophils (Cua and Tato, 2010). It has been shown to have synergistic effects with a
number ofotherpro-A Y Ff I YYI G2 NBE Oe (2| AWiSH7 Isedg@fé | & ¢ |
elevated in numerous inflammatory diseases such as Rasmthsisiiosse¢2009) and

it has beendentified as a target for therapeutics for inflammatory disease with-Hrti7

therapy is currently used in clinic for the treatment of psori&é€iampeet al., 2016).

M®dPo dPmdp LCb!
L Ch' AndlammatdryNggokine which is secreted primatily CDAT cells, mainly

Thl cells but also antigen presenting cells (APCs) such as macrophage and dendritic
cells.Its main function is in the activation of macrophage &fgqNathanet al., 1983).
Thisactivationresults in increased MHC expression and increased secretion1@f IL
AYRdzOAYy3 GKS LINRPRdAzZOGAZ2Y 2F Y2NB LCb! Iy
naiveundifferentiatedCD4 T cells (Yoshimotet al., 1998). It has been iplicated in
OKNRYAO AYTFElIYYFG2NE RA&SIAaASa G6AGK AATYAT
(Carieteet al,, 2000), IBD (Bispireg al., 2001) and diabetes (Sekal., 2001). AntL C b !

therapy is currently in clinical use in the treatment of psoriagih antibodies such

asHuZAFommonly used (Hardeet al., 2015).

MPodPmPc ¢bCh
¢bCh Aa | Ydzf GAFdzy QUA2Y I € Oei21AyYyS LJIN.

macrophagedendritic cells, NK cells and lymphocytes. It has a variety of functions such as
mediatingthe expression of genes for cytokines, activation of a variety of cells including
macrophage and the inducing the production ekl | -§'(Rickét f.,m ppy U dan ¢ b Ch
also influence the function of APCs by altering their ability to present antigehkence
upregulate the expression of edimulatory factors upon presentation of antigens

(Celleetald = ™ b phas bben®iie@sively studied and its role in chronic inflammation
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and inflammatory disease wealbcumented (Bradley, 2008pevelopment of
¢ b Grhibitors has been one of the most active areas in drug development in recent
times and various inhibitors such as the antibodiximab, etanercepaind adalimumab
are commonly used in clinic for the treatment of a broad range of inflammatisgase

including RA and IBDlfalayasingarand Isaacs, 2011).
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Table 1.4 Cytokines produced by immune cells and their primary functions

Cytokine

Secreted by

Function Inflammatory

Status

IL-m Macrophage Costimulates T cells Proinflammatory
Dendritic cells Induces NK cell
B cells activity
Chemoattractant
IL-4 Th2 cells Th2 polarisation Anti-inflammatory
Macrophage
activation
IL-6 Macrophage Activates T cells Proinflammatory
Dendritic Cells Th17 differentiation
Th17 cells
IL-10 T regulatory cells Immunosuppressant Anti-inflammatory
Dendritic cells Inhibits Th1 cell
Macrophage response
IL-12 Macrophage Th1 cell development Proinflammatory
Dendritic Cells Stimulates APCs
IL-13 Th2 cells Macrophage Anti-inflammatory
activation
IL-17 Th17 cells DC maturation Proinflammatory
IL-23 Macrophage Expansion and Proinflammatory
Dendritic cells survival of Th17 cells
LChb! Th2 cells Thl expansion Proinflammatory
Macrophage
¢bCh Macrophage Amplifies Proinflammatory
Dendritic cells inflammaton

T cells

Induces cytokine

release
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1.3.2Immune cells
The immune system is a complex network of cells, known collectively as leukocytes, which

function both independently and as part of wider systems with other cells and tissues, to
provideprotection against invading pathogens. The innate immune system is made up of
phagocytes, such ameutrophils,eosinophils, basophils, dendritic cells and macrophage
¢tKSaS OStfta LNBdideRflefeickagaing hvrding dpathogens by
enguling the pathogen, secreting cytokines and displaying the antigen on their surface
which initiates the adaptive immunesponse Delnesteet al, 2007).The adaptive
immune response is made up of cells known as lymphocytes which are considered
memory cellsThese cells remember invading pathogens from previous attacks and help
coordinate the immune response based on this memory. They are classed as either B
lymphocytes (B cells) that produce antibodies activate T cells of-lymphocytes (T
cells) which dstroy compromised cells and help initiate the immuesponse (Bluestone

and Abbas, 2003).

1.3.2.1 T Cells
T cells are the dominant lymphocytes. They arise in the bone marrow but undergo

differentiation and proliferation in the thymus. They can be riduthroughout

the bodyhowever, they are found in large numbers in sites of activation such as the
lymph nodes and splee®yirskiet al., 2009). T cell activation is critical for the initiation

and regulation of the immune response. They are dividedtimtomajor subsets; T helper

cells (Th) which express CD4 on their cell surfacaesmhniseantigenscomplexed to

MHCII molecules on the surface of APCs, and cytotoxic T cells (CTs) which express CD8 on
their cell surface andecogniseantigens complexetb MHCI molecules on the surface of
APCs (Parkin and Cohen, 2001). ‘dD&lls are essential in the downregulation of the
immune response and also exhibit cytotoxic activity in the killirgpetificcumour cells,

cells infected with virus particles amaaty cells displaying foreign antigen coupled to MHCI
(Murali-Krishnaet al., 1998). CD4T cells direct the immune response and differentiate

into distinct cell subsets such as Thl, Th2 and Th17 cells. These are classified by their
functions and unique dgkine secretion profiles (Zhu and Paul, 2008). Dysregulation of
CD4 T cell function has been implicated in the pathogenesis of inflammatory diseases
including RA, IBD and psoriagiarfgrisket al., 2005).
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1.3.2.1.1 Thl cells
Naive undifferentiated B4 T cells argolarisedinto a Thl phenotype through the

cytokines 112, I.H T £ L C b transtrigtiBnfadtd¢sSignal transducer and activator of
transcription (STAT) and STA® and the intracellular adhesion molectle(ICAM1)

alongside Tbet. Thl cells secrete 2, Il:2, IkMmp X ¢ b Ci YR LCb: g K
macrophage, NK cells and CTs. Their primary role is regulation of the immune
responseandthey are principal effectors of cell mediated immunity. Dysregulation of Th1
function has been implated in a number of inflammatory disorders including RA where

Th1 cells dominate synovial fluid (Yamadal., 2008). They also play a major role in IBD

through interactions with Th17 cells (Olsenal., 2011).

1.3.2.1.2 Th2 cells
The differentiation of Th2 cells is largely dependent on the cytokind klongside

transcription factors STAG and GATA3 (Whitet al., 2010). Their function is to promote

humoral immunity, allergic responses aoohstraincell mediated immunity and
inflammation and theysecretell-4, I1-5 and IE13. During a Th2 cell responsediand IL

13 stimulate B cells to produdgEwnhilst IL-5 activates eosinophilsSfraumanret al.,

2001). Th2 cells act in a paradigm with Th1 cells, known as the Th1/Th2 paradigm. They
canantagpniseeach other and inhibit differentiation of the other cells witkllsecretion
AYKAOAGAY3I ¢Km OSft RAFFSNBYIAIRIMaGNN | YR L
1997). Th2 cells contribute to atopic diseases, rather than inflammatory, driving allergy

and other such disorders such as asthma (Del Reesd.,1993).

1.3.2.1.3 Th17 cells
The Th17 cell subset wdsscovered more recently than Thl and Th2 cells and similarly to

these cells, it requires specific cytokines and transcription factotkéir differentiation.

IL6 Y R ¢ Dr@juired fidd thepolarisationof a naive undifferentiated CD# cell to

aThl7 cell (Vermet al., 2013). Th17 cells aoharacterisedy the secretion of HL7. This

cytokine is a major player in inflammation@induces the secretionof-N.i > ¢ b Ch | yF
GMCSF. These cytokines induce the expression of the orphan nuclear receptd) (ROR

and upregulation of the production of-Il7 and 1E23 (Weaver and Hatton, 2009). Th17
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cells have been implicated manyinflammatory disorders including RA and IBD (Miossec,
2009).

Table 1.5 CD4 cell subsets

T helper cell Differentiated by Cytokines secreted Inhibited by

subset

Thl IL-12 LCb: IL-4
IL-27 IL-2 IL-17
ICAM1

Th2 IL-10 IL-4 LCb:

IL-12

OX40L IL-5
IL-4 IL-13

Th1l7 IL-23 IL-17 LChb:
IL-m i IL-22 IL-4
IL-6 IL-6
TNR
TGF
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1.3.2.2Dendriticcells
DCsre professional APCs, which are abundant at body surfaces and within tissues. They

are considered professional APCs dué¢htair ability to activate and differentiate naive
Tcells Banchereawet al, 2000).There are three major subsetsiasmacytoid
conventional and monocytderived,characterisedy origin and function. Following
interaction with antigens, DCs undergo matiwa, during which they process the antigen
and induce production of MHC molecules and cytokines. They then migrate to the
lymphatic system, to present antigens to undifferentiated naive T cells and induce
immunity (Celleet al., 1997). DCs interact withaghogens througiTLRs found on the
surface of the cell. TLRs bitadspecific pattern association molecule patterns (PAMPS) on
the pathogenand this ligation leads to phagocytosis and the secretion of a number pro
inflammatory cytokines suchas¥H >~ a#andleMvi @ ¢ KSasS Oeid21AySa
activation of both the innate and adaptive immune responses. uihis ability to
activate the adaptive immune response, DCs are known as the link between the innate
and adaptive immune systemBglucksand Banchereau1999). DCs have been linked to
inflammatory disease. In IBD, they are considered key initiators of the inflammatory

response and they secrete large amounts of inflammatory cytokines étalt 2005).

1.3.2.3 Macrophage
Macrophages ar&ey innate immunecellsthat play a key role in tissue homeostasis,

wound healing, pathogen clearance and regulation of inflammatidacMickinget al.,
1997). They are primary mediators of inflammation that perform various functions in both
the innate andadaptive immune responses. Their primary role igetwogniseand
phagocytose invading pathogens. They express pattern recognition receptors (PRRs) on
their surface such as TLRs that allow thenretmognisePAMPs. This results in the
phagocytosis of pathgens and the initiation of immune pathways that result in the
secretion of inflammatory cytokines (Mosser and Edwards, 2008). Macrophage also
initiate the adaptive immune system through the presentation of antigens through MHC II
molecules to CD4T celllwasaki andMedzhitoy, 2010). Macrophage can be activated
into one of three distinct subsets, classically activated (M1), alternatively activated (M2)
and regulatory macrophage. This activation is dependent on the pathogen encountered or

the environment & the macrophage (Martineet al., 2008). M1 cells are generated
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following stimulationwithpreA Yy F€ | YYIF G2 NB Oe G211 Ay Sa &adzOK |
YI ONRLIKI IS &aSONBGS Owii 2R AWabdafe nskiditedlwidth ¢ b Ch
increased expression of MHCII and CD86 (SicMamtovani 2012). Overproduction of

M1 macophage can lead to a range of inflammatory diseases such as RA and IBD (Mills,
2012). M2 macrophage are induced bytland IE13, cytokines secreted by a Th2 subset
response. They can also be detrimental when overproduced and are increased in RA

(Mulherinet al., 1996).

1.4Inflammation and inflammatory disease
Acute inflammation ishe immune syster@ normal response to injury or invasion by

pathogens, it helps in theepairand adaptationof many tissues and is a vital part of the
immune response wikbh is usually tightly regulated. It is driven by key immune cells such
as dendritic cells, macrophage and T cells (Moilanen\@amhatalg 1995). Chronic
inflammation has many of the same features of acute inflammation, such as also being
driven by key irmune cells, however unlike acutehronic is usually unregulated, low
grade, persistent and harmful (DorintQ94).The underlying cause of chronic
inflammation is largely unknown with many different mechanigiygothesized, including
activated immune cedl leading to the production of primflammatory cytokines which
drive an inflammatory respons®inarellg 2000). This increase in cytokines can also alter
the phenotypes of nearby cells such as T helper cells which can be detrimental to the

normal function of surrounding tissue=antiniet al., 2004).

This persistent sublinical inflammation is a major risk factor in numerous diseases such
as RA, psoriasis, |Bidherosclerosigand diabetes (Cohegt al., 2012). These diseases are
often classed as ildmmatory disease due to the crucial role inflammation plays in their
onset and pathogenesis. RA istaonic inflammatory and destructive disease which
affects the joints of patients (Machokt al., 2006). Long term prognosis of patients is
poor with 80%of patients being disabled within 20 years (Verstee@l.,, 2018). The
synovialmembrancen the joints of patients with RA &haracterisedy increased
vascularity, hyperplasia and the infiltration of inflammatory cells such as Ti2ds

(Baetenet al., 2000). CD4T cells are the main orchestrator of cell mediated immune
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responses and have been strongly associated with RAAweeisfortet al., 2004).
Through this mediation CDZ cellsstimulate other immune cells such asacrophage

and DCso produce proA Y F€ I YY I G2 NB Oe ( 2Mi A yISgaBuchdmd K | a ¢
al., 1988). These cytokines have been implicated as having primary roles in the
pathogenesis of RA and inhibition of these has been shown to treat the disease (Arend
and Dayer, 1995 urrent treatment of RA includes cytokine targeting therapeutics such
as anti¢t b Ch FyiAo2RASa WehljaBet 4R R0OD3) Yaddy thé 0
immunosuppressive agent methotrexate (Magtial.,, 1999). Antcytokine therapies are

often used in conjunctiomwith immunosuppressive agents such as methotrexate in the
treatment of moderate to severe RA (Lipgtal., 2000). Treatment with these therapies
alone or in combination often results in immunosuppression of the patient and infection
by opportunistic patiegens is common (Dorast al, 2002). Therapies which target
multiple cytokines, suclasTofacitinib, are becoming increasingly popular with research
into the complex cytokine pathway involved in RA ongoing (van Vollentetvah,
2012).However, the sam immunosuppressive effects as seen with single cytokine
inhibition are still being reported (Zerbini and Lomonte, 2012). Dietary intervention,
specifically the use of functional ingredients such as fish oil and o®184#-As, has been
shown to help reducesymptoms, but not to the same degree as commonly used
therapies. They are recommended however, for use as complementary therapies

alongside traditional approaches (Tedeschi &u$tenbader2016).

Psoriasis is another inflammatory disorder which igeftiby immune cells such as CD4
OStta |yR 0ei21LXCPke I-12 drd K17 [AficanétbalC 20D5). It

is characterisedy inflammation of the skin but can also manifest in joint inflammation in

a disorder known as psoriatic arthritsoriasis, like RA and most inflammatory disorders,

is an idiopathic disorder and disease symptoms, rather than the cause of the disease, are
treated (AtSuwaidarand Feldman, 2000). Current therapies include corticosteroids such
asHalobetasopropionate (Pariseret al., 2016), a vitamin D
derivativeCalcipotriolointment (Kooet al., 2016), the anthracene derivative Dithranol
(Schaefeet al, 1980) phytotheraphyknown as UVBNordaland Christensen, 2004)
andphytochemotherapyknown as PUVA which invely the use of an oral or topical

therapeutic known a®soralen which causes increased sensitivity to UVA(Liglainsket
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al., 2016). Cyclosporine, a steroid sparing agent, is also used in the treatment of psoriasis,

as it is safer in long term use thateroidshowever it also suppresses the immune system

YR AYONBIFasSa G§KS A yHRidetal RIBG).(Iskverblpsaripsis,2 T Ay
the immunosuppresaniethotrexate is also used, however similar side effects as in RA

are seenlflentinget al., 2016). The use gpecialisedliets, such as the anitnflammatory
Mediterranean diet, in reducing severity of psoriasis have been trialed and have received

success in reducing symptoms of the dise&aeaet al., 2015).

Atherosclerosis is also thght to be immune cell mediated with piiaflammatory
cytokines playing a major role. Atherosclerosis is a disease in which arteries become
chronicallyinflamedand plaque from cholesterol and lipidsildsup as a result (Packard

and Libby, 2008). CDZ%cells and macrophage cells are thought to be key drivers of
inflammation in the disease (Portugatial., 2009). Treatment of atherosclerosis includes
dietary and lifestyle changes with a ligmlvering dietbeinga key change in the
treatment of most patents (Wattset al.,, 1992). Dietary treatment is not always enough,
and the use of cholesterddwering medication known as statins (Okazetkal., 2004).
Stents are also used to treat moderate to severe atherosclerosis in order to clear the
blockage and educe the risk of heart attack and stroke (Van\met al, 1999).
Advancements in stent technology have produced drug eluting stents which can open the
artery back up and deliver aratiflammatory drugs to the area in order to reduce the level

of inflammationin the artery wall $choferet al., 2003).

Diabetes mellitus is a metabolic disorder which has recently been also classified as an
inflammatory disorder due to the critical role inflammation plays in the disease. The
activation of the innate immuoe system and the resulting chronidflammation are
consideredelevant factors in the pathogenesis of the disease (Pickup, 20@galtised
overall by a lack of (or deficiency in) insulin, a hormone required for regulation of blood
sugar, which is nonally produced in the pancreas (American Diabetes Association, 2014).
Proinflammatory cytokines have been named critical factors in the development of
microvascular diabetic complications, includmgphropathy(Navarroet al, 2006).
Inflammation in geneal has been implicated in both type | and type Il diabetes. In type |

diabetes, a T cell mediated autoimmune response agg@astreatid -cells is thought to
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play a role in this assault with the release of inflammatory cytokines pogsitibting the
regenerationofi -cells(Eiziriket al., 2009). There is increasing evidence of the role chronic
inflammation plays in the onset and pathogenesis of type Il diabetes with major risk
factors such as age, inactivity and poor diet all thought to be possiblgesaof chronic
inflammation (Duncaet al., 2003). Recombinant insulin therafhyough subcutaneous
injection isthe main treatment of diabetes, specificatiype | (Daneet al., 2014). Insulin
pumps are used as a form of artificial pancreas to delivaallsemounts of insulin at
regular intervals (Haidaat al., 2015). Diet and exercise are the first port of call in the
treatment of type Il diabetes with weight loss crucial in treating the diselazei¢chiet

al., 2015). Alongside lifestyle changeetformin is commonly used in the treatment of
type Il diabetes, as it lowers blood sugar and can reduce the cardiovascular risks
associated with the disease (Goeigal., 2016).

IBD encompasses several inflammatory diseases of the gastrointestinal thuting

/| NEKyQa 5AaSlH asS (Wd)adirketazhiras catisi(ICPRvdoBKy,i1901)A a
Whilst many other diseases affect the gastrointestinal tract and may cause inflammation,
IBD icharacterisedas being idiopathic, and the disorders whitall under IBD are
classified by their clinical and pathological symptoms rather than their causes
(Benchimolet al., 2010). CD and UC are the two m@stognisabldorms of IBD, although
they are often indistinguishable from eaabther. UC isharactersedby chronic
inflammation of the colon whilst CD can affect the entire gastrointestinal tBamighton
Smithet al., 1993). In both diseases however, the inflammatory response begins with a
mass infiltration of neutrophil and macrophage cells, whiclease proinflammatory

Ot 21 AySa Kauathkroffetal, 1037)CThis datates either a Thl or Thell
phenotype n the gut mucosa and initiatess cytokine cascade which drives the disease
(Hanauer, 2006). Symptoms of IBD include severe diarrftea with the presence of
blood, fever, fatigue, abdominal pain, abdominal cramping, loss of appetite and weight
loss (Carteet al., 2004). IBD is typically diagnosed before the age of 30, with pediatric IBD
incidences increasing (Bernsteghal., 2010). Common therapies for IBD include the use

of corticosteroids for mild to moderate disease (Bernstein, 2015), antibiotics such as
metronidazole (lsaacs and Sartor, 2004), -amtammatories such as the

aminosalicylidVlesalazingTravis and Jewell, 1994)jmmunosuppressants like
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methotrexate Villot et al., 2011) and cytokine inhibition therapies such as-ént C "
antibodies like adalimumab (Humira®). Due to the complexities of IBD, the lack of
understanding in the mechanisms and differences of CD anahtd@adients responding
differently to treatments, no current therapy is considered the gold stadd&any
therapies such as atfiiotics and corticosteroids are not suitable for long term use (Sartor,
2004) and others such aamunosuppresantand anticytokine therapies often leave the

patient at risk of opportunistic infections (Irving and Gibson, 2008).

Inflammagingvhilst not necessarily considered an inflammatory disease, is an
inflammatory condition which effects a vast majority of the eldedypplation and is an
underlying cause of marggerelated inflammatory diseases (Franceschi and Campisi,
2014). Thought to be a side effect of the dramatic increase in life expectancy seen over
the last centuryjnflammagings caused by theverstimulationof the immune system by
antigenic stress over time causing immune inefficiency with age (Franezsth2000).

This inefficiency results in low grade inflammation which contributes tdreakty seen in

older populationsand eventuamortality (Wuet al., 2015).Theoriesbehind the driving
forces ofinflammagingare deeply rooted in evolutionary theory and it is thought to be a
consequence of theemodellingof the innate and acquired immursystem whichresults

in the production of chronic inflammatg cytokines with significant increases oblL1-

Mi X ¢bCh |-igflamnatdrKcgtokindsdeRn in elderly people (Batial., 2013).

This increase in prmflammatory cytokines activatale inflammasome and is caused by
the upregulation of nudar factor kappdight-chainenhancer of activated B cells @NF

and STATproteins (Franceschi ardapisj 2014).Themajority of age related diseases
shareanunderlying inflammatory pathogenesis caused by the activation of the
inflammasome by proinflamatory cytokinesinflammagindhas been implicated as a
possible cause or risk factor in mamyerelatedRA & S aSa &dzOK Fa ! 1K
cardiovascular disease, macular degeneration, degenerative arthritis and diabetes
(Vastoet al., 2007). Populaherapies forinflammagingnclude low dose aspirin or statins,
however dietary intervention and the use of nutriton as a tool in
treatinginflammaginghas been identified as havimgal potentialin the treatment of

this phenomenon(Sunet al., 2016).
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Inflammatory disease anidflammagingare characterisedy an infiltration of immune

cells such as CD% cells, DCs and macrophage and an increase in the secretion-of pro
AYFELYYFG2NE Oel2 | MiySalyé dzoOKRIF A CBbb@h £ KAZ
dysregulated in both disorders resulting in chromiftammation Elenkobet al.,
2005).Treatment for inflammatory diseases relies heavily on suppression of the overall
immune response, often resulting in side effects such as infection. Whilst rese&wch in
therapies which combanhflammagings in its infancy, a need for therapies which reduce
levels of preinflammatory cytokines but maintain the immune response of patients has
been identified and is considered the future of inflammatory disease

andinflammagingtreatment (Weisshofet al., 2018).
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1.5Thesis objectives
Chronic inflammation is a globapidemic affecting millions of people. As the average life

expectancy in developed countries grows, tsodoes the phenomenon

of inflammaging,and the increased risk of inflammatory disease. Dietary intervention and
the use of functional ingredients which demonstrate anflammatory activity and the
ability to both prevent and treat inflammatory disease is emerging as a potential
therapeutic alternative or as a complementary therapy to existing therapeutics. Due to
this emerging market of functional foods with immunomodulatawtivity, the demand

for novel sources of these ingredients is expanding. Several functional ingredientss such a
omega3, are already sourced from the marine world. But due to its vast ecology and the
presence of extremely diverse organisms, the marine world offers real potential for new

novel functional ingredients with the ability to modulate the immune response.

1 This thesis aims to investigate three marine organisms found in Irish waters as
sources of potential aninflammatory protein hydrolysates. It will examine
protein hydrolysates generated from the seawdealmariapalmataand the
fishboarfish and bluewhiting in order to assess their ability to modulate the
cytokine response of key immune cells.

1 Protein hydrolysates ability to alter the immune response of DCs and naive
undifferentiated CDAT cells will first banalysed Potential candidate
hydrolysates which display potent aniinflammatory activity in the suppression of
pro-inflammatory cytokines and promotion of astiflammatorycytokines will
then be brought forward and their ability to modulate the activity didiper cell
subsets investigated

1 The impact of variables in the hydrolysates such as the origin of the starting
material, time of harvest and hydrolysis method used will be studied and its effect
on commercial viability considered.

1 Candidates which display specific potent anflammatory activity and are
considered commercially viable options will then be studieglivoin a murine

model of inflammatory disease.
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2.1 Materials
2.1.1 Stock buffers and reagents
Table 2.1 Stock bufferdAll buffers prepared in laboratory for use in experiments. All

reagents use in buffers obtained from Sigma Aldrich, Ireland.

Buffer Supplier

Phosphatebuffered saline (PBS) (1X) 150 mM NaCl (5.84 g/L)
NaHPQ (4.72 g/L)
NaHPQ (2.64 g/L)

PBS tween 2QPBST) NaCl (5.84 g/L)
NaHPQ (4.72 g/L)
NaHPQ (2.64 g/L)
Tween 20 (0.05% v/v)

Trisbuffered saline (TBS) (1X) 150 mM Tris base (6.05 g/L)
NacCl (8.76 g/L)

Trisacetate EDTA (TAE) (pH 8.0) Tris base (10.8 g/L)
Boric acid (5.5 g/L)
0.5 M EDTA (40 mL)

Reagent diluent BSA (1 % w/v);
in 1X PBS

TBS Reagent diluent BSA (0.1 % w/v)
Tween 20 (0.05 % v/v);
in 1X TBS

Phosphatebuffered saline (PBS) (1X) 150 mM NacCl (5.84 g/L)
NaHPQ (4.72 g/L)
NaHPQ (2.64 g/L)

The constituents of each buffer are dissadhin 990 mL distilled and deionised water and
adjusted to a final pH of 7.4 (unless otherwise stated). Theisakiaire made ufo a final

volume of 1 L. All components were analytical grade
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2.1.2 Cell culture materials
Table 2.2 Cell Culture MatermlAll cell culture materials and reagents and corresponding

sources

WECEL Supplier

Tissue culture flasks (Z5cn?/T-75¢cn?) b dzy Ox
Sterile Petri Dishes b dzy On

6, 24 and 96well tissue culture plates b dzy’ On

Dimethyl sulphoxide (DMSO) Sigma Aldrich, éland

rGM-CSF Sigma Aldrich, Ireland
Trypan blue (0.4% v/v) Sigma Aldrich, Ireland
Sterile Water Sigma Aldrich, Ireland
Betamercaptoethanol Sigma Aldrich, Ireland
Red Blood Cell Lysis Buffer Sigma Aldrich, Ireland
EDTA Sigma Aldrich, Ireland
n ®H Fikel Sigma Aldrich, Ireland

CellTiter 96® Aqueous One Solution Pierce, UK

Foetal Bovine Serum (FBS) Gibco, UK

RPM}1640 Gibco, UK

DMEM Gibco, UK

Penicillin Streptomycin LY@AGNRISYuz 'Y
Balb/C Mice Charles River, UK

Easyse@ mouse CD4T-cell isdation kit ~ Stemcell Technologies, UK

5 mL polystyrene falcon tube BD Biosciences, UK

96 well round bottom plate Sarstedt, Ireland
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2.1.3 ELISA materials
Table 2.3 ELISA Reagemdl. ELISA reagents used and corresponding sources.

Reagent Supplier

96-well Microtitre Plate b dzy’ On
0 Z 0 Qtétranaethyt-benzidine (TMB) BD, UK

Tween® 20 Sigma Aldrich, Ireland

Bovine Serum Albumin (BSA) Sigma Aldrich, Ireland

DuoSet ELISA Kits R&D Systems®

1X DPBS LYGAGNRIASY s 'Y

2.1.4 T cell differentiation reagas
Table 2.4 Differentiating cytokines and antibodiesll cytokines and antibodies used in T

cell differentiation and corresponding sources.

Reagent Supplier

rmiL-2 R&D Systems®, UK
rmiL-4 R&D Systems®, UK
rmiL-6 R&D Systems®, UK
rmiL-12 R&D Systems®&K

rmiL-23 R&D Systems®, UK
NK¢ DCI R&D Systems®, UK

Anti-mouse [E4 Neutralising Antibody R&D Systems®, UK
Anti-Y 2 dzAS L Cb+ b Sdzii N R&D Systems®, UK

Anti-mouse CD3 Monoclonal Antibody BD, UK

Anti-mouse CD28 Monoclonal Antibody BD, UK
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2.1.5 RNA isolation and cDNA synthesis reagents
Table 2.5 RNA isolation and cDNA synthesis reagehitseagents used for RNA isolation

and cDNA synthesis and corresponding sources.

Reagent Supplier

Nucleospin RNA Il Columns MachereyNagel, Germany
DEPC Treated Water Invitrogen, UK

High Capacity cDNA Reverse Applied Biosystems, USA
Transcription Kit

Molecular Grade Ethanol Sigma Aldrich, Ireland
RNaseZAP Sigma Aldrich, Ireland
RNA Later Sigma Aldrich, Ireland

2.1.6 gPCR reagents
Table 2.6 Quantative PCR reagentsAll reagents used for gqPCR and corresponding

sources.
' Tagman Universal Mastermix ~ Applied Biosystems, USA |
SYBR® Green Mastermix Roche, Ireland
Microamp® Optical Adhesive Film Applied Biosystems, USA
Microamp® Optial 96 Well Plate Applied Biosystems, USA
GusB PrimeTime gPCR Primers IDT, UK

ILmi t NAYSC¢AYS It/ wlIDT,UK
¢bCh tNAYSCAYS |t/ IDT,UK

IL-6 PrimeTime qPCR Primers IDT, UK
LCbs tNAYSC¢CAYS |t/ IDT,UK
IL-17 PrimeTime qPCR Primers IDT, UK
IL-10 PrimeTime qPCR Primers IDT, UK

32



2.1.7 Immunohistochemistry reagnts
Table 2.7 Immunohistochemistry reagentéll reagents used for H&E staining, tissue

processing and paraffin embedding and corresponding sources.

Reagent Supplier

Paraffin Wax VWR, Ireland

Formalin Sigma Aldrich, Ireland
Xylene Sigma Aldrich, Irelah
Hydrochloric Acid Sigma Aldrich, Ireland
Sodium Bicarbonate Sigma Aldrich, Ireland
Ethanol Sigma Aldrich, Ireland
Harris Haemotoxylin Sigma Aldrich, Ireland

Eosin Sigma Aldrich, Ireland
Histoclear National Diagnostics, Ireland
Histobond Microscop Slides RA Lab, Ireland

2.1.8in vivodextran sodium sulphatenduced murine model of colitis materials and
reagents
Table 2.8 Materials and reagents fam vivo murine model of DSS induced colitiall

reagents used for DSSduced murine model of cais and corresponding sources.

Reagent ' Supplier

Oral Dosage Needles Vettech, UK
Dextran Sodium Sulphate Sigma Aldrich, Ireland
DPBS Invitrogen, UK
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2.1.9 Equipment
Table 2.9 Equipment used\ll equipment used and corresponding sources.

Reagent/Material Supplier

Class Il Laminar Air Flow Unitolten 2010 ThermoElectron Corporation, USA

Incubator 37C with 5% C®and 95% ThermoElectron Corporation, USA
dehumidified air- Model 381

Inverted Microscope Olympus CKX31  Olympus Corporation, Toykdapan

Olympus 1X81 motorised invertec Mason Technologies, Ireland
microscope with Hamamatsu ORGAER
digital camera C47430

Heraeus Fresco 17 Centrifuge Thermo Scientific, Ireland
Universal 32R Centrifuge Hettich Zentrifugen, Germany
Mini Table TopCentrifuge Technico, UK

Specific Pathogen Free Environment  Biological Research UnRCU

JB Series Waterbath Grant, UK

LightCycler 96 gPCR Roche, Ireland

PTC200 Peltier Thermo Cycler MJ Research, Ireland
Nanodrop™ ND-1000 Nanodrop Technologies, USA
Qiagen Tissue Lyser LT Qiagen, Germany
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2.2 Methods

2.2.1Hydrolysates

Hydrolysates were prepared by the Fitzgerald group in the University of Limerick.
Palmaria palmatastarting material was sourced wild from Mweenish Island (County
Galway) and Bladdead (County Clare) and from longlines in Ard Bay (County Galway).
Boarfish and blue whiting were sourced from the Killybegs Fishermans Association as

facilitated by Board lascaigh Mhara.
Hydrolysate generation

Proteins were isolated from starting matatusing the pH isolation method (Harnesty
al., 2014), protein was then incubated with various enzymes such as corolase, flavourzyme
and alcalase, before being cooled in ice and centrifuged. Supernatant from this process

was then freeze dried and sent RCU for screening.

Hydrolysate preparation methods
Hydrolysates were first weighed into an Eppendorf 2 mL sterile tube (Starstedt,

Ireland) and resuspended in 1 mL sterile water in a Class Il laminar hood (Holten 2010

¢ ThermoElectron Corporation, USAhese were then rotated for 30 mins on a

circular rotator and centrifuged using a table top centrifuge at 2000 g (Mini, Technico

P'YO F2NIp YAyaod {dzLISNYFGFyd ¢l a GKSy LI &a
Ireland) and collected in a sterile Epmenf tubes. Hydrolysates were added to the

cells from this working stock at a concentration &2 ng/mL.

2.2.2 Isolation and culture of bone marrow derived dendritic cells
Day 1¢ Bone marrow Isolation

Isolation of bone marrovderived dendritic cellSBMDCs) was an established laboratory
protocol adapted from Lutet al. (1999). Bone marrow was isolated aseptically, in a Class
Il Laminar hood, from the tibia and femurs of Balb/C mice aged 12+ weeks, which were
housed in a specific pathogen free (SPw)renmentand sourced from Charles Riv&his

was achieved by culling the mouse, carefully removing the legs from the body with a

surgical scissors and tweezers and removing all fur and flesh. When all that remains is two
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clean bones, theseerecut at ather end and flushed with RPMI using a 27.5 g needle and
syringe into a sterile 50 mL falcon. Bone marrow still intact was then gently broken up
using a 19.5 g needle and syringe. Cells were then centrifuged for 5 mins at 1200 rpm,
supernatant removed, deet re-suspended in RPMI (supplemented with 20% heat
inactivated foetal bovine serum (FBS), 20@ k Yf k mnn >3k YE LIOY A OAf f
ng/mL rGMCSF) to allow for 10 mL of cells per bone isolated. 10 mL of cells were then

added to each petri dish andcubated at 37C.
Day 4¢ Feeding cells

The petri dish was tipped forward at a 4ngle to ensure cells were not disturbed. Using
a transfer pipette~ 6 mLof media was gently removed. TenL of prewarmed

supplemented RPMI was added to each petri @dist returned to the 37C incubator.
Day 7¢ Counting and plating BMDCs

Adherent cells were dislodged from the surface using a cell scraper (Sarstedt, Ireland)
before being collected in a 50 mL falcon. Cells were centrifuged at 1200 rpm for 5 mins,
resuspended and counted using the trypan blue exclusion method (described in section
3.3.2). The cell concentration was adjusted with RPMI and cells were plated gtde)<.0

/ mLat a volume of 250 pan 96 well cell culture plates.

2.2.3 Isolation and alture of CD4 T-cells

2.2.3.1 Splaocyte isolation

T-cells were isolated aseptically in a class Il laminar hood (HoltenZDi€&rmoElectron
Corporation, USA) from female Balb/c mice age@@veeks. Spleens were removed and
collected in RPM1640/10% Y/v) FBS on ice. A single cell suspension was achieved by
pushing each spleen through a cell strainer4¥ > . 5 FIl £ O2y 0 [/ St f &
with RPMi1640/10% (v/v) FBS and counted.
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2.2.3.2 CD4T-cell magnetic particle isolation
(Stemcell technobies Easyse® Mouse CD4T-cell isolation kit Catalog#19852)

Cells were prepared in RPI#640 at a concentration of 1 x 4€ells/mL. The cell solution

was then transferred to a 5 mL polystyrene falcon tube (BD Biosciences). The Basysep
mouse CD4T-cel enrichment cocktail was then added at50 k Y[ 2F OSftf asz \
and left to incubate at room temperature for 10 mins. This cocktail contains a selection of
antibodies targeting cell surface markers of all cells excludiggl3 (CD8, CD11b, CD11c,

CD19, CD24, CD24, CD45R, CD49b and TERYH)ely selecting for CDZ cells. The

EasyseP streptavidin rapidspheré8 were vortexed and added to cells at a
concentration of 75> [ Kk Y[ 2F OSftftaz GKAa ¢6lFa GKSYy YA
temperature for 2.5 mins. The suspension was then mamtowa total volume of 2.5 mL

and mixed gently before being placed into the Easgseyagnet at room temperature for

2.5 mins. The supernatant that was poured off contained the'amlls. These cells

were centrifuged at 300 g for 5 mins, counted and sgnded in cRPMI media. Cells

were then stimulated with 5 I3k Y[ LI I 6% 502 dzy R |HyWiTD28 Ik Y [

agonists for three days and supernatants collected for ELISA cytokine analysis.

2.2.3.3 Polarisation of Thl, Th2 and Th17 T cells

Cells were stimulated using agonist antibodies directed to CD3 (clobe2Q#41) (BD
Biosciences, Ireland) and CD28 (clone: 37.51) (BD Biosciences, Ireland). Plates were coated
gA0K p >CDRP hourydl37°C, 5%,CMt-CD28 p > WasYhpnladded

to cells. Cells were stimulated in the presence of polarizingkayes. The cocktails used

to drive specific T cell subsets and their concentrations are presented in TablARer

2 hours, cells were transferred to coated a@iD3 plates and incubated at 37°C, 5% CO

All media was removed from cells and cells wested with the addition of new media.

Newant/ 50 LJ I 1Sa 6SNB O2F SR O6HDpCelisiver¥ [ U T2
transferred to new antCD3 plates and arti 5 Hy OH ®p >3kY[ 0 - RRSR
stimulate the cells. Cells were then incubated &ofurther 24 hours aB7°C, 5% GO

Supernatants were then harvested.
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Table 2.10 List of T cell subset polarising cocktallst of polarising reagents and

concentrations used to drive T cell subset phenotypes.

Reagent Supplier Concentration Source

Thl rmiL-12 10 ng/mL R&D Systems®,
anti-IL-4 mMn >3kKY[ UK

Th2 rmiL-2 10 ng/mL R&D Systems®,
rmiL-4 10 ng/mL UK
anti-L Cb ¢ mn >3k Y]

Thl7 rmiL-6 20 ng/mL R&D Systems®,
rmiL-23 10 ng/mL UK
NK¢ DCI 2 ng/mL
anti-L Cb ¢ mn >3k Y]
anti-IL-4 mn >3k Y]

2.2.4 Culture of cell line
The murine macrophagcell line J774A.1 was obtained from the European Collection of

Cell Cultures (ECACC; Salisbury, UK). The cells were cultured in Dulbecco's Modified Eagle's
Medium (DMEM) (Invitrogen, UK) supplemented with 10 % (v/v) foetal bovine serum (FBS)
(Invitrogen,! YO X pn | LISYAOAtftAY FYR pn >3 &a0G§NB
adherent cell line, J774A.1, was subcultured by dislodging the cells from the surface of the

flask using a cell scraper (Sarstedt, Ireland). Cells were recovered by centrifugation in a
Sigma 2K 15 centrifug8igma Laborzentrifugen, Germaay%00 g for 5 minutes, diluted

in fresh medium and then transferred to a sterile 75%tissue culture flasks for further

growth. All cultures were maintained in a%&7, in a 5 % G@umidified atmaphere. All

work was carried out in a MS&lvantage laminar flow cabinet (Thermo, USA) to ensure

safety and sterility.

2.2.5 Cell Enumeration and Viability
Cells were counted and their viability assessed using trypan blue exclusion. Trypan blue is

negatiely charged, so it is excluded from viable cells. Therefore, only the cells with
damaged cell membranes (i.e. dead cells) will stain blue. Cell suspension (100 pL) was
YAESR 6AGK mpn >[ t.{ | YR Hpn-Alrch, liel®.LI v o€

After ~5 mirs cells were applied to a haemocytometer and examined using an inverted
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microscope. Cells inside the central grid were counted. A viable cell count was determined
using the following formula: Cell/mL= N x 5 £dfiere, N= average cell numbeounted,

5 = dilution factor and 10= constant.

2.2.6 MTS Assay
To measure cytotoxicity a CellTiter 96® Aqueous One Solution (Pierce, UK) was employed.

This is a colorimetric method for determining the number of viable cells in a sample. It
containsg a¢{ GSGNIT 2fAdzy O2YLR2dzyR 6hgSyQa NB
into a soluble coloured formazan product. The quantity of formazan product is measured

at an absorbance reading of 450nm and is directly proportional to the number of living

cells inthe culture medium. BMDCs were platedina®& t t LJX I 6S 6AGK wmnan
a concentration of 1x10cells/mL. Hydrolysates were then added at increasing
concentrations (0.2% 2 mg/mL) 1 hour prior to stimulation with LPS (100ng/ml). Cells

alone andL0% (v/v) DMSO controls were also usedlITiter 96® Aqueous One Solution

0 H n was pdded to each well of the 96ell plate. The plates were incubated for 4 hours

at 37 C in 5 % Cnd absorbance read at 490 nm. The cell viability of each sample was
cdculated by treating the absorbance of the cells alone control as 100% and comparing

the remaining samples to this and expressing results as percentage viability. DMSO (10%

v/v) is cytotoxic and was used a negative control.

2.2.7 Enzyme linked immuneorbent assay (ELISA)
Cell stspension at a concentration of 2510 cells/250> [was added to each well of a

bdzy Ou e St f GAaadzS Odztf G§dzZNB LI | 6§Sd t NPB
concentrations (0.25 mg/m&. 2 mg/mL) (with or without 100 ng/mL LPS in BMDCs to

induce an inflammatory response). The plates were placed in@ Bicubator, 5% GO

for 24 hours. After 24 hour incubations, the cell supernatants were taken and aliquoted

into sterile 96 well tissue culture plates and stored2d C until required. All experiments

were performed in triplicate. DuoSet ELISAs werefgmered according to the
YIydzZFlF OGdzZNENRE AYyaidNHzOGAz2ya owss5 {@gadsSvya |

triplicate for each of the cytokines indicated.
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2.2.8Dextran sulfate sodium induced model of colitis
Dextran sulfate sodium (DSS) was usgdétluce colitis in Balb/c mice ekmale Balb/c

mice(n=24)were housel in the SPF unit of the BRU at DCU. DSS was administered in the
drinking water at a final concentration of 5% (w/v) for 7 days. Water with DSS was
prepared fresh every day. Following &yg of DSS, mice were administered dailsain
gastric (IG) gavage with PBiShydrolysed blue whiting protein in PBS for 7 days. Mice
were sacrificed on day 14 and organs harvested. Mice were split into four groups for this

study as described ihable 2.1.

Table 2.11IDSS experimental groups

DEVS (@fe]plife] DSS Alone DSS + H26 DSS + F1
Days 1¢ 7 No DSS. 5% DSS 5% DSS 5% DSS
Days & 14 PBS IG PBS IG H26 (50 mgin  F1 (50 mg in

0.2mL) in PBS I1C 0.2mL) in PBS IC

2.2.9RNA isolation from colonic tissue
Cdonic tissue was homogenised in lysis buffer RA1 (MacHeegel, Germany)

containing betamercaptoethanol using the Qiagen Tissue Lyser LT (Qiagen, Germany) for
5 mins at 50 Hz. Total RNA was then isolated using a Nucleospin® RNA 1l Kit (Macherey
Nagel, @rmany). The viscosity of the lysate was cleared by filtration through a
Nucleospin® Filter and centrifuging (11,000 g) for 1 min. 70% ethanol was then added to
homogenised lysate to adjust the RNA binding conditions. A Nucleospin RNA 1l column
was used tdind RNA with the addition of Membrane Desalting Buffer to remove salt and
improve the efficiency of rDNAse digestion. DNA was digested using DNAse reaction
mixture at room temperature for 15 mins. Buffer RA2 and RA3 were added after 15 mins
in order to nactivate rDNAse and wash the column. The Nucleospin® RNA Il column was

placed into a nuclease free collection tube and RNA eluted in RNAse free water.
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2.2.10RNA quantitation
The concentration of RNA was measured using the Nanodrop®@0BINanodrop

Technologies, USA). The purity of RNA was determined using 260 nm and 280 nm
absorption wavelengths. All RNA used had an A280/A260 ratio between 1.8 and 2.1.

2.2.11cDNA synthesis
Complementary DNA (cDNA) was generated from RNA using the High Capacity cDNA

Reverse Transcriptase Kit (Applied Biosystems, USA). Reverse transcriptases included in
the kit were used to synthesise single strand cDNA using the RNA strands as template.
cDNA was then used as a template in subsequent qPCR experimenis. -RN¢asligd

in each cDNA reaction on the RZ@) PCR thermal cycler (MJ Research, Ireland)e Tabl
2.12displays settings used.

Table 2.12Thermal cycling conditions on PIZD0 PCR thermal cycler

Steps 1 2 & 4
Temperature (°C)' 25 37 85 4
Time (mins) 10 120 5 K

2.2.12Quantitative polymerase chain reaction (QPCR)
PCR was prepared in triplicate for each sample. cDNA, Tagman® Gene Expression

Mastermix (Applied Biosystems, USA) and RNAse free water (Invitrogen, UK) were added
to each well of a 96 well reaction plat&pplied Biosystems, USA). Plates were then sealed
with optically clear film (Applied Biosystems, USA). Plates were centrifiitgrddus

Fresco 17 Centrifuge, Germany) at 1000 g for 1 min and ran on a Lightcycle 96® system
(Roche, Ireland) wder the condiions in Table 2.13

Table 2.13Thermal cycling conditions on Lightcycler96® thermal cyoMirconditions

were continued for 40 cycles.

Steps 1 2 3 4
Temperature (°C)' 50 95 95 60
Time (mins) 2 1 15 (secs) 15 (secs)
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2.2.13PCR data analysis
PCR restd were analysed using the Lightcycler 96® software (Roche, Ireland) and

Microsoft Office Excel (Microsoft, USA). For gene expression analysis a relative
guantitation method in which gene levels are expressed as a fold difference between a
sample and a cadrator such as untreated tissue from healthy control mice was used.
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2.2.14Colonic tssue sectioning
Tissue sections of 0.5 cm were removed from the distal colon and arranged into swiss

rolls. These were then submerged in formalin and incubated at room temperature
overnight in order to fix the rolls. Following this tissue was then ptd & TP1020
processor (Leica Biosystems, Germany) for parafisue processing. Table 2 ddtlines

steps of this processor in order to ensure adequate dehydration of the tissue.

Table 2.14Dehydration of colonic tissue

Steps 1 2 3 4
Reagent 70% EtOH 96% EtOH  100% EtOH  100% EtOH
Time (hours) 1 1 1 1

The program continued with two 1 hour Xylene (Sigma Aldrich, Ireland) steps to remove
traces of ethanol before two 1 hour paraffin embedding steps.fi@sue was then fixed in
smallparaffin blocks andeft to set overnightSections(n @ p ) wer& then cut from the

paraffin blocks and placed onto microscope slides. Slides were baked at 40°C for 40 mins.
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2.2.15Haemotoxylin and eosin staining
Paraffin embedded tissue was immersed in Histoclear (National Diagnostics, Ireland) to

de-paraffinise it for 10 mins, twice. Tissue was then rehydrated by immersion using the

protocol outlined in Table 2.15

Table 2.15Rehydration of colonic tissue

Steps 1 2 3
Reagent - 100% EtOH 95% EtOH  70% EtOH
Time (mins) x 5 mins x 2 2 minsx 1 2minsx 1

number of repeats

Slides were then stained with Harris haemotoxylin (Sigma Aldrich, Ireland) for 10 mins and
washed under running tap water for 5 mins. The tissue was then differentiated in 1%
acid/alcohol for 30 secs (3 times) and again washed under mgrtap water for 1 min.

Slides were then placed in 0.1% sodium bicarbonate (Sigma Aldrich, Ireland) for 1 min and
washed again under a running tap for 5 mins. Slides were then rinsed in 95% EtOH (Sigma
Aldrich, Ireland) for 10 dips before being immersesirfg dipping method) in Eosin (Sigma
Aldrich, Ireland) for 1 min. Slides were then dehydrated again usengéthod described

in Table 2.16

Table 2.1@ehydration of H&E stained slides

Steps 1 2 3 4

Reagent 70% EtOH 95% EtOH 100% EtOH Histoclear

Time (mns) X 3minsx 1 3 mins x 2 3minsx 1 3minsx 1

number of repeats

Slides were then mounted with coverslips using mouting medium (DPX) and cover slips

pushed firmly to remove bubbles.
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2.2.16Statistical Analysis
Oneway analysis of variance (ANOVA)sweed to determine significant differences

0S0i6SSYy Y2NB (KIy (62 al YL Sad 2 KShc GKA &
StudentNewmannKeul test was used to determine which conditions were significantly
different from each other. The level of statii A O £ AAIYAFAOFI YOS 41 &
FFLYKN®OAMFFFLYKN®GAaAMD t I N YSGNRO adlaAraidaolt
size was not large enough to test distribution and thus it was assumed the data was

normally distributed Data is preserd as a mean + SEM unless otherwise indicated.
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3.1 Introduction
Macroalgaaefers to a diverse group ofulticellular marine organisms that are

often characterisednto red, brown or green macroalgae. Seaweed falls under the
category of macroalga@s it ismacroscopic marinalgae. Macroalgae, due to their
unique metabolic pathways, have been identified as a smiwrce of potential bioactive
compounds. Many bioactive compounds have already been identified from macroalgae,
including antitumourand anttoxidant activity fromCladophorasurera(Lezcancaet

al., 2018), antimicrobial and antcancer activity fronCysbsphaergacquinotii(Martinset

al., 2018) and neuroprotectivpropertiesfrom GelidiellaacerosgSyacet al., 2016).

Palmariapalmata (PP) is a red macroalgae which has been identified as a potential source
of novel bioactive compounds. It is founa @morthern coasts of both the Pacific and
Atlantic Oceandncludingalong the North and West coast of Ireland. PP has Istégdtied

both here in Ireland and abroad. It is rich in protein, having the second highest protein
content of any commomacroalgaewith protein makingup roughly35% of its dried
weight(Gallandirmoulet al, 1990).Due to this high protein content it is being
investigated as a potential alternative protein source (Bjarnadéttial., 2018) as the
world looks for more sustainable sres of protein as its population grows. It has been
found to contain bioactive compounds which exhibit amtidant and antproliferation
capabilities (Yuast al., 2005),as well as inhibition ofenin (Fitzgeralet al., 2012)
anddipeptidyl peptidase IV (DPP IY(Harnedyet al., 2015). A common theme in bioactive
compounds found in PP is thiéite majorityare peptide chains, which

isunsurprisingconsidering its high protein content.

One of the more widely consumed seaweeds, PP has been eateenftorries, possibly
evenmillenia, in countries such as Ireland, Canada, Iceland and Frdsoeknown
asDulseor Dillisk,it is commonly eaten as a snack food, when dried, but its use as a
functional food, commerically and domestically tesgunto increase in recent year#\s

the general population has become more health focused, interest in seaweeds such as PP

has risen. It is high in protein, as previously mentioned, with alanine, aspartic acid and
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glutamic acid being the most abundant amino acids en¢$Channing and Young, 1953).
PP also contains essential fatty acids and vitamin K (Mour@sah, 2013). Vitamin K
plays acrucial role in bone health and in blood clotting (Price &lghimito, 1980).
Current research on PP however has focused mainlits proteins, due mainly to the

high yield achieved from the plants.

Proteinhydrolysationis the process dfiydrolysingor breaking down protein chains into
smaller peptide chains. This can occur in a number of different ways including changing
the pH, causing denaturation of the protein, or through the use of enzymes. In this
project, enzymatidydrolysationwasutilisedin the preparation ofll hydrolysates.
Through thenydrolysationprocess, many new peptide chains are unlocked and these may
possess bioactivity which wasn't present beftwgdrolysation. PP protein hydrolysates
have been widely investigated fpotential beneficial properties. PP
proteinsenzymaticallyhydrolysedhave been shown to possess potent amtidant and
ACE inhibitory fects (Beauliewet al,2016). Wanget al (2010) andHarnedyand
Fitzgerald (2013lso found protein hydrolysates enzymatically isolated from PP to have
anti-oxidantacivity. Hydrolysates have also been identified with dntpertensive
andanti-diabetic activity (Admasset al., 2018). Similarly, our collaborators on this
projectHarnedyand Fitzgerald (2013) found the hydrolysates used during the course
of this project to have cardprotective,anti-diabetic and antbxidant potential. Following
this, Harnedyet al. (2015) purifiedand identified DP®V inhibitory peptides from these
hydrolysates.

PPcan be grown in the wild or cultivated in pools. It is often dried before use and if
harvested from the wild it is usually dried on the rocks besideséae(Le Gatit al., 2004).
Thereare many small businesses across Europe, Iceland and North America which harvest
wild PP, dry it and package it for sale. In Ireland, several such companies operate along the
west coast. The majority of successfulfBPing projects have taken place inlsnd

pools, however, in northern Spain the largest cultivation of red macroalgae in open sea

outside of Asia has been very successful (Marteted., 2006). PP is harvestenh Ireland

47



all along the west coast, both ithe wild and farmed. PP for this project
wastakenfrom both wild and farmed sites. Wild seaweed was harvested
from Mweenishlisland,Co. Galway and Black Head, Co. Clare. Farmed seaweed was

harvested from longline cultivation iard Bay, Co. Galway.

Macaroalgae proteins have been shown to diffetbilmactivity depending othe harvest
time and place of harvesif the macroalgaePP hydrolysates screened in this study were
found byHarnedyet al. (2014) to differ intheir DPRIV inhibition and antoxidantactivity
depending on the time of vyear the harvestcurred.Another red
macroalgaePorphyradioica,was also found to have seasonal variation in its bioactivity
(Stacket al., 2018).

PPwhole proteinhasbeenused ina human trial by collaborator&llsoppet al. (2016) in

the Universiy of Ulster. Irthisstudy,40 participantswere fed with either a placebo bread

or bread enriched with whole protein PP. They found that inflammatory masesis as
serum levels of €eactive protein (CRP) and thyratimulating hormone (TSH) increased

in participantsfed with the enriched bread, although not to clinically significant levels with
serum CRP anfiSH. In a parallel, amvitro study on Cac@ cells they found similar
results with increases in the piiaflammatory cytokine H8. This stimulation of
inflammation is one of the few reported cases where PP has been found to be immuno
stimulatory.Hydrolysatiorof the PP could reduce this effect and make it possible to

identify anttinflammatory peptides.

Immunomodulatory peptides are a current focus of research, particularly those isolated
from food sources. Peptides from casein and whey proteins have gained recognition as
potential immunomodulators that could be incorporated into food for use in a functiona
food or nutraceutical market (Agyand Danquah, 2012). Protein usetimerapeutics has
increased dramatically over the last two decades, with insulin being the first recombinant

protein therapeutic. This has paved the way for the introduction of a wietdss of
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therapies (Leadeet al., 2008). One such therapy is etanercept, Enbrel®, a fusion protein

used in the treatment oY  y& Ay FEF YYIFI G2NB RAaSIFaSao 9dl
acting and has been used to treat a number of diseases including RA, psoriasis and IBD
(Nashet al., 2001).However the inhibition of such a vital cytokine in the immune system

often leaves patiers immunocompromised and as such it is reserved for those with life

limiting inflammatory disease.

The majority of sufferers of inflammatory disease do not experiencelitifiéing
symptoms, they ar@eople such aslderly people suffering the phenomendmown
asWA y Tt | Yandldrasticfhar@pies such as etanercept are not viable options. Fhis so
called low grade chronic inflammation is often overlooked in therapeutics development
and left tonon-steroidal antiinflammatory drugsN\'SAIDs Thelongterm use of NSAIDs is

not recommended and so there is a demand for new-arftammatory treatments which

can be used over an extended period of time has emerged. This project aims to identify
and develop bioactive peptides from marine based sources whick tte ability to

decrease thisow gradesystemic inflammatory response and can be used-tengn.

Inflammaging is the low grade chronic inflammatmeople develoms they
age.Immunosenescencss the term usedo describe the overall effect of aging ohe
immune system, which includé@sflammaging, the increased risk of infectious disease and
the severity of the disease when it occurs (Figd@l., 2018).Inflammaginghas been
implicated as being the underlying cause of a number of-rated diseass
includingParkinsons' disease (Calabreteal., 2018),Alzheimers' disease (Giunga

al., 2008.), chronic obstructive pulmonary disease (COPD) (Raéiran2012.)and
cardiovascular disease (Shaygaginal., 2016)amongst others. This phenomenos i
described as an unavoidable aspect of aging (Féyah, 2018)but whilst unavoidablét

may be possible to decrease its effects through the modulation of the immune systemto a
more anttinflammatory state. It has been shown that high levels of catind) pro
inflammatory cytokines are psent ininflammagingncludingltmi 3¢ [y R ¢ b Ch 062 2

2018). NF .signallinghas also been shown to play a role in this chronic inflammation.
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DCs andignallingTcells, also causes a grdlammatorycascadedf cytokines such as-IL,
L2, ItMH YR ¢bCh gKSy -infAimaldrly dy®kngs havié Beers LINE

identified as a possible target for therapeutics to combat this phenomenon.

It ishypothesisedhat functional foods, and functionahgredients, which target the
chronic inflammatory responsexperienced innflammagingcould be a possible
alternative to therapeutics (vé8zicet al., 2015). Functional foods afeods which provide
added benefits of m than just nutrition to the consumer. Whilst the term has been
heavily promoted in recent years, functional foods have been around for a long time. They
are very much already part of the daily diet of Irish people and include food such as milk
fortified with vitamin D (Avonmore Super Milk) and probiotic drinks such as Yakult.
Proteins isolated from food such as seaweed are ideal functional ingredients as they are fit
for human consumption and commonly eaten. This project aims to identify a protein
hydrolysate from PP which could be used as a potential functional ingredient to

combatinflammaging.
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3.1.1 Chapter Aims
The purpose of this chapterts investigate the potential of PP hydrolysates as bioactive

peptides with antinflammatory propetiesfor use in inflammagindt aims to
demonstrate the potential immunomodulatory capabilitiesRP hydrolysates on key
immune cells, BMDCs aneté&lls. This gives insight into the potential of PP hydrolysates

asfunctional ingredients which benefit thenmune system.

Firstly, a dose response of PP selected hydrolysates was carriecbodeinto determine

the optimal dose of hydrolysate for this project. A dose of range of (RAbmg/mL was
chosen as this has been previously used by our collabran this project. Following
aconsultation,it was discovered that several sample preparation methods were being
used across the project by our collaboratbence these wereompared and the

optimum chosen for this work.

The cytotoxicity of PP hydsadates on both BMDCs anecélls was firsexamined to
ensure samples wengot negatively impacting cell viabilith full screen of PP
hydrolysates on BMDCs was then carried out in order to study the hydrolysates ability to
modulate cytokine secretion. kkonjunctionwith this, a full screen of PP hydrolysates was
also carried out on CDZ cells in order to assess their effect on the adaptive immune
response. Data was theanalysedand potential candidates for further screening chose to
be brought forwardinto T cell subset screening in order to gain insight on their

mechanism of action.

PP hydrolysatewereharvested and their proteins isolated ahgldrolysedoy
collaborators irthe University of Limericklydrolysates were generated through the use

of enzymatichydrolysationas described iarnedyand Fitzgerald (2013Enzymes used

to hydrolysethe whole proteinincludecorolase alcalaseandflavourzyme Whole protein
controls were made through the same process but no enzyme was added to these
samples. In totaltwenty-seven(27) samples of PP were provided by the University of

Limerick for screening including nine (®hydrolysedvhole protein controls and
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eighteen (18) proteimydrolysatesTable 3.1outlines the controls for each hydrolysate.

For g£reening purposes, hydrolysates are grouped according to their control.

Table 3.1 Whole protein control and corresponding hydrolysates as groupednalysis

Whole Protein Control (WPC) Hydrolysates

WPC 2 4
5
6
WPC 7 9
10
WPC 12 14
15
16
WPC 17 18
19
WPC 20 21
22
WPC 23 24
25
WPC 26 27
28
WPC 31 32
33
34
WPC 35 36
37
38
39
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SeveraPP whole protein controls, also known as starting material, differed in harvest
location andharvest time. PP hydrolysates from the same starting material differed in the
enzyme used tdydrolysethe whole protein.Table 3.2 describes these WPCs and their
hydrolysates.

Table 3.2 Harvest time, location and enzyme used for hydraysi

Hydrolysate Enzyme Location Time of Year
17 18 Alcalase Mweenishisland April
Galway (wild)
19 Corolase Mweenishisland April
Galway(wild)
20 21 Alcalase ArdBay Galway April
(farmed)
22 Corolase Ard Bay Galway April
(farmed)
23 24 Alcalase Black Head July
Clare(wild)
25 Corolase Black Head July
Clare(wild)
2 4 Alcalase Black Head October
Clare(wild)
5 Flavourzyme  Black Head October
Clare(wild)
6 Corolase Black Head October
Clare (wild)
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3.2 Results

3.2.1 Dose response d?almaria palmatahydrolysates on BMDCs

It was first necessary to investigate the optimal dose at which PP hydrolysates had the
greatest immunomodulatory effects on BMDCs. This was achieved by analysing the
cytokine secretion of BMDCs treated with a dose response of PP hydrolysates using a
range from 0.25 mg/mL to 2.0 mg/mL. Hydrolysates were chosen at random for these

experiments.

These are displayed ifigure 3.1All doses successfully modulated cytokine demmeThe

doses 0.25 mg/mL and 0.5 mg/ré&d the least antinflammatory effects. 2.0 mg/mL had

the most potent antinflammatoryeffects,but reduced levels of all cytokines below basal
levels. 1.0 mg/mL reduced levels of prdlammatorycytokines whilsstill maintaining a

basal level response and as a result this was chosen as the optimal dose for future

investigations.

Oneway ANOVA with a post Newmdteuls was used to assess differences between
groups. Cells treated with hydrolysate only were congobto cells alone, cells treated
with hydrolysates + LPS were compared to cells alone + LPS. Significance p<0.05 *, p<0.01

** p<0.001 *** all relative to untreated cells (no hydrolysate).
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Figure 3.1 Secretion of TNHL-23, 11:10, I1-:12p70 and 1£12p40 by BMDCs when treated with
Palmaria palmatahydrolysates(0.25¢ 2.00 mg/mL) BMDCs were treated with hydrolysat&s7

or 12in a dose range as follows:-A.25 mg/mL, B 0.50 mg/mL, C1.00 mg/mL and D2.00

mg/mL. Cells marked +LPS were then stimulated with 100 ng/mL LPS. Secretican, ¢EZBJMH-

10, 11:12p70 and H12p40was measured using ELISA (R&D Duoset).
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3.2.2 Sample preparation method impacBalmaria palmatahydrolysates ability to
modulate cytokire secretion of BMDCs
A standardoperating procedure fom vitro sample preparatiorwas not in place across

collaboratorswhen this project began. This was essential to the project to ensure work
from all collaborators was comparable. Three preparatiorthods (A, B and C) were
investigated. Method A involved hydrolysatasing weighedlirectly into aneppendorf2

mL tube, suspended in sterile water, rotated on a circular rotator for 30 mins, centrifuged
on a table top centrifuge at 5000 g for 5 mins atetite filtered using a 0.Am filter and

the filtrate used for analysis. Method B involved hydrolysates also being weighed directly
into a 2.0 mleppendorftube and suspended in sterile water before being rotated on a
circular rotator for 30 mins and st filtered usinga 0.2um filter and the filtrate used

for analysisFinally,method C involved weighing of the hydrolysates directly into a 2.0
mLeppendorftube, suspended in RPMI media, rotated on a circular rotator for 30 mins,
centrifuged on a tableéop centrifuge at 5000 g for 5 mins and sterile filtered using a
0.2um filter and the filtrate used for analysiBMDCs were plated in triplicate at a
concentration of 1x19cells/mLand rested for 2 hours. Cells were then treated with
hydrolysates at dose of 1 mg/mL as had been previously optimise®dation 3.2.1and

then those marked + LPS were stimulated with LPS (100 ngiarkgd +100 ng LPS
andincubated for 24 hoursSecretion of cytokines @10, Ikm i 321,1-23,¢ b Ch JL- | Y R
12p70) washen quantified using ELISA (RRDose).

Figure 3.2hows the cytokine secretion d£10, Imi >-21,LI23,¢ b Ch ZIL- | Y R
12p70from BMDCs when treated with whole protein controls (WPCs) WPC2, WPC7 and
WPC12 prepared using threidferent methods. Méhod preparation significantly altered
modulation of cytokines by hydrolysates. Method A @hckesulted in the modulation of

cytokines by hydrolysates in a similar manner to each other. They both suppressed
secretion of 1112p70. Method C's effect on-2p70 did not display the same potency.

Method Aand C reduced levelsoili = A GK | ff YSi K3 RahotlS R dzOA y
A(sterile HO and centrifugationyvas chosen as the optimal sample preparation method

due to its antiinflammatory profile andts ease of use.
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Figure 3.2 Secretion of 410, Il-1b, 1L-21, 11-:23, TNR&, and I:12p70 by BMDCs when

treated with Palmaria palmatahydrolysates from different preparation methods.

BMDCs were isolated from Balb/c mice and differentiated in rGM@SEven days. On

day 7 cells were treated with hydrolysates (1 mg/mL). Hydrolysates were prepared using
three different methods (A, B and C). Cells marked +LPS were then stimulated with 100
ng/mL LPS. Secretion oflQ, I-1b, I-21, [l-23, TNE, and IE12p70was measured using

ELISA (R&D Duoset). One way ANOVA with a Post test Newman Keuls was used to assess
differences between groups. Cells treated with hydrolysate only were compared to cells
alone, cells treated with hydrolysates + LPS were compaoedetls alone + LPS.

Significance p<0.05 *, p<0.01 **, p<0.001 *** all relative to untreated cells (no

hydrolysate).
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3.2.3Palmariapalmata hydrolysates do not impact dendritic cell viability.
After optimisationof sample preparation anthe determinaton of theoptimal dose

of PP(1 mg/mL),it was necessary to confirm that PP hydrolysates hadegativeeffect

on the viability of BMDCg&ells were isolated from the bone marrowRdlli'c mice and
incubated at 37°G% CQfor seven days withGMCSKSigna Aldrich, Ireland). BMDCs
were plated in triplicate (10QIL/well) at a concentration of 1x2@ells/mL on a 96 well

plate and rested for 2 hours. Cells were then treated with hydrolysates (1 mg@inilOpo
DMSO (positive control) before being stimulatedhaiPS (100 ng/mL) and incubated for

24 hours. Viability was assessed using an MTS assay (Cell Titer 96 Aqueous One Solution
Promega) according to the manufacturer's instructions. Results were expressed as a
percentage of cells alon&t1l mg/mLPPhydroysates did not hava significant
negativeeffect on cell viability on BMDG@shencompared to untreated cells
(Figure3.3). Results are expressed as a percentage of cells alone (untreated cells). Error

bars represent mean + 3SEM (standard error of mean).
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Figure 3.3 BMDC viability following treatment withalmaria palmatahydrolysates and

LPS stimulationBMDCs were isolated from Balb/c mice and differentiated in —GMCSF for
seven days. On day 7 cells were treated with hydrolysates and stirdwiétte 100 ng/mL

LPS for 24 hours. DMSO (10% v/v) was included as a positive control of cytotoxicity. MTS
assay (Cell Titer 96 Aqueous One Solution) was used to assess cell viability. Results are

expressed as a percentageadls alone (untreated cells).
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3.2.4 The dose dPalmaria palmatahydrolysates used does not impact
undifferentiated CD4 undifferentiated T cell viability.
In order to investigate the effects of PP hydrolysates on undifferentiatédreslls, the

effects of the PP hydrolysates the viability of undifferentiated CDZ cells was next
assessedCells were isolated from the spleensBHdlb'c mice using th&EasySepMouse
CD4 T cell Enrichment KitS¢emcellTechnologies, UK). CDRB cells were plated in
triplicate at a concentrabn of 1x16 cells/mL on a 96 well plate, 1Q@./well. The cells

were thenstimulated with plate bound aMCD3 (5ug/mL) andanti-CD28 (fug/mL). They

were then treated with hydrolysates (1 mg/mL) or 10% DMSO (negative control). Cells
were incubated for Z hours. Viability was assessed using an MTS assay (Cell Titer 96
Aqueous Solutiog Promega)gccording to the manufacturer's instructions. Results were
expressed as a percentage of cells alone. At 1 mg/nily@®lysates did not have any
significant effet on cell viability on naive undifferentiated T cells when compared to

untreated cellsKigure 3.4.
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Figure 3.4 Undifferentiated CDZ cell viability expressed as a percentage of cells alone
following treatment with Palmaria palmatahydrolysates ard whole protein controls
CD4 T-cells were isolated from thspleens of Balb/c mice, stimulated as described and
treated with hydrolysates or whole protein controBMSO (10% v/v) was included as a
positive control of cytotoxicity. MTS assay (Cell B&Aqueous One Solution) was used

to assess cell viability.
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3.2.5 Cytokine secretion of BMDCs treated wBalmariapalmata protein
hydrolysates
In order to identify whether PP hydrolysates possessediafiimmatory properties, their

ability to modulate proeinflammatory cytokines secreted from BMDCs swa
examined BMDCs were isolated as before and treated with hydrolysates at a dose of 1
mg/mL, some of these (marked + 100 ng LPS) were stimukitedl00 ng/mL LPS.
{ SONBGAZ2Y 27F Q@ ii-2 dndilyl3pa0) Was thehhagsesded using ELISA
(R&DDuose). Whole protein controls (WPCs) are shoagblack bars and paired with

their hydrolysed proteins as outlined frable 3.1 Cells alone are shown as a white bar.

Figure3.5andFigure 3.6showthe effects of WPC 2 and its hydrolysates H4, H5Hhd

YR 2t/ 1 YR AGa KE@RNRfeal S12p70, 423 angfIR | mn 2
10(Figure 3.5andIL-m | 36 and [1-12p40(Figure 3.6from BMDCsWPC2 reduced levels

2T ¢(x@00l), H23 (p<0.001) antl-m i(p<0.001) and promotes leveld ¢-6

(P<0.01)l n AaAAYATFAOI yif &(pIoBRYHN[H0.005@051£12p402 F ¢ b C
(p<0.05)andincreased levels of 410 (p<0.01), Hv i(p<0.001)and 16 (p<0.01). H5

decreased levels df b ¢P<0.001)andIL-m i(p<0.001). H6 reduced legel of

¢ b @p<0.001) andL-23 (p<0.001) and increased production e1Ap70 (p<0.01) ant-

10 (p<0.01). WPCT significantly decreased levdistof<0.001), H23 (p<0.001) antl-

M i(p<0.001) andincreasedM.n O LF ndnanmo ® | ¢ & Ap300A1Fandd | y i &
23 (p<0.001) whilst increasing levels 618p70 (p<0.001H10 displayed selective anti
inflammatory effects differing to that of its control (WPC 7). lBgéctivelydecreased

levels of 1E12p70 (p<0.01)¢ b GpP<0.001), H12p40 (p<@5)andIL-6 (p<0.05) whilst
maintaining levels of {23. This hydrolysate also increased @Lproduction (p<0.001). As

a result of this, hydrolysate H10 is considered a potential candidate for further screening.

Figure 3.7andFigure 3.8how the effets of WPC12 and its hydrolysates H14, H15 and
H16 and WPC17 and its hydrolysates H18 and H19 on the secretion &f 12p7Q, [E

23 andIL-10(Figure 3.7andIL-m i X6 and[I:12p40(Figure 3.8from BMDCsWPC12
AAAYATAOlI yif e NBER)SH-23 (<A®1)andndreased I&/kls of
IL-10 (p<0.001), b (p<0.01) and #L2p40 (p<0.01). H14 reduced levels of
¢ b qp<0.001), H23 (p<0.001), HLO (p<0.01) andl-m i(p<0.05) whilst promoting {L
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12p70 production (p<0.01). H15 decr&aR ¢ (p<0.001)andIL-23 (p<0.001xnd
increased levels of {12p70 (p<0.001), 410 (p<0.001) and 412p40 (p<0.01). H16
RS ONXB I &(8<R.000)bHEZ3(p<0.001), HLO (p<0.01), Hv i(p<0.01)and increased i
12p70 (p<0.05). WPC17 decreased levélls o¢ p<D001)andIL-23 (p<0.001)and
increased levels of uH LIJT n O LF ndnnamo ® | myp<ondBIR ¢3S R
(p<0.001) andL-m i(p<0.01) and increased levels ofl2p70 (p<0.05). H19 decreased

f SOSt a (pROVOLErYIGE3 (p<0.001hilst increasing production of 12p70
(p<0.01) and Hw i(p<0.001).All hydrolysates displayed artiflammatory properties,
however, no PP hydrolysatés Figure 3.7 and Figure 3.8 were chosen as potential
candidatesat this time as no significant ffrence was seen between the activity of the

hydrolysates and their whole protein controls.

Figure 3.%andFigure 3.1Gshow the effects of WPC2hd its hydrolysatesi21 and
H22and WPC23and its hydrolysatekli24andH250n secretion ot b C h12p7Q, [-23
andIL-10 (Figure 3.9andIL-m i >6 and[1-12p40(Figure 3.10from BMDCsWPC20
significantly decreased levels ©fb GpP<0.001), H23 (p<0.001) and 410 (p<0.01). H21
NB R dzO S B<0®©D), 23 (p<0.001) antl-10 (p<0.001) and increased ldsef Ik
12p70 (p<0.001) and - i(p<0.01). H22 decreased levels¢ob Gp<0.01), 1423
(p<0.001) andL-10 (p<0.001). WPC23 decreageth Gp<0.01), 123 (p<0.001), HLO
(p<0.05) andL-m i(p<0.01) and increased levels of-12p70 (p<0.001). H24
decreased¢ b (p<0.01), 123 (p<0.001), HLO (p<0.001andIL-m i(p<0.01). H25 reduced
t SOSt a (08.01),¢KE \p<0.001), HO (p<0.05pndIL-m i(p<0.01)whilst
promoting production of H12p40 (p<0.0021)All hydrolysates displayed astiflammatory
properties, however, no PP hydrolysaiag-igure 3.9andFigure 3.10vere chosen as
potential candidates at this time as no hydrolysates displayed significant anti

inflammatory activity differently to that of its whole protein control.

Figure 3.1landFigure3.12show the effects of WP26and its hydrolysate27 and

28and WP@1and its hydrolysate82,33and 32y &4 SONX (i A-22470,2LF3 ¢ b Ch

andIL-10 (Figure 3.1)}andIL-m i >6 and[I12p40(Figure 3.12from BMDCsWPC26
significantly decreased primflammatory cytokine$l-12p70 (p<0.001) and-23 (p<0.01)

whilstincreasing fellow pranflammatory cytokine subunit-12p40 (p<0.01). H27 also
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decreased H12p70 (p<0.001) and-23 (p<0.01) and increased1Rp40 (p<0.05). H28 has
similar effects onlk12p70 (p<0.001)1-23 (p<0.01) decreasirgpth andincreasing i
12p40 (p<0.05hut also decreased levels of aitflammatory cytokine H10 (p<0.05) and
pro-inflammatory 1km i(p<0.05). WPC31 decreaskel2p70 (p<0.001) and -B3
(p<0.05)productionand increased levels of-1l0 (p<0.001), Hv i(p<0.01) and HL2p40
(p<0.001). H32 decreased levels of1Ap70 (p<0.05), 3 (p<0.01) and-

M 1(p<0.05)and increased levels of-12p40 (p<0.01). H33 reduced levels 6iLAp70
(p<0.001), H23 (p<0.05) IL-m i(p<0.01)and increased levels of -12p40 (p<0.01).
H34R S ONXB | & §®0.05), HiZ3h (p<0.001), Hv i(p<0.05) and H6 (p<0.05) and
increased levels of 412p40 (p<0.01)All hydrolysates displayed astiflammatory
properties, however, no PP tsolysatesn Figure 3.15nd Figure 3.1%ere chosen as
potential candidatest this time as no hydrolysates displayed activity differently to that of

their whole protein controls, indicating that activity was not as a result of hydrolysis.

Figure 3.13andFigure 3.14how theeffects of WPC3&nd itshydrolysatedH36, H37,

H38and H3%n secretion oft b C h-12p7Q, [E23 andIL-10 (Figure 3.13andIL-mi X~ L [

6 and 1:12p40(Figure 3.14from BMDCsWPC35 reduced levels of1Rp70 (p<0.05)L-

10 (p<0.001) and 4lui <@OWL) and increased -M2p40 (p<0.001). H36
decreasedt b pP<0.05), #12p70 (p<0.001), 410 (p<0.001) and Hiia i OLF ndnnmu
increased levels of 12p40 (p<0.05). H37 decreaskedels of IE10 (p<0.001) and dia |

(p<0.001) and increased-12p40 (p<@O01). H38 reduced 412p70 (p<0.001), i£3

(p<0.05), 10 (p<0.001) and4ai S LF ndnamO | YR LINEMRGSR LI
(p<0.001). H39 decreased productionliefl2p70 (p<0.001), 4 | OLF niIOMUO | Yy F
(p<0.001) and increased12p40 (p<0.001AIl hydrolysates displayed aAtiflammatory
propertiesand hydrolysates H36, H38 and H39 were considered potential candidates for
further screening as they displayed activity significantly different to that of their whole

protein control WPC35.

These raults were then further considered when next examined thehfdrolysates
effects on the cytokine secretion of naive undifferentiated T cells, before potential

candidates were chosdor further screening.
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Figure 3.5 Secretion of TldFIL-12p70, IE23 and 110 by BMDCs treated witRalmaria
palmatahydrolysates Z; 10.BMDCs were isolated from Balb/c mice and differentiated in
rGMCSF for seven days. On day 7 cells were treated with hydrolysates and stimulated with
100 ng/mL LPS. Secretion of @aNR-12p70, |23 and IEL0 was measured using ELISA
(R&D Duoset). One way ANOVA with a Post test Newman Keuls was used to assess
differences between groups. Cells treated with hydrolysate only were compared to cells
alone, cells treated with hydrolysates +3_Rvere compared to cells alone + LPS.
Significance p<0.05 *, p<0.01 **, p<0.001 *** all relative to untreated cells (no

hydrolysate).
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Figure 3.6 Secretion oflb, IL.-6 and IE12p40 by BMDCs treated witRalmaria palmata
hydrolysates 2; 10.BMDCsvere isolated from Balb/c mice and differentiated in rtGMCSF

for seven days. On day 7 cells were treated with hydrolysates and stimulated with 100
ng/mL LPS. Secretion oflb, IL-6 and IE12p40 was measured using ELISA (R&D Duoset).
One way ANOVA with a8t test Newman Keuls was used to assess differences between
groups. Cells treated with hydrolysate only were compared to cells alone, cells treated
with hydrolysates + LPS were compared to cells alone + LPS. Significance p<0.05 *, p<0.01

** p<0.001 *** all relative to untreated cells (no hydrolysate).
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Figure 3.7 Secretion of TIAHL-12p70, IE23 and IE10 by BMDCs treated witRalmaria
palmatahydrolysates 1219.BMDCs were isolated from Balb/c mice and differentiated in
rGMCSF for seven days. @ay 7 cells were treated with hydrolysates and stimulated with

100 ng/mL LPS. Secretion of aNR-12p70, IE23 and IEL0 was measured using ELISA
(R&D Duoset). One way ANOVA with a Post test Newman Keuls was used to assess
differences between groups. Cetreated with hydrolysate only were compared to cells
alone, cells treated with hydrolysates + LPS were compared to cells alone + LPS.
Significance p<0.05 *, p<0.01 **, p<0.001 *** all relative to untreated cells (no

hydrolysate).
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Figure 3.8 Seetion of IL-1b, IL-6 and IE12p40 by BMDCs treated witRalmaria palmata
hydrolysates 12 14.BMDCs were isolated from Balb/c mice and differentiated in rtGMCSF

for seven days. On day 7 cells were treated with hydrolysates and stimulated with 100
ng/mL LIS. Secretion of {1b, 116 and IE12p40 was measured using ELISA (R&D Duoset).
One way ANOVA with a Post test Newman Keuls was used to assess differences between
groups. Cells treated with hydrolysate only were compared to cells alone, cells treated
with hydrolysates + LPS were compared to cells alone + LPS. Significance p<0.05 *, p<0.01

** p<0.001 *** all relative to untreated cells (no hydrolysate).
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Figure 3.9 Secretion of TIAHL-12p70, IE23 and IE10 by BMDCs treated witRalmaria
palmatahydrolysates 20 25.BMDCs were isolated from Balb/c mice and differentiated

in rtGMCSF for seven days. On day 7 cells were treated with hydrolysates and stimulated
with 100 ng/mL LPS. Secretion of @NHK-12p70, 1L23 and IL10 was measured using
ELISA (R&Dubset). One way ANOVA with a Post test Newman Keuls was used to assess
differences between groups. Cells treated with hydrolysate only were compared to cells
alone, cells treated with hydrolysates + LPS were compared to cells alone + LPS.
Significance p<05 *, p<0.01 **, p<0.001 *** all relative to untreated cells (no

hydrolysate).
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Figure 3.10 Secretion of {1b, Il-6 and 1L12p40 by BMDCs treated witPalmaria
palmatahydrolysates 20 25.BMDCs were isolated from Balb/c mice and differentiated

in rtGMCSF for seven days. On day 7 cells were treated with hydrolysates and stimulated
with 100 ng/mL LPS. Secretion 6iH, Il-6 and IE12p40 was measured using ELISA (R&D
Duoset). One way ANOVA with a Post test Newman Keuls was used to assess differences
between groups. Cells treated with hydrolysate only were compared to cells alone, cells
treated with hydrolysates + LPS were compared to cells alone + LPS. Significance p<0.05 *,

p<0.01 **, p<0.001 *** all relative to untreated cells (no hydrolysate).

70



TNFa IL-12p70

50000+ 30001
T 3 Cels _ 3 Cells
£ 40000 = - 2% E . 26
c E = 27 2 = 27
§ 300004 = o8 < 20004
2 = o S oD 28
;*g, 20000 E : 2; £ . 31
= AN
2 E @ 1000 32
o 100004 = B 33 Q
8 g % £ E3 33
o = o 34
o 0
N
&
\QQ
,
IL-23 1L-10
1000 1500
i 3 Cells _
£ 001 P E E ggus
Q
- =Py & 1000 =1
2 mo 28 S ol
o = =+
8 32 § 50 s
S 2001 3 33 g
o o 63 33
34
0 A 34

Figure 3.11 Secretion of TAAL-12p70, IE23 and I1E10 by BMDCs treated witRalmaria
palmatahydrolysates 26 34.BMDCs were isolated from Balb/c mice and differentiated

in rtGMCSF for seven days. On day 7 cells were treated with hydrolysates amédtstim

with 100 ng/mL LPS. Secretion of @NH-12p70, k23 and IE10 was measured using

ELISA (R&D Duoset). One way ANOVA with a Post test Newman Keuls was used to assess
differences between groups. Cells treated with hydrolysate only were comparesiso ¢

alone, cells treated with hydrolysates + LPS were compared to cells alone + LPS.
Significance p<0.05 *, p<0.01 **, p<0.001 *** all relative to untreated cells (no

hydrolysate).
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Figure 3.12 Secretion of {1b, Il-6 and 1L12p40 by BMDCs treated witPalmaria
palmata hydrolysates 26 34.BMDCs were isolated from Balb/c mice and differentiated

in rtGMCSF for seven days. On day 7 cells were treated with hydrolysates and stimulated
with 100 ng/mL LPS. Secretion 6iH, I.-6 and IE12p40 was measuredsing ELISA (R&D
Duoset). One way ANOVA with a Post test Newman Keuls was used to assess differences
between groups. Cells treated with hydrolysate only were compared to cells alone, cells
treated with hydrolysates + LPS were compared to cells alone $igRficance p<0.05 *,

p<0.01 **, p<0.001 *** all relative to untreated cells (no hydrolysate).
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Figure 3.13 Secretion of TRAL-12p70, IE23 and I1E10 by BMDCs treated witRalmaria
palmata hydrolysates 35 39.BMDCs were isolated from Balb/c mared differentiated

in rtGMCSF for seven days. On day 7 cells were treated with hydrolysates and stimulated
with 100 ng/mL LPS. Secretion of @NH-12p70, k23 and IE10 was measured using
ELISA (R&D Duoset). One way ANOVA with a Post test Newman kKauseavto assess
differences between groups. Cells treated with hydrolysate only were compared to cells
alone, cells treated with hydrolysates + LPS were compared to cells alone + LPS.
Significance p<0.05 *, p<0.01 **, p<0.001 *** all relative to untreateells (no
hydrolysate).
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Figure 3.14 Secretion of {1b, Il-:6 and 1L12p40 by BMDCs treated witPalmaria
palmatahydrolysates 35 39.BMDCs were isolated from Balb/c mice and differentiated

in rtGMCSF for seven days. On day 7 cells were treatedhydtiolysates and stimulated

with 100 ng/mL LPS. Secretion oiH, Il-6 and IE12p40 was measured using ELISA (R&D
Duoset). One way ANOVA with a Post test Newman Keuls was used to assess differences
between groups. Cells treated with hydrolysate only &eompared to cells alone, cells
treated with hydrolysates + LPS were compared to cells alone + LPS. Significance p<0.05 *,

p<0.01 **, p<0.001 *** all relative to untreated cells (no hydrolysate).
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3.2.6 Cytokine secretion dED4+T cellstreated with Pdmaria palmataprotein
hydrolysates.
PP protein hydrolysates were screened on undifferentia@&@# T cellsand their effects

on cytokine secretiomnalysedCD4T cellsvere isolated as beforasing
anEasySeMouse CD4T cellEnrichment Kit $temcellTechnologies, UKandtreated
with hydrolysates at a dose of 1 nmgL.Secretion of cytokines {17, Il-2, IL-4, 11-6, IL-
13,L C bnd I:10)was then assessed using ELISA (R&bset, UK

Figure 3.1%howssecretionof [-13, 6, I:10, 117, 14 andL C bfrom
undifferentiatedCD4 T cells treated with WPC2, hydrolysates H4, H5, H6, WPC7,
hydrolysates H9 and H10. WPC2 decreasedl (i<0.001). H4 reduced levels of6lL

(p<0.001) and I (p<0.05). H5 decreaseddl(p<0.001), K4 (p<0.01) and IFNp<0.001)

and increased HL7 (p<0.001) and 42 (p<0.001). H6 increased1B (p<0.05) production

and reduced levels of4.(p<0.001) and {2 (p<0.05). WPC7 decreased 8(p<0.01), H6
(p<0.001),Hn 6 LF ndam0 YR LCb' A1@E<0.06Dh) /HOimeduded A &
levels of IE6 (p<0.001), H10 (p<0.01), 4 (p<0.05) and {2 (p<0.05). H10 increasedll

(p<0.001) and decreased1B (p<0.01), H6 (p<0.001), 0 6 LF ndnmLv | YR LCb:
Hydrolysate H10 displayed potential aitflammatory properties both in BMDCs, by
decreasing TNFand 112p70,andinCD4¢ OSf f 4> o0& RSONBIFaAy3a LC

chosen as a candidate to be brought forward into T cell subsets for further investigation.

Figure 3.1&hows secretion of #3, 16, 110, 1:17, I4 andL C bftom
undifferentiatedCD4 T cells treated with WPC12, hydrolysakés4,H15,H16, WPC17,
hydrolysatedH18and H19WPC12 decreased production ofliR (p<0.05), H6 (p<0.001),

IL-10 (p<0.05), K4 (p<0.001) and IFN <6.Q01) and increased levels ofllL. (p<0.001).

H14 increased L7 (p<0.001) but also decreased6ll(p<0.001), H10 (p<0.05), H4

OL¥F ndnnm0 YR LCb!' OMunndalmamvbiEp LESEONDILE
(p<0.05). H16 reduced levels ofdllLJr n dn MmO X L Chb 2 (pgQOB)nHA N MU |
decreased H6 (p<0.001), H10 (p<0.001), 0 o LIF ndnnmU X E@k0.050 LIF ndn
Hi18reducedHc OLF ndnm0O 3 L-Z(@p<0.05) add incieaspdill (b<y.65). L [

H19 decreased 16 (p<0.05) I-4 (p<0.001) and {2 (p<0.05) whilst increasing-10

(p<0.001) and HL7 (p<0.05).
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Hydrolysate H19 displayed the ability to selectively alter cytokine secrefidnoth
BMDCs, by reducing pioflammatory cytokine$ b Ch  k2¥%aRd irlcrpasing anti
inflammatory cytokine H10, and inCD4 T cellsdifferingto that of the abilities of its
control WPC17. Therefore, H19 was chosen as a candidate to be brought forward for

further screening in T cell subsets.

Figure 3.1%hows secretion of 113, 116, 11-10, 1:17, -4 andL C firam CD4T cells
treated with WPC20, hydrolysatéf21 andH22,WPC23,
hydrolysatedH24and H25.WPC20 reduced levels of1B (p<0.001), 6 (p<0.05), and 1L

2 (p<0.001). H21 decreasedll(p<0.001) and increased1B (P<0.05). H22 reduceddL
(p<0.01) production. WPC23 and hydrolysates H24 and H25 all reduced level of IL
(p<0.001) also. H21 was chosen to be brought forward for further screening as it displayed
selective modulation of pranflammatory cytokines in BMDCs and the ability to irelac

Th2 cell typen T cells through increasimgoductionof 1L-:13.H22 was also chosen to

be brought forward to investigate its effects on the cytokisecretionin T cell subsets.

Figure 3.18&hows secretion oil-13, 116, 11-10, 1:17, 1l-4 andL C firoam CDAT cells
treated with WPC26 and its hydrolysates H27 and H28 and also WPC31 and its
hydrolysates H32, H33 and H34. WPC26 decreast8 (p<0.01) and increased-1IZ
(p<0.05)andIL-2 (p<0.001) production. H27 increased levels €f3L(p<0.01) whilst
decreasing H4 (p<0.05). H28 decreased levels o#((p<0.01) and increased-2L
(p<0.001). WPC31 decreased B (p<0.05). H32 increasedl8 (p<0.001) and decreased

-4 (p<0.01). H33 increased-1 (p<0.05) and decreased-4L(p<0.01). H8 also
increased H17 (p<0.05) and decreasedl(p<0.01)No hydrolysates displayed significant
differences in their ability to modulate cytokine secretion to that of their WPC and none

were brought forward into future investigations.

Figure 3.1%hows the secretion ofi-13, 116, 11-10, 1-:17, Il-4 andL C fyxom CD4T cells
treated with WPC35, hydrolysatét36, H37, H38ndH39. WPC35 decreased-1R
(p<0.05), 1110 (p<0.05) andl C (p«0.001) in undifferentiated T cells. Hydrolysate H36
also redued levels ofl-13 (p<0.01), H10 (p<0.01) andl C [p«0.001). H37 decreased IL
13 (p<0.05) and 410 (p<0.01). H38 reduced -18 (p<0.01), HL7 (p<0.05)
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andL C [p«0.001). H3%educedIL-13 (p<0.001), HLO (p<0.05) andl C fp«0.001) whilst
increasindevels of 114 (p<0.05) and {2 (p<0.01). Due to their ability to decrease levels of
proA Y FEFYYF G2NE QR2pr@gnd 2Sskecretedd M BMOCE and their
ability to reduceL. C from CDAT cells, hydrolysates H36, H38 and H39 were brought

forward for further screening in T cell subsets.

Hydrolysates H10, H1BIi21,H22 H25, H36, H38 and H39 were next assessed on T cell

subsets to examine their specific effects on T cell responses.
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Figure 3.1%ecretion of 1113, 116, 1-10, I1-17, I-4 and IFNgin undifferentiated CD4T-

cells treated withPalmaria palmatahydrolysates 210.CD4 T-cells were isolated from

the spleens of Balb/c mice using EasySep Gbltion (Stemcell). Cells were stimuldte

with plate bound antCD3 (5nmg/mL) plus antiCD28 (5ng/mL) then treated with
hydrolysates (1 mg/mL) and incubated for 72 hours. Cytokine secretion was measured
using ELISA (R&D Duoset). One way ANOVA with a Post test Newman Keuls was used to
assess diérences between groups. Significance p<0.05 *, p<0.01 **, p<0.001 *** all

relative to cells alone.
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Figure 3.16 Secretion of 413, IL-6, 11-10, Il:17, 1-4, IFNyand 1l-2 in undifferentiated

CD4 T-cells treated with Palmaria palmatahydrolysates 12¢ 19. CD4 T-cells were

isolated from the spleens of Balb/c mice using EasySep I€@ation (Stemcell). Cells

were stimulated with plate bound ar€D3 (51g/mL) plus antiCD28 (51g/mL) then

treated with hydrolysates (1 mg/mL) and incuba for 72 hours. Cytokine secretion was
measured using ELISA (R&D Duoset). One way ANOVA with a Post test Newman Keuls was
used to assess differences between groups. Significance p<0.05 *, p<0.01 **, p<0.001 ***

all relative to cells alone.
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Figure 3.17 Secretion of 413, IL-6, 11-:10, Il:17, 1-4, IFNyand 1l-2 in undifferentiated

CD4 T-cells treated with Palmaria palmatahydrolysates 20- 25. CD4 T-cells were
isolated from the spleens of Balb/c mice using EasySep I6@tion (Stencell). Cells
were stimulated with plate bound ar€D3 (51g/mL) plus antiCD28 (5mg/mL) then
treated with hydrolysates (1 mg/mL) and incubated for 72 hours. Cytokine secretion was
measured using ELISA (R&D Duoset). One way ANOVA with a Post test Kewtshaas

used to assess differences between groups. Significance p<0.05 *, p<0.01 **, p<0.001 ***

all relative to cells alone.
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Figure 3.18 Secretion of 413, I1-6, 11-10, I1:17, 1-4, IFNyand 1l-2 in undifferentiated

CD4 T-cells reated with Palmaria palmatahydrolysates 26- 34. CD4 T-cells were

isolated from the spleens of Balb/c mice using EasySep I6}dtion (Stemcell). Cells

were stimulated with plate bound ar€D3 (5rg/mL) plus antCD28 (51g/mL) then

treated with hydolysates (1 mg/mL) and incubated for 72 hours. Cytokine secretion was
measured using ELISA (R&D Duoset). One way ANOVA with a Post test Newman Keuls was
used to assess differences between groups. Significance p<0.05 *, p<0.01 **, p<0.001 ***

all relative b cells alone.
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Figure 3.19 Secretion of 413, IL-6, 1110, Il:17, 1-4, IFNyand 1l-2 in undifferentiated

CD4 T-cells treated with Palmaria palmatahydrolysates 35- 39. CD4 T-cells were
isolated from the spleens of Balb/c miasing EasySep CD4olation (Stemcell). Cells
were stimulated with plate bound ar€D3 (51g/mL) plus antiCD28 (5vg/mL) then
treated with hydrolysates (1 mg/mL) and incubated for 72 hours. Cytokine secretion was
measured using ELISA (R&D Duoset). GiyeANOVA with a Post test Newman Keuls was
used to assess differences between groups. Significance p<0.05 *, p<0.01 **, p<0.001 ***

all relative to cells alone.
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3.2.7 T cell subsets when treated with selectBalmaria palmataprotein
hydrolysates
Hydrolysées which had been identified as potential candidates Saction

3.2.5and Section 3.2.@vere then brought forward for analysis on T aeibsets. Thl, Th2
and Th17 cells were chosen for this screening as they each play a key role in the
inflammatory respase. Table 3.3 outlines which hydrolysates wemesned in which T

cell subset.

Table 3.3 Hydrolysates screened in T cell subsets

Hydrolysate Thl Th2 Thl7
H10 \' \Y -
H19 \ \ \"/
H21 \Y \'% \Y
H22 - ] Y]
H25 \Y \'% \Y
H36 \Y \Y, Vv
H38 \Y \ -
H39 \' \/ -
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3.2.71 Cytokine secretion ofl-helper cell 1 (Thl) subséteated with selected
Palmaria palmataprotein hydrolysates.
Hydrolysates which had been identified3ection 3.2.andSection 3.2.6shown in Table

3.2, were first screened in a Thl cell T cell subsgtl cells were isolated using
anEasySeMouse CD4T cellEnrichment Kiaind the media was supplemead with 20
ng/mL L2, 20 ng/mUL-12 and 10 pg/mL antl- 4 antibodyfor Thlpolarisingconditions.
Cells were treated with hydrolysatétl0,H19, H21H25, H36, H38nd H3%long with
their whole protein controls, WPC7, WPC23, WPC17, WR@RPWPC34at a dose of 1
mg/mL and incubated for 72 hours befamstimulationin fresh medidor a further 24
hours. Secretion of cytokines (13, I-6, 1-:10, L-17, I4,L C bnd I2)was then
assessed using ELISA (R&Dse).

Figure 3.2Ghows cytokine secretion by Thl cells when treated with H10, WPC7, H25,
WPC23, H19, WPC17, H21, WPC20, WPC35, H3)dH389. H10 decreased levels of IL
13 (p<0.001), H4 (p<0.01)L C [p«0.01), k2 (p<0.05) and increased1Z (p<0.01). Its
control WPC7 reduced production of-4L(p<0.01) and. C fp«0.01) whilst increasing
production of IE10 (p<0.001). H19 reduced1B (p<0.01) and C [p<0.001). Its control
WPCL17 increasquroduction of IE13 (p<0.01) and {2 (p<0.001) and decreased ahe4
(p<0.01). H21 decreased-1B (p<0.001), ¥ (p<0.01) and. C [p«0.001). Itxontrol
WPC20 increased levels ofdll(p<0.01and reduced levels of C (p«0.001).H25
reduced IE13 (p<0.01, It4 (p<0.01)L C (p«0.001) and K (p<0.01) and increased
production of IE10 (p<0.001). Its controWPC23 decreased-113 (p<0.001), H4
(p<0.01)L C [p«0.05) and increased levels ofllL (p<0.001)WPC35 reduced 4
(p<0.001) and. C [p«0.001). Its hydrolysates H36, H38 and H39 modulated the
cytokineresponseasfollows; H36 decreased levels of -1B (p<0.001), H
(p<0.01)L C(px0.001) and K (p<0.01). H38 decreased levels of-4IL
(p<0.01)L C tp«0.001) and K (p<0.01). H39 educed IE13 (p<0.001), H4
(p<0.01)L C p«0.001) and K (p<0.01).
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Figure 3.20 Secretion of {13, I-6, IL-10, 1-:17, 1-4, IFNand IL-:2 by Th1 cells treated

with selectedPalmaria palmatahydrolysates CD4 T-cells werdsolated from the spleens

of Balb/c mice using EasySep tBdlation (Stemcell). Cells were plated at 1 XcEis /

mL on a 96 well plate. Cells were stimulated with plate bound@m8 (5rmg/mL) plus
anti-CD28 (5ng/mL) then treated with hydrolysate¢l mg/mL). The media was
supplemented with 20 ng/mL42, 20 ng/mL H12 and 10w/mL antilL-4 antibody for Th1l
polarising conditions. Cells were incubated for 72 hours and thestimeulated in fresh

media for 24 hours. Cytokine secretion was measuréusLISA (R&D Duoset). One way
ANOVA with a Post test Newman Keuls was used to assess differences between groups.

Significance p<0.05 *, p<0.01 **, p<0.001 *** all relative to cells alone.
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3.2.7.2 Cytokine secretion by T helper cell 2 (Th2) subset tréatiéh selected
Palmaria palmataprotein hydrolysates.
Following their assessment on Thl ce8gdtion 3.2.7.}, hydrolysatedH10,H19, H21,

H25, H36, H38nd H39were then screened on a Th2 subs&h2cells were isolated using
anEasySeMouse CD4T cell Enrichment Kiaind the media was supplementedth 10
png/mLneutralisingl C Bntibodyand 10 mg/mlL-4 to induceTh2polarisingconditions.
Cells werdreated with hydrolysate$110,H19, H21, H25, H36, Ha8d H3%long with
their whole protein contols, WPC7, WPC23, WPC17, WREROWPC34at a dose of 1
mg/mL and incubated for 72 hours befamstimulationin freshmediafor a further 24

hours.

Figure 3.21showssecretion ofiL-13, I1-6, Il-:10, 1:17, I4,L C bnd I:2 from Th2 cells
when treated with H10, WPC7, H19, WPC17, NgRC20, WPC3H36, H38 and H3®110
decreased H6 (p<0.001), HLO (p<0.001), HL7 (p<0.01), K (p<0.001)l. C p<0.001). Its
control WPC7 reduced -3 (p<0.01), H6 (p<0.05), H17 (p<0.01), H4
(p<0.001)L C [(p<0.001) and I2 (p<0.01) and increased levels ofl (p<0.01). H25
decreased production of 413 (p<0.001), k6 (p<0.05), H4 (p<0.01)L C fp«0.001) and
IL-2 (p<0.01) and increased levels 6.0 (p<0.01). WPC23, control of H25, reduced levels
of IL-13 (p<0.01), HLO (p<0.05), HL7 (p<0.01), K4 (p<0.001), and C fp«0.001). H19
decreased H13 (p<0.001), 6 (p<0.001), H10 (p<0.01), H17 (p<0.01)L C (p«0.001)
and Il:2 (p<0.01). Its control, WPC17, decreased levelsk# (p<0.01), HLO (p<0.01), L

4 (p<0.001)L C (p<0.01) and increased levels ofllL (p<0.001). H21 reduced-1B
(p<0.01), 110 (p<0.01), H4 (p<0.001) and. C £p«0.001). Its control WPC2@creased
IL-10 (p<0.001), H4 (p<0.001)L. C [p«0.001) and increasedvels of IL6 (p<0.05) and L

2 (p<0.01). WPC35, the control for H36, H38 and H39, decreased leveldof IL
(p<0.001)JL-4 (p<0.001) andl C [p«0.001) and increased-10 (p<0.001) and 42
(p<0.01). H36 increased levels ofllL (p<0.001) and reduced-13 (p<0.001), b
(p<0.01), 117 (p<0.01), H4 (p<0.001)L C fp«0.001) and 2 (p<0.01). H38 reducedIL
13 (p<0.001), ¥6 (p<0.01), H17 (p<0.01), K4 (p<0.001)L. C fp<0.001), H2 (p<0.01) and
increased H10 (p<0.01). H39 reduced levels oflR (p<0.001), b6 (p<0.05), H4
(p<0.001)L C £p«0.001) and IR (p<0.01).
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Figure 3.21 Secretiond13, 116, 1-10, 1-:17, 1-4, IFNyand I1-2 by Th2 cells treated with
selectedPalmaria palmatahydrolysates CD4 T-cells wee isolated from the spleens of
Balb/c mice using EasySep CBdlation (Stemcell). Cells were plated at 1 %ckls / mL

on a 96 well plate. Cells were stimulated with plate bound-@3 (51g/mL) plus anti

CD28 (%rg/mL) then treated with hydrolysase(1 mg/mL). The media was supplemented

with 10nmg/mL neutralizing IFj&antibody and 10 mg/mL4L.for Th2 polarising conditions.

Cells were incubated for 72 hours and thenstanulated in fresh media for 24 hours.
Cytokine secretion was measured usinfAL(R&D Duoset). One way ANOVA with a Post
test Newman Keuls was used to assess differences between groups. Significance p<0.05 *,

p<0.01 **, p<0.001 *** all relative to cells alone.
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3.2.7.3Cytokine secretion by T helper cdll (Th17)subset treated wth selected
Palmaria palmataprotein hydrolysates.
In order to complete the immunomodulatory profile of the hydrolysates, the effects of

hydrolysatedH10,H19, H21H22,H25and H36 on the cytokine secretion of Th17 cells
were assessedTh17cells weresolated using akEasySepMouse CDAT cellEnrichment
Kitand the media was supplemented witld pg/mLanti-L C Bntibody,10 pg/mLIL-4, 20
ng/mL IL6,10 ng/mL 123 andH Y 3 kK Y {o indu@ Thl7polarisingconditions.

Cells were treated witlhydrolysatesH19,H21,H22,H25andH36along with their
controlsWPC23, WPC17, WPCH#@ WPC3at a dose of 1 mg/mL and incubated for 72
hours beforere-stimulationin fresh medidor a further 24 hours.Secretion of

cytokines(IL-17, 11-6, I-4,L C bnd Il-2) was then assessed using ELISA (R&bse).

Figure3.22showssecretion ofiL-13, 11-6, 11-:10, 117, 1:4,L C bBnd I:2 from Th17 cells
when treated withH19, WPC17, H21, H2&PC20, WPC35dH36.WPC17 displayed
pro-inflammatory effects in a Thlubset through the promotion of L7 (p<0.001). Its
hydrolysate H19 did not have this effect onllL levels or any significant ability to
modulate a cytokine secreted from Th17 cells. WPC20 decreased levet(pki.001)
andlL-4 (p<0.001). H21 showesignificant antinflammatory properties through the
reduction of IE17 (p<0.001) production from Th17 cells, this hydrolysate also increased
levels of k4 (p<0.01from this subset. H22, similarly to WPC 17, displayed pro
inflammatory abilities througtpromotion of 117 (p<0.001) production from a Th17
subset, this hydrolysate also decreased levels -&f (p<0.001), K4 (p<0.05) and iR
(p<0.05) from the same subset. WPC23 significantly decread&dp0.001) production
showing potential as an aninflammatory candidate whilst also reducing levels e IL
(p<0.01) from Th17 cells. H25 increased levels4f{H<0.001) and {2 (p<0.05). WPC35
had no significant effect on any cytokine whilst its hydrolysate 36 increased level$ of IL
(p<0.05) andL-2 (p<0.05).
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Figure 3.22 Secretion ofl7, I1-6, 1L-4, IFNygand Il-2 by Th17 cells treated with selected
Palmaria palmatahydrolysates.CD4 T-cells were isolated from the spleens of Balb/c
mice using EasySep Clsblation(Stemcell). Cells were plated at 1 ¥ ¢6lls / mL on a

96 well plate. Cells were stimulated with plate bound &3 (3rg9/mL) plus antiCD28 (5
ng/mL) then treated with hydrolysates (1 mg/mL). The media was supplemented with 20
ng/mL IL6, 10 ng/mL H23, 2 ng/mL TGF 10ng/mL anti IFigantibody and 10mg/mL anti

IL-4 antibody for Th17 polarising conditions. Cells were incubated for 72 hours and then
re-stimulated in fresh media for 24 hours. Cytokine secretion was measured using ELISA
(R&D Duoset). @ way ANOVA with a Post test Newman Keuls was used to assess
differences between groups. Significance p<0.05 *, p<0.01 **, p<0.001 *** all relative to

cells alone.
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3.2.8 Time of harvest dPalmaria palmatainfluenced the effect of the hydrolysates

on cytokine secretion.

Following confirmation that PP hydrolysates had the ability to modulate cytokine
secretion Section 3.2.5and Section 3.2.6) we next assessed the potential of any
variances. PP had been harvested at three distinct times during the caftasear; April,
July and October. The data froBection 3.2.5and Section 3.2.6is rearranged and
presented inFigure 3.23Figure 3.24and Figure 3.25n order to assess any impact of

harvest time.

Figure 3.23andFigure 3.24how the cytokine secran by BMDCs following treatment

with PP hydrolysates: April harvest control (WPC17), April harvest hydrolysate (H18), July
harvest control (WPC23), July harvest hydrolysate (H24), October harvest control (WPC2)
and October harvest hydrolysate (H4). Agohtrol (H17) significantly reduced T&F
(p<0.001) and K3 (p<0.001) whilst promoting secretion ofl2p70 (p<0.05) and &
(p<0.05). April hydrolysate (H18) decreased levels ofiftammatory cytokines TNF
(p<0.001) and 23 (p<0.001). July contrqWPC23) reduced TAKp<0.01), 23
(p<0.001) and HLO (p<0.05) secretion. July hydrolysate (H24) similarly reduced TNF
(p<0.01), K23 (p<0.001) and 410 (p<0.01) but also decreased levels 6fi2b70
significantly (p<0.001). October control (WPG&)uced TN& (p<0.01) and H23
(p<0.001) and increased-6(p<0.01) whilst October hydrolysate (H4) similarly reduced
TNR (p<0.01) and H23 (p<0.01) but also promoted levels ofl (p<0.001) and 1&
(p<0.01).

Figure 3.25show the cytokine secrain by CD4T cells following treatment with PP
hydrolysates: April harvest control (WPC17), April harvest hydrolysate (H18), July harvest
control (WPC23), July harvest hydrolysate (H24), October harvest control (WPC2) and
October harvest hydrolysate (H®pril control (WPC17) significantly decreased levels of
IL-6 (p<0.001), H10 (p<0.05), ¥ (p<0.001) and IKNp<0.001). April hydrolysate (H18)
reduced 14 (p<0.01) and IFNp<0.001) whilst it increased levels oflIL (p<0.05). July

control (WPC23)ncreased levels of {17 (p<0.05) and decreased secretion ofL8L
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(p<0.01) and ¥4 (p<0.01). July hydrolysate (H24) decreased levelsl¥# (h<0.01) and
Il-4 (p<0.001). October control (WPC2) decreased levels-&f(pi<0.001) and
(p<0.05). Octobr hydrolysate (H4) reduced secretion obl(p<0.001) and 44 (p<0.05)
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Figure 3.23 Time of harvest alters the effect®élmaria palmatahydrolysates on the
secretion of cytokines by BMDC8BMDCs were isolated from Balb/c mice and
differentiatedin rGMCSF for seven days. On day 7 cells were treated with hydrolysates
and stimulated with 100 ng/mL LPS. Secretion ofalNIF12p70, 123 and IE10 was
measured using ELISA (R&D Duoset). Alcalase is the enzyme used in hydrolysis and (W)
indicates theyare wild samples. One way ANOVA with a Post test Newman Keuls was
used to assess differences between groups. Cells treated with hydrolysate only were
compared to cells alone, cells treated with hydrolysates + LPS were compared to cells
alone + LPS. Sigodnce p<0.05 *, p<0.01 **, p<0.001 *** all relative to untreated cells

(no hydrolysate).
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Figure 3.24 Time of harvest alters the effect®élmaria palmatahydrolysates on the
secretion of cytokines by BMDC®8BMDCs were isolated from Balb/c mice and
differentiated in rGMCSF for seven days. On day 7 cells were treated with hydrolysates
and stimulated with 100 ng/mL LPS. Secretion-dblUL-6 and 1E12p40 was measured

using ELISA (R&D Duoset). Alcalase is the enzyme used in hydrolysis and (\&8 thdicat

are wild samples. One way ANOVA with a Post test Newman Keuls was used to assess
differences between groups. Cells treated with hydrolysate only were compared to cells
alone, cells treated with hydrolysates + LPS were compared to cells alone + LPS.
Significance p<0.05 *, p<0.01 **, p<0.001 *** all relative totreated cells (no

hydrolysate).

93



IL-13 IL-6
40000

30000
20000 -
10000 l @
0 T T T T

IL-10 IL-17

Concentration pg/ml
Concentration pg/ml

Concentration pg/ml
2
8
o
Concentration pg/ml

IL4 IFNy
600000+

1500
400000

500 200000

Concentration pg/ml
Concentration pg/ml

Figure 3.25 Time of harvest alters the effect Balmaria palmatahydrolysates on
cytokine secretion by CD4-cells.CD4 T-cells weresolated from the spleens of Balb/c

mice using EasySep Cleblation (Stemcell). Cells were plated at 1 %Xcis / mL on a

96 well plate. Cells were stimulated with plate bound &3 (3rg9/mL) plus antiCD28 (5
ng/mL) then treated with hydrolysate$ (ng/mL) and incubated for 72 hours. Secretion of
IL-13, 116, I:10, 1117, 1-4 and IFlgwas measured using ELISA (R&D Duoset). Alcalase is
the enzyme used in hydrolysis and (W) indicates they are wild samples. One way ANOVA
with a Post test Newman Keuilsas used to assess differences between groups.
Significance p<0.05 *, p<0.01 **, p<0.001 *** all relative to untreated cells (no

hydrolysate).
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3.2.9 The enzyme used in the enzymatic hydrolysi®afmaria palmatainfluences
the effect of the hydrolysatesn cytokine secretion.
After examining the effect that the time of harvest of PP had on cytokine secretion by

BMDCs and T cells, the effect of the enzyme used to enzymatically hydrolyse PP into
hydrolysates was next investigated. Three different enzyme® wsed on the same
starting material to create various hydrolysates. These include alcalase, flavourzyme and
corolase. Material harvested in October (WPC2) was enzymatically hydrolysed by alcalase
to create hydrolysate H4, flavourzyme to create H5 andlese to create H6. The data

from Section 3.2.5and Section 3.2.6s rearranged and presented Figure 3.26and

Figure 3.27n order to assess any impact of the enzyme used in hydrolysis

Figure 3.2&hows the cytokine secretion by BMDCs when treatet W C2 (black bar)
and hydrolysates H4, H5 and H6. October control (WPC2) decreasadpROm1), 123
(p<0.001) and increased-@L(p<0.01). Alcalase hydrolysates (H4) also decreasea TNF
(p<0.01) and K23 (p<0.01) and increasedal(p<0.01) but alsmcreased K10 production
(p<0.001). Flavourzyme hydrolysate (H5) decreasea BNE 1-:23 (p<0.05). Corolase
hydrolysates (H6) reduced levels of BNp<0.01) and H23 (p<0.001) and increased IL
12p70 (p<0.001) and-10 (p<0.001).

Figure 3.2&hows he cytokine secretion by CD# cells when treated with WPC2 (black
bar) and hydrolysates H4, H5 and H6. WPC2 reduced levels (#40.001), ¥4 (p<0.01)
and IFNg(p<0.05). H4 (alcalase hydrolysate) decreaseil([i<0.001), K4 (p<0.01) and
IFNg(p<0Q.05). H5 (flavourzyme hydrolysate) reduced 8(p<0.05), H6 (p<0.001), H1O
(p<0.05), 4 (p<0.01) and IFNp<0.001) and promoted secretion of1lZ (p<0.001). H6
(corolase hydrolysate) increased1® production (p<0.01) and reduced levels c# 1L

(p<0.01), #6 (p<0.001) and IRNpP<0.05).
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Figure 3.26 The enzyme used in the hydrolysis impacts on the abilitfPamaria
palmata hydrolysates to modulate the cytokine secretion by BMD@MDCs were
isolated from Balb/c mice and differentiated iGMCSF for seven days. On day 7 cells
were treated with hydrolysates and stimulated with 100 ng/mL LPS. SecretionafTNF
12p70, 123 and IEL0 was measured using ELISA (R&D Duoset). (W) indicates these are
wild samples. One way ANOVA with a Post tdstvman Keuls was used to assess
differences between groups. Cells treated with hydrolysate only were compared to cells
alone, cells treated with hydrolysates + LPS were compared to cells alone + LPS.
Significance p<0.05 *, p<0.01 **, p<0.001 *** all relatito untreated cells (no
hydrolysate).
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Figure 3.27 The enzyme used in the hydrolysis impacts on the abilitfPamaria
palmata hydrolysates to modulate the cytokine secretion of undifferentiated CD4

cells. CD4 T-cells were isoleed from the spleens of Balb/c mice using EasySep CD4
Isolation (Stemcell). Cells were plated at 1 %déls / mL on a 96 well plate. Cells were
stimulated with plate bound arHCD3 (5vg/mL) plus antCD28 (5m/mL) then treated

with hydrolysates, enzyatically digested with Alcalase, Flavourzyme or Corolase, or
whole protein control (both 1 mg/mL) and incubated for 72 hours. Secretiorld, IL-6,

IL-10, 1117, -4 and IFlgwas measured using ELISA (R&D Duoset). One way ANOVA with
a Post test NewmaKeuls was used to assess differences between groups. Significance

p<0.05 *, p<0.01 **, p<0.001 *** all relative to untreated cells (no hydrolysate).
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3.2.10 The source d?almaria palmata(wild or farmed) alters the ability of the
hydrolysates to modulag¢ cytokine secretion.
The surce of the PP and whetherifaf SO Qa GKS [ oAfAde 2F KeéR

cytokine production was next examined. Wild PP was sourced from Mweenish Island
Co. Galway and farmed from long line cultivation in Ard Bay Co. Gallvayata from
Section 3.2.5and Section 3.2.6s rearranged and presented igure 3.28ndFigure

3.29in order to assess any impactsiurce

Figure 3.2&hows the cytokine secretion by BMDCs when treated with wild WPC17 (black
bar) and its hydrolyste H18 and farmed WPC20 (black bar) and hydrolysate H2%. TNF
was potently suppressed by H18 (p<0.001) and its WPC17 (p<0.001) but not as reduced by
its farmed counterpart H21 (p<0.05) and its WPC20 (p<0.052d¥0 was promoted by
WPC17 (p<0.001) and H18 (p<0.001) and also its farmed hydrolysate counterpart H21
(p<0.001) but suppressed by the WPC20 (p<0.01). All samples supprez3¢ok0.001).

Figure 3.2%hows the cytokine secretion of BMDCs when treated with wild WPC17 (black
bar) and hydrolysate H18 and farmed WPC20 (black bar) and hydrolysate H21. Wild
control WPC17 reduced levels ofdl(p<0.001), H10 (p<0.05), K4 (p<0.001) and IFN
(p<0.001). Its hydrolysate H18 suppresseé (h<0.05), H4 (p<0.01) and IFNp<0.001).

The farmed control WPC20 reduced levels e# I(p<0.01) and its hydrolysate H21
increased levels of 410 (p<0.001) whilst reducing-4(p<0.01).
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Figure 3.28 The effect of source (wild or farmed) on the abilityRellmaria palmata

hydrolysates to modulate the cytokine secretion by BMD®884DCs were isolated from

Balb/c mice and differentiated in rtGMCSF for seven days. On day 7 cells werewitlated

hydrolysates and stimulated with 100 ng/mL LPS. Secretion @&, TNE2p70, 123 and

IL-10 was measured using ELISA (R&D Duoset). (w) indicates they are wild samples, (a)

indicates they were harvested in aquaculture. One way ANOVA with a Pdsttestan

Keuls was used to assess differences between groups. Cells treated with hydrolysate only

were compared to cells alone, cells treated with hydrolysates + LPS were compared to

cells alone + LPS. Significance p<0.05 *, p<0.01 **, p<0.001 *** alieetatuntreated

cells (no hydrolysate).
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Figure 3.29The effect of source (wild or farmed) on the ability #falmaria palmata
hydrolysates to modulate cytokine secretion by undifferentiated CD#cells.CD4 T-

cells were isolated from the spleersf Balb/c mice using EasySep Cisblation
(Stemcell). Cells were plated at 1 X £6lls / mL on a 96 well plate. Cells were stimulated
with plate bound antCD3 (5ng/mL) plus antiCD28 (5ng/mL) then treated with
hydrolysates either from fared or wikburces and incubated for 72 hours. Secretion-of IL

13, IL6, 11-:10, 1:17, Il-4 and IFlgwas measured using ELISA (R&D Duoset). (w) indicates
they are wild samples, (a) indicates they were harvested in aquaculture. One way ANOVA
with a Post test NewmarKeuls was used to assess differences between groups.
Significance p<0.05 *, p<0.01 **, p<0.001 *** all relative to untreated cells (no

hydrolysate).
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3.3 Discussion
Inflammagings the term used to describe the chronic lgrade inflammation

experiencedas humans age. This persistent inflammatory response has been shown to be
at the core of manygerelateddiseases such as atherosclerosis, type Il diabetes and
many cancerg¢Xiaet al., 2016). Increases in pioflammatory cytokines suchasCb + ¥ L |
M1 ¢Zb Ghd Il6 have been implicated in this phenomeng@kiraet al., 1990; Pest al.,

2004). Similarly, an increase in levels of the-arftammatory cytokine H10 has been

shown to educeinflammagingand delay the possible onset of agsated
diseasqAdamset al, 2008). This association between cytokine secretion

andinflammagingoffers the opportunity for a possible target

As previously discusseidflammagings associated wit manyagerelateddiseases such
as atherosclerosis and typealiabtes, however it has also been linked with the decline in
gut health associated with agir{Biagiet al., 2010). It is believed thamflammagingcan
occur in the gastrantestinal tract, dsturbing the delicate balance between gut health and
the microbiota present in an individual causing increased progression ofeteged
disease andrailty amongst the older generation&uigozDoréand Schiffrin, 2008). It
may be possible that througimodulation of the immune response towards a less
inflammatory state, the balance between gut immunity and the microbiota of the

gastrointestinal tract of older people.

Chronic inflammation is also the underlying cause of many diseases including Eid, RA
psoriasis. An increase in pimaflammatory cytokines has been shown to be present in all
of these diseases;H17,¢ b CheandlUkmi A (Btrober &d Fuss, 201%),b Chaed L |
and 116 in RAFeldmann, Brennan and Maini, 1996), anté CLh CGb 16,3l-14apd IE17

in psoriasigAricanet al,, 2005). This increase in pmflammatory cytokines has been
identified as a target for the treatment of many inflammatory diseases. Monoclonal
antibody (mADb) therapies and protein therapies which target gpepro-inflammatory

cytokines are already on the market suchuatekinumab, a fully humamAb, which
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targets IE12p40 in a number of inflammatory diseases such as

psoriasigMiossecandKaolls, 2012).

Macroalgads a term used to describe many speci@heyare a valuable source of
chemicallydiverse compounds which have been shown to display many hbafibfits.
These benefits include arailergy(Voet al.,2012), antbacterial(LimaFilhoet

al., 2002),anti-fungal(Moraleset al., 2006),anti-hypertensive(Tierneyet al., 2010), anti
oxidant(Zubiaet al., 2007)and ACEnhibitory (Fitzgeralcet al., 2012).Macroalgae are a
popular snack food across the world and are traditionafifenon the west coast of
Ireland. They are arich sourcefiire, protein, vitamins andhinerals, including omega
oils(Pereiraet al., 2012). They have been used in many functional foods and cosmetics

and are often useth agricultureasfertilisers.

Macroalgae protein hydrolysates are also rich in bioactiftpteinhydrolysisnvolves

the extraction of proteins from a source and the breakdown of these proteins using either
boiling in a strong acid/strong base or through the addition of an enzyme. These processes
break the protein down into smaller peptide amino acid chains. This process often
releases bioactive sequences which did not display activity béfatelysationoccurred
(Udenigwe and Aluko, 2012). Macroalgae protein hydrolysates have been reported to
have many bioactive properties. Hydrolysates1i Saccharina longicrurdisplayed anti
antibacterial effects (Beaulieet al,2015.).Leeet al (2013)found hydrolysates
from Costariacostatg Crateloupidilicina, Porphyrateneraand Enteromorpharoliferaall

to have antioxidant, antitumour, arti-tyrosinase and AGRhibitory capabilities. Other
species inlcludingcklonia cavéKimet al., 2008) Hizikia fusiformigSiriwardhanaet al.,

1998) andSargassum coreanulfideoet al,, 2005) were also found to have bioactive

protein hydrolysates.

PPis a macroalgae found on the northern coasts of both the Pacific and Atlantic Oceans. It
is commonly referred to aBulse, but is also known Bjllisk, sea lettuce areathnachn

Irish. PP has a high protein content, the second highest of all commureeda, as high
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as 35%Harnedyand Fitzgerald, 2013Jhis makes it an ideal candidate for
protein hydrolysation. Whole PP has been shown to be -aritlantby Yuanet

al. (2004)who found the seaweed to be capable of reducing free radicals including ROS.
Yuan and Walsh (2006) furthered this study finding PP to havpuantifieration effects on

the HelLa cell line. PP's antibacterial properties were discovereiglipet al. (2001)as it
displayed inhibitory effects against the growth of marine bactekitgsoppet al. (2016)
found that bread enriched witlwhole PP hadnmunostimulatoryeffects in

arandomisedhuman trial and also saw increases in huma8 it vitro.

PP protein hydrolysates habeen reported in the literature asxhibitingdifferent
bioactivebehaviourto that of its whole protein or seaweed counterpar@ollaborators

on this projectHarnedyet al. (2015),found PPhydrolysates capable athibiting DPRIV,

an enzyme which when blocked stimulates insulin secretion through the irereas
of hormonesGlucagorL_ike Peptidel (GLPL) and Glucose
dependentinsulinotropicPolypeptide (GIPBimilarly Harnedyet al. (2013)also found PP
hydrolysates to have antixidant activity with the ability to reduce both FRAP and ORAC
activity. Anttoxidant behaviouris a good indicator of anthflammatory properties due to
the role oxidation plays in inducing inflammatidrhese hydrolysatesere chosen to
beanalysedn this project due to their provenbility todisplaypotentin
vitro activity. During the course of this proje¢tarnedyat al., (2017) identified a single
peptide (SDITRPGGQM) which exhibits both ORAC and FRédamii activityisolated
from PP hydrolysates using ultra performance liquid chromatogragégtron
sprayionisationtandem mass speJPLECSIMS/MS). This finding gave hope to finding a

PP hydrolysate with anthflammatory abilities.

For this investigation it was first necessary to ensure the dose of hydrolysatkby
collaborators in University of Limerick and Umsigy of Ulster (1 mg/mL) displayed
immunomodulatory activity. BMDCs were treated increasing doses of 0.25 md@iL
mg/mL of three PP hydrolysat@s 7 and 12. 1 mg/mL gave the optimum response

through a reduction in the levels of pinflammatory cytoknes whilst not fully
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suppressing the immune response, thus reducing inflammation but
not immunocompromising the hosthis concentratioms also used by collaboratorsim

vitro screening thus ensuring comparability across the project.

Through the cotse of the dose response investigation it became apparent that no
standard protocol for sample preparation was in place. Hydrolysates were provided by
collaborators from the University of Limerick irfraezedried state and required re
suspension and stée filtration before use inn vitro studies. Across the project several
methods of sample preparation were beiaglised, this was a feature & previous
project in the lab which alsmvestigatedhydrolysatedrom a different source and it was
discoveed that the preparation method can impact the bioactivity of the hydrolysates,
hence, it was a priority of this project to ensure this was standadihroughout. Three
methods were used to prepare hydrolysates as detailed in Se8tih@. Method A was
chosen as hydigsates prepared in this way provided ideal results through the promotion
of antirinflammatory IE10 secretion and the reduction of pinflammatory cytokines L

Mi 3H oL ¢ b GI2p70. Yhis methiod also provided ease of use with limited steps
and inxpensive materials. Method A was adopted by all collaborators as the standard

protocol for hydrolysate preparation fon vitro screening.

Followingoptimisationof both the dose and preparation of the hydrolysates using a small
cohort of hydrolysatesall hydrolysates were then screened on BMDCs. These cells were
chosen as the first cells treated with PP hydrolysates as thelegrénnate immune
cellswhich are ofterreferredto as the link between both the innate and adaptive
immune systemgFujiiet al., 2004). They have been implicated in numerous immune
disorders including chronic obstructive pulmonary disease (COPD) (Deshatis2007)
through the oversecretion of preA Y Ff I YYI G2 NE Oed21 Ay$a

promoting a chroniéenflammatay response.
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As part of this study the impact of hydrolysates on the viability of BMDCs was assessed to
ensure any differenceeen in cytokine secretion were not due to cytotoxicity. It was
found that PP hydrolysates have no effect the viability of BIDCs. This was the
expected result as these hydrolysates have been screemedtropreviously by
collaborators includingdarnedyet al. (2015).Followingthis, the hydrolysates ability to
modulate the cytokine secretion by BMDCs \aasessed using ELIBAPP hydrolysates

at a dose of 1 mg/mL displayed some levels ofanfitammatory activity namely through
0KS &adzLILINS&aaAzy 2 B2capable 'of resluciagKleveisHof tRisdgio 2 F
inflammatory cytokine. Hydrolysate 10 was identified as a poténtiadidate for future
studies due to its ability to redudem H LIT n 2 -1@i@Cand H6 brd promote anti
inflammatory IL10. Furthermore, this profile also differed to that of its whole protein
control 7 indicating that the activity was due to thednglysed nature of the protein only.
Hydrolysates 36, 38 and 39 were also identified as potential candidates due to their
abilities to reduce pranflammatory cytokines including-12p70 and their promotion of
IL-12p40 suggesting they may reduce inflammat but not the suppress the

normalimmune response.

To build a broader profile of the hydrolysates impact on the immune system it was
necessary to study their effects on another cruaiaune cell. For this study,
Tcellswere chosen. CD4T cells, alo known as naive undifferentiated T cells, are a
centralcell of the adaptive immunsystem.They have beeheavily linked with chronic
inflammation and inflammatory disorders. CD® cellssecrete preinflammatory
cytokines including v T = L C#. These yelts alkghave the ability differentiate into T

cell subsets.

All hydrolysates were screened on CD4ellsand their effectsanalysedand compared to

that of the BMDC study before definite candidates were chosen for further study.
Hydrolysate 18 A RSYGAFASR f a2 Ay .ab5/az ¢t a 7¥2adz
associated with the Thl subset and is a target for-arflammatory therapeutics. For

example antlFN antibody therapy ised in the treatment of

multiple scleorosigMS)(Sgrenseret al., 2005).Hydrolysate 10 was previously identified
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in BMDCs due to its ability to reduce levels ef2p70, [L12p40,l.c | YR ¢ b Ch &K
increasing levels of aninflammatory Ikem n @ i€ tkaQmajor driver of chronic
inflammation and is a targetof therapeutics to treat diseases such as RA, IBD and
psoriasisAnti-TNF  therapeuticsurrently on the market includtéhe
chimericmAbinfliximab (Remicade®), theimanisedpegylated monoclonal antibody
(mAb)certolizumab pegolCimzia®) and the fusion gtein etanercept (Enbrel®)
(Nesbittet al., 2007).However,¢ b (ofays a crucial role in the normal immune system

and suppression of it can causemunocompromisationn patients. Through the

reduction but not full suppression of piiaflammatory cytokines and also the promotion

of 1L-:10, hydrolysa¢ 10 may reduce chroninflammation whilst not fully suppressing

immunity.

Hydrolysate 19 was found to promote-10 secretion in CDA cells. This anti
inflammatory cytokings a potential target for therapies to treat many disorders
includingCrohnsdisease (Herfartiand Schélmerich2002)and psoriasis (Asadulladt

al., 1998).Hydrolysate 19 was also capable of reducingorg ¥t I YY I G2 NB O& (21
and 1:23inBMDCs! & LINB @A 2 dza f &s a Rket @ cziraetial herdpbuces

for the treatment of inflammatory diseases:-2B has been showto induce a pathogenic

CDVY' T cell population which helps drive chronic inflammation associated with
autoimmune disorders such as RA and MS (Langtiah, 2005) making this cytokine a

potential target in the fightagainst chronic inflammation. Hydrolysate #®ough its

modulaion of these key cytokines in both BMDCs and T cells, was chosen as a candidate

for further screening.

Hydrolysates 21 and 22 weadsoidentified as candidates due tbeir ability to increase
IL-13 production. 1113 is associated with the Th2 subsé&ih2 cellsnhibit the
differentiation of the preinflammatory Thl subset and are reduced in numbers during
chronic inflammaton (Charltonand Lafferty, 199p The ability to promote a Th2 subset

over a Thl is a potential target for ammtiflammatory thergeutics.
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Hydrolysates 36, 38 and 39 were once again identified as potential candidates, following

their selection in the BMDC screen, due to their suppression of IFN. As previously
discussed, IFN is the main cytokine associated with the Th1 subsefegisdapnajor role

in chronic inflammation, thua hydrolysatesbility tosuppresdhis cytokine is very

desirable. These hydrolysates also displayediaffammatory properties in BMDCs with
KERNRfealiS oc A2p10landS8 & X v R & RIBBUpEesding L

12p70, 123 and Ikm Jand hydrolysate 39 suppressingll2p70 and Himi @ C2f f 2 g A )
analysis and comparison of tiramunomodulatoryprofiles of allsamples, hydrolysates

10, 19, 21, 22, 36, 38 and 39 were chosen to be brought forwardurther studies. This

involved examining their effects on differentiated Th subsets.

T cells have a broad range of functions and are regularly grouped based on these
functions. Common subsets include cytotoxic T cells which kill and transformTeells,
regswhich help dampen inflammation, Th1 cells which promote protective immunity but
can over suppress IFN and play a role in chronic inflammation, Th2 cells which promote a
humoral immune response and inhibit Thl cell differentiation and Th17 cellshwhic
promote protective immunity against extracellular bacteria and fungi, but also play a role
in the promotion of inflammatory disease and autoimmunity (Mosmand Sad1996.).

For the purpose of this project, Thl, Th2 and Th17 T cell subsets were chaszrdn

the hydrolysates and build a broader profile of their immunomodulatory capabilities.

In the case of Thl cells, secretion of IFN an@ has been shown to drive a
chronicinflammatoryresponse and reduction of these pnaflammatory cytokines &s

been identified as a therapeutic target (Fitsal., 1996.). Focusing on the secretion of
these two cytokines, it can be seen that IFN is reduced by hydrolysates 10, 19, 21, 25, 36,
38 and 39However, onhhydrolysate 19 significantly reduces the sdwmn of this
cytokine differently to that of its whole protein control, 17. For hydrolysates to be

considered for future work, they must have differing properties to that of their whole
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protein controls, as otherwise it would be not necessaryhydrolysethe starting

material. Hydrolysate 19 had no impact on the secretion levelsfdhowing selectivity

in its suppression of IFN, thisas ideal trait as hydrolysates which fully suppress the
immune response could leave the individtmmunocompromisd. As previously
discussed, this hydrolysate also promoted the secretion ofiaffimmatory IL10 from

CD4¢ OSffta |yR &dzLILINEG & 328 i BIMEBOS SKE3 prondfes ¢ b Ch
proliferation and differentiation of Th1 cells and, hence, suppression of this cytokine could

reduceThl levels.

In Th2 cells, secretion of-13, -4 and IE10 is beneficial in lronicinflammatory
situationsdue to 113 and IE4's ability to promote the differentiation of a Th2 subset
which has inhibitory effecten Thl cells and{10's ability to prevent commitment of a
Th1 phenotype. None of the hydrolysates successfully ptethsecretion of H13 or I1:4.
Hydrolysates 25, 36 and 38 all increased secretion -aDIwith 25's activity being

significantly different to that of its whole protein control 23.

Finally, the effect of the hydrolysates on a Th17 phenotype was askeSscretion of i

17 is paramount in examining the effects of hydrolysates on this subset withplaying

a major role in many inflammatory diseaselydrolysate21 was capable of reducing

levels of IL17 secretion differently to that of its whole pm@n control 20. This
hydrolysatealso displayed aninflammatory capabilities in BMDCs through the decrease

Ay aSONBGA2Y 2F ¢bChx gKAfald Ada 2t/ Fdz £ @&
but maintainedlievels required for an adequatmmuneresponse. 21 was also found to
significantly reduce levels of#13 secreted from BMDCs. It was shown th&3land IL17

drive IBD (Pallonet al., 2010) and hence a hydrolysate which redubeth of these

cytokines could have real therapeutic poteniialthe treatment of IBD and chronic gut

inflammation.
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Unlike the other species (boarfish and blue whiting) beinglysed in this project several

of the PP hydrolysates were from a range of starting materials that were harvested at
different times ofthe year. Furthermore, the enzymes used dutirygirolysis were also
different as was the source of the materi&his was not initially considered to prevent

unconscious bias.

In order to assess the impact of these variances the data wasalysed. Tee harvest
times wereanalysedApril, July and October. The harvest times of PP had an impact on
the immunomodulatory effectsf the hydrolysats. In BMDCs, samples harvested in April
had a far more potent effe@ y (G KS &dzLllLINS&aaiAzy 2F ¢bcCh
counterparts. This trend could also be seen in the reductidix28 levels by the samples
which lessened from April to Octobén C" T cells, IFN is significantly reduced only by
April samples. Similarly, only July samples reduce levelsld. ILevels of HLO are
reduced by Aprisamples but this reduction is not seen in October samples, this trend is
also seen in BMDCs werelllis increased by October samples but not samples from
earlier in the year. This would indicate that samples harvested earlier in the year are more
potent suppressors of prnflammatory cytokines but samples harvested later in the year

are better at promoing the secretion of aninflammatory cytokines.

Differences in théioactivity of these hydrolysates based on harvest times was also seen
by our collaboratorsn Universityof Limerick Harnedyet al. (2014) found that harvest
time impacted on the pa&entage proteircontent isolated from the starting materiadjith
significantlylower protein levels recovered from Octob&simples when compared to April
and July. This paper also found th@bactivity was affectetby harvest time with October
samples diplaying the least antioxidant, tyrosinase and DPP |V inhibitory activity. July
samples provided the overall best profile for their studies, showing potentadiant,

tyrosinase, DPP |V inhibitory and ACE activity.
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These differences in bioactivity ex® both in this investigation and also by
collaboratorsHarnedyet al. (2014)could be due to the reduced protein content available

in October samples. These differences in protein content could be due to the environment
of the plant at this time of yeaPlants are harvested from the sea and the flora and fauna

of the sea changes seasonally. The weather and warmth of the sea may also play a part
with the sea warming as temperatures warm throughout the summer possibly impacting
on the plants.A differencein hydrolysates over seasons was also seen by Wikiak

(2005), who found their hydrolysates of Valencia orange peel displayed varying bioactivity

based on their time of harvest.

PP samples were mainly collected from thid from a number of pointacross the west

coast of Ireland. However, some samples were harvested fro®kd f SR & F I NI ¢
sources. These plants cultivated long lines irArd Bay, County Galway and harvested in
Aprildisplayed differences in bioactivity to that of theild counterparts also harvested

in April. Wild samples displayed stronger amiflammatory abilities than that of the

farmed plantswilda I YLJ S& Fdzf t @ &adzLJINBaaSR ¢bCch &SC
farmed samples reduced it but not to the same levels. In*Q#lls, farmed plants

stimulated secretion of pranflammatory IE6 but also antinflammatory IE10, whilst

its wild counterparts either suppressed them or had no impact. Similarly, IFN levels were
significantly reduced by theild plant hydrolysates butte farmed plant hydrolysates had

no impact on levelddarnedyet al. (2014)also compared these hydrolysates. They
isolatedhigher levels of protein from theild plant to that of the farmed plant. They also

found that hydrolysates from both sources hadetlsame effecton ACHEctivity,
however,wild samplesvere showed more potent inhibition dPP I\and Tyrosinase.

Farmed samples did show stronger amtidant capabilities in both FRAP and
ORAGssays.

Due to these differences in bioactivity due tortast time and cultivation it was decided
that PP was not a suitable species for this project as the aim is to develop a commercial

product. Due to the commercial nature of the project, large amounts of sample with little
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variability would be required. P&ffered too much variability in terms of environment,
harvest time and cultivation and ultimately it was decided to proceed with a species with

less variability.

This work is novel and no other studiesdate have reported to show the impact of PP
hydrolysates on the immune system. Very fawitro studies showing hydrolysates, from
any sources, effects on immune cells such as T cells and BMDCs exist and little is known of
their impact on cytokine response. This investigation aimed to show PP hydralysate
immunomodulatorypropertiesand their ability to modulate cytokine response for the
benefit of the individual. It was shown that these hydrolysates can modulate the immune
response through cytokine level manipulation in ways which have been previously
reported to have therapeutibenefit. It was also shown that both harvest time and
cultivation methods impact the bioactivity of this species and its hydrolysates. Ultimately,
these variations forced a negative decision on the current commercial potentiaeof
hydrolysates. There is still hope that through future studies, a peptide can be
isolatedfrom PPwith immunomodulatory capabilities and identified so that it could then

be synthesisedn a laboratory.
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4.1 Introduction
Boarfish Capros apgrare a small, mesopelagic fish now frequently found in Irish waters.

Once a rare catch in a net of mackerel, Irish fishermen have expedemckamatic
explosion in numbers of Boarfish accredited to the warming océBfenchard and
Vandermeirsch, 2005)These fish grow to approximately 13 cm in size, are orange in
colour and swim in large shoals. Known to English fishermen as Zulu fish, they have a large
tube-like mouth and feed mainly on zooplankt@@oacket al., 2014) They are rough to the

touch and have large spines which make up its dorsal fin. They are found at depths of

between 50 and 100 metres often along the sea bed.

Due to the large increase of these fish in the last decade BU placed its first fishing

qguota on Boarfish in 2011, giving Ireland a two thirds majority of the total EU quota with a

total of 27,227 tonnes for 2011. This quota then experienced a 155% increase, to 56,666
tonnes, for 2014Stange, 2016)n 2015, the EU began to reign in the fishing quotas for
boarfish bringing in precautionary controls of the fish when the need for proper
1y26f SRIS 2F GKS FTAaK 0SOFYS Ot SINW LNBfLyY
decrease of 42,582 tonnes (or 75@urrent Quota Uptake2018)

The decrease in fishing quotas for the EU was not only due to the lack of knowledge
surrounding boarfish but also due to their ultimate fate. The fish are of little commercial
value due to their small weightpproximately 40 to 60 grams) and their body shape
making it difficult to fillet them. The fish are primarily used as a source of animal feed and
fish mealEgertoret al, 2017) In 2012, Irelandrgered into a trial trade deal with China,
sending 70 tonnes of boarfish to Chinese fish processing plants in order to help China
meet their evergrowing demand for protein sources but also to find a solution to the
problem of what to do withthe boarfishwhich werebeginning to land in Irish processing
plants. This trade deal fizzled out but the boarfish continue to be caught and, therefore,

finding a commercial value in boarfish became a priditgyeset al., 2016)

A change in EU law, that is due to be brought into full effect by 2019, will increase the

YSSR (2 NBaSINOK (GKA&a aLISOASEAQ FdzZ f LRGSY(
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end to the practice of discarding. Discarding is the return of unwanted catches to the sea,
regardless of whether the fish is dead or alive. This common practéersdue to the

fish being undersized, the fisherman not having a quota for the species caught, or because
of the rules surrounding catch composition. The landing obligation requires all catches of
commercial species to be landed and counted againstdhatties quota. This introduces

the problem of an increase in the numbers of boarfish being landed and if no solution is

found for these fish, ending up in landfill is a distinct possil{dieyVoset al., 2016)

¢KS AYYdzyS daeaidSy Aa (KS K2aiuQa RSFSyOS | 3
as bacteria or viruses. It offers protection through the deployment of cells including
macrophage, dendriticells, T cells and mast cells. The immune system, whilst usually
offering protection, can attack the body in a phenomenon known as-smiounity. Aute
AYYdzyAleé Aa LINBaSyd Ay Ylyeé RAaSrasSa (yz2¢
characteristic of alis chronic inflammatior{Atassiet al., 2008) Examples of immune
RA&SEF&aS AyOfdzRS (el m RAFoSGHSasz w! 3 LJA2NJF

Thempies for auteammune disease are limited as a basic understanding of the cause of
this misfiring of the immune system is lacking. In many cases, the symptoms of the disease
are the target of the therapy rather than the cause. As previously mentionedntie
symptom in all immune disorders is chronic inflammation. & Mfas found to have
increased secretion in RA patients and is believed to be involved in a cytokine network
with many other preinflammatory cytokines such asl1b and I11-6 (Akiraet al., 1990). As

a result, TN& became a target for therapeutics and an aifiNR therapy provided
success in alleviating the disease symptoms with therapies such as infliximab and
etanercept currently on the markéMitomaet al., 2008) Targeting cytokine secretion is

not limited to the treatment of immune disease with two cytokines having achieved FDA
approval for cancer treatment. 42 for metastatic melanoma and renal cell carcinoma
treatment (Atkinset al, 2000)and IFM for adjuvant therapy in stage Ill melanoma
(Kirkwoodet al., 2000)
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Proteins and protein hydrolysates from fish sources have been found to have a broad
range of bioactivity. Whole proteins, which have not undergone hydrolysis, from bass
have displayed antimicrobial and antifungal proper{i@hikeet al., 2002)with mackerel
proteins showing artoxidant activity (Fujita and Yoshikaw&008) Many protein
hydrolysates have also been shown to have antioxidant properties includin@leod,

Byun and Kim, 1999herring(Sathivekt al., 2003)and sole(Junet al., 2004)

As previously discussed in Chapter 1, several functional food products containing fish
protein hydrolysags as functional ingredients have already been approved in Japan with
at least one product, Valtyram, receiving EFSA approval for use as a novel food ingredient
(Harnedy and FitzGerald, 2012)ther products include an antihypertensive product

t SLIG! /9 FNRY . 2yAG2 LISLIIARSA tu@NHAdioisSR 0 @
bdz NAGA2Y |t t NP R datich lawels theytpcemicizid &kifrodSNalivégidm
company Nutrimarine Life Science AS, and Se&umhich is said to improve
gastrointestinal health from Proper Nutrition, a US based comg&aghavaret al.,
2010)Boarfish, whilst hard to process, are high in protein and have been shown to have
many bioactive properties. Hayesal. (2016), found antihypertensive effects of protein
hydrolysites from boarfish through the inhibition of angiotenstnonverting enzyme
(ACH). They have been shown to have the potential to have-axitiant properties with
Blancoet al. (2015)identifying theoretical antoxidant peptide segences. It was also
found to be a rich source of amino aciffSjhaet al, 2016) To date, there are no
published reports on the effects of boarfish or its protein hydrolysates on the immune

system or its key immune cells such as dendritic cells or T cells.
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4.1.1 Chapter Aims
The aim of this chapter is to investigate the potential of boarfish as a source of novel

bioactive peptides. Boarfish was kindly donated-gréa y OSR> o6& (GKS YAff&o
Organisation, Killybegs, Co. Donegal, Ireland to collabaratioe Fitzgerald Lab in
University of Limerick. This was facilitated by Board lascaigh Mhara (BIM, Ireland). The
minced boarfish meat underwent enzymatic hydrolysis in the University of Limerick as
described irFigure 4.1

|

Minced Fish Muscle

Homogenization

i

Enzyme Added

Incubation

i
s

Cool in ice

Centrifugation

Pellet ‘ ‘ Supernatant ‘

Freeze Dry ]

Send to DCU for
Screeniny

Figure 4.1 Hydrolysis proces$ looarfish minced meat performed in the University of
Limerick by collaborators, The Fitzgerald Laboratory (Boarfish protein hydrolysates
screened during this project were created through a novel hydrolysis process which is the

intellectual property 6the Fitzgerald Laboratory.
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Twenty (20) boarfish hydrolysates were produced as part of this project by varying the
enzyme used during digestion and the time period which samples were digested over, as
described inTable 41.

Table 4.1 Hydrolysis press of Boarfish protein samples screened in Chapter 4.

Time (Hours) Enzyme A Enzyme B Enzyme C Enzyme D

As seen iffable 41, each boarfish protein hydrolysate differed in either theyane used

to hydrolyse protein or the length of time of the hydrolysis took place. There are four (4)
gK2tS LINRPGSAY O2yaGNRBfa oFfaz2 1yz26y a WYy?2
same process as the hydrolysates but did not have any enzyme dtideeffore, their

protein remains intact. For screening purposes, the hydrolysates are grouped according to
the hours of hydrolysis they underwent. Hence group 1 includes hydrolysates 1, 5, 9 and

13 and their whole protein control 17.

Screening was caedl out using the same protocol optimised in Chapter 3 as described in
Figure 4.2 The cytotoxicity of hydrolysates was first investigated using an MTS assay, a
colorimetric assay which measures the rate of metabolism of the cells. The viability of
both BMDCs and undifferentiated CD# cells, when treated with the hydrolysates, was
measured in this way. The cytokine secretion of BMDCs when treated with the
hydrolysates was then assessed through ELISA, this was then repeated on undifferentiated
CD4T cellsAll hydrolysates were assessed on both in BMDCs and undifferentiatéd@ CD4
cells. At this point, hydrolysates were rated based on their ability to modulate
inflammation. Hydrolysates were identified which had potential-amftammatory activity

both in their suppression of prinflammatory cytokines and promotion of anti
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inflammatory cytokines. These candidate hydrolysates were then brought forward to be
screened on T cell subsets (Th1l, Th2 and Th17 cells) in order to further elucidate their
effects on he immune system. Following this collaborators were consulted in order to

decide if a hydrolysate was suitable forvivotrials.

Hyrolysates produced as per
Figure 4.1 in U.L.

' I

Viability of BMDCs and CD4* Teells

A -

/\

[ Cytokine secretion of CD4* T cells J [ Cytokine secretion of BMDCs J

\/

Identlﬁcat|cn of potential cand|date
hydrolysates

h 4

{ T cell subset (Th1, ThZ, Th17) ]

L A

{ Review of data with collaborators ]

Figure 4.2 Optimised protocol for screening of marine protein hydrolysatésotocol
optimised in Chapter 3. Protocol enggrall protein hydrolysate data is comparable and is

standardised across the project.

All boarfish hydrolysates underwent this screening protocol in order to identify the
optimum candidates for future screening. Optimum candidates were hydrolysates found
to have the ability to suppress pinoflammatory markers such as the secretion of
cytokines like TNE; the inhibition of differentiation of Thl or Th17 cell subsets or the
ability to promote antiinflammatory cytokines such as-1D or the Th2 subset which

suppresses Thl differentiation.
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4.2 Results

4.2.1Thedose of boarfish hydrolysates used does not impact on dendritic cell

viability.

Before examining the ability of the hydrolysates to modulate cytokine secretion, it was
necessary to examineir effects on the viability of BMDCs. Cells were isolated from the
bone marrow ofBalbdc mice and incubated at 37%% CQfor seven days
with rtGMCSKSigma Aldrich, Ireland). BMDCs were plated in triplicate (LO@ell) at a
concentration of 1x10cells/mL ona 96 well plate and rested. Cells were then treated
with hydrolysates (1 mg/mlor 10% DMSO (positive contrald then stimulated with LPS
(100 ng/mL) and incubated for 24 hours. Viability was assessed using an MTS assay (Cell
Titer 96 Aqueous One Solutiq Promega) according to the manufacturer's instructions.
Results were expressed as a percentage of cells akirfemg/mL hydrolysates did not
have any significant effect on cell viability on BMB@sn compared to untreated cells

(Figure 4.).
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Figure 4.3 BMDC viability expressed as a percentage of cells alone following treatment
with Boarfish hydrolysates and LPS stimulatioBMDCs were isolated from Balb/c mice

and differentiated in rGMCSF for seven days. On day 7, cells were treatied
hydrolysates and stimulated with 100 ng/mL LPS for 24 hours. DMSO (10% v/v) was
included as a positive control of cytotoxicity. MTS assay (Cell Titer 96 Aqueous One

Solution) was used to assess cell viability.
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4.2.2Thedose of boarfish hydnlysates used does nampacton
undifferentiated T cell viability.
Cell viability of naive undifferentiated T cells treated with hydrolysate was examined prior

to investigatingheir effectson T cell cytokine secretion. Cells were isolated from the
spkeens ofBaldc mice using th&asySeMouse CDAT cell Enrichment Kit
(StemcellTechnologies). CD4ells were plated in triplicate (1Q€L/well) at a
concentration of 1x10cells/mL on a 96 well plate. The cells were tismulated with

plate bound antiCD3 (51g/mL) andanti-CD28 (jug/mL). They were then treated with
hydrolysates (1 mg/mL) or 10% DMSO (positive control). Cells were incubated for 72
hours. Viability was assessed using an MTS assay (Cell Titer 96 Aqueous &olution
Promega)jccording tothe manufacturer's instructions. Results were expressed as a
percentage of cells alone. At 1 mg/mL hydrolysates did not have any significant effect on
cell viability on naive undifferentiated T cells when compared to untreated €afjare

4.2).
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Figure 4.4 Undifferentiated CDZ cell viability expressed as a percentage of cells alone
following treatment with boarfish hydrolysate. CD4 T-cells were isolated from the
spleens of Balb/c mice using EasySep'Gbtation (Stemcell). Cells were @letat 1 x 18
cells/mL on a 96 well plate. Cells were stimulated with plate bound@D8 (5mg/mL)
plus anttCD28 (%rg/mL) then treated with hydrolysates (1 mg/mL) and incubated for 72
hours. DMSO (10% v/v) was included as a positive control of cytiyo TS assay (Cell

Titer 96 Aqueous One Solution) was used to assess cell viability.
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4.2.3 Cytokine secretion by BMD@sgated with boarfish protein hydrolysates.
Boarfish protein hydrolysates were screened on BMDCs and their effects on cytokine

secretionanalysedBMDCs were isolated as3action 4.2.-and treated with hydrolysates
(1 mg/mL),andthenstimulated A K mnn y3IkY[ [t{® { SIQNBGA2Y
IL-6 andIL-12p40) was then assessed using ELISA (R&Be).

Figure 4.5shows cytokine secretion by BMMD€ated with boarfish hydrolysates
enzymatically digestefbr 1 hour, hydrolysates H1, H5, H9, and H13 and WPCL17.
H1ldecreased H10 secretion (p<0.001) but had no effect on the other cytokines. H5

NB R dzO S Rvelg(<@01) and 1110 (p<0.001). H9 had no significant effect on any
cytokine. H13 decreased the secretiontob f<0.001), K10 (p<0.01) and {12p40

OLF ndamO®d 2t/ mT aAAYATAOI ypaxoel), REEWBOL)A SR (i K
IL-6 (p<0.01) and L2p40 (p<0.001)No boarfish hydrolysates enzymatically digested for

1 houraltered cytokine secretion by BMDCs differently to their whole protein control.

Figure 4.6shows cytokine secretion by BMDC treated with boarfish hydrolysates
enzymatically digsted for 2 hours, hydrolysates H2, H6, H10, H14
andWPC18H2decreasedl-10 (p<0.001) but hadho effect on any other cytokine.
HERS ONXB | & S ®<0.019 b &d HIO (p<0.001). HI10 decreased - IL
10secretion(p<0.01)] mn RS ONXB Kp&0DR), KEOb <0.01) and {12p40
OLF ndnnm0 ® 2t/ Npr0.0RIS, NB£0DE RandilBpgd (p<®01).H6
significantly altered cytokine secretion by BMDCs differentfv®C18 and is a potential

candidate for furtherscreening.

Figure 4.7shows cytokine secretion by BMMD€ated with boarfish hydrolysates
enzymatically digested f@& hours, hydroysates3, H7, H11, H15 and WPC19. H3,and
H1lreduced IE10 (p<0.00) only. H15 reduced 410 (p<001) and 1£12p40 (p<0.001).
2t/ mip RS ONP£ODE Randt-10 pk0.001)H15 significantly alteredytokine
secretion of BMDCs differently #WPC1%nd is a potential candidate for further

screening.
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Figure 4.8hows cytokine secretion by BMMIr€ated with boarfish hydrolysates
enzymatically digested fathours, hydrolysatesi4, H8, H12, H16 and WPC20. H4 and H8
reducedlIeMn 6 LF ndnm o6l nov YR LF n ®p<.00l)andyld 6 2y f ¢
OLF ndnmu® | mc (pRB Mk HE2FAR (p<®.B1E "'WPC20 decreased

¢ b qpP<0.001) and HLO (p<0.001)No boarfish hydrolysates enzymatically digested

for 4 hoursalter cytokine secretion by BMDCs differenthWiti?C20.

These results were then compared to the hydrolysates effects on the ngte&cretion of

naive undifferentiated T cells before potential candidates waxaight forward for

further screening.
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Figure 4.5 Secretion of TFIL-10, 11-6 and IL12p40 by BMDCs treated with Boarfish 1

hour hydrolysatesBMDCs were isated from Balb/c mice and differentiated in —tGMCSF

for seven days. On day 7, cells were treated with hydrolysates and stimulated with 100
ng/mL LPS. Secretion of T@\H-10, 16 and IE12p40 was measured using ELISA (R&D
Duoset). Onavay ANOVA with a Poiest Newman Keuls was used to assess differences
between groups. Cells treated with hydrolysate only were compared to cells alone, cells
treated with hydrolysates + LPS were compared to cells alone + LPS. Significance p<0.05 *,

p<0.01 **, p<0.001 *** alfelative to untreated cells (no hydrolysate).
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Figure 4.6 Secretion of THFIL-10, Il-6 and 1:12p40 by BMDCs treated with Boarfish 2

hour hydrolysatesBMDCs were isolated from Balb/c mice and differentiated in —GMCSF

for seven days. On day 7, lselvere treated with hydrolysates and stimulated with 100
ng/mL LPS. Secretion oflRp40 and TN&Ewas measured using ELISA (R&D Duoset). One
way Anova with a Post test Newman Keuls was used to assess differences between
groups. Cells treated with hydralgite only were compared to cells alone, cells treated

with hydrolysates + LPS were compared to cells alone + LPS. Significance p<0.05 *, p<0.01

** p<0.001 *** all relative to untreated cells (no hydrolysate).
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Figure 4.7 Secretion of THFIL-10, Il-6 and 1:12p40 by BMDCs treated with Boarfish 3
hour hydrolysatesBMDCs were isolated from Balb/c mice and differentiated in rGMCSF
for seven days. On day 7, cells were treated with hydrolysates and stimulated with 100
ng/mL LPS. Secretion oflRp40 aml TNR was measured using ELISA (R&D Duoset). One
way Anova with a Post test Newman Keuls was used to assess differences between
groups. Cells treated with hydrolysate only were compared to cells alone, cells treated
with hydrolysates + LPS were comparedaells alone + LPS. Significance p<0.05 *, p<0.01

** p<0.001 *** all relative to untreated cells (no hydrolysate).
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Figure 4.8 Secretion of THFIL-10, Il-6 and 1:12p40 by BMDCs treated with Boarfish 4

hour hydrolysatesBMDCs were isolated froBalb/c mice and differentiated in rtGMCSF

for seven days. On day 7, cells were treated with hydrolysates and stimulated with 100
ng/mL LPS. Secretion oflRp40 and TN&Ewas measured using ELISA (R&D Duoset). One
way Anova with a Post test Newman Keuls waed to assess differences between
groups. Cells treated with hydrolysate only were compared to cells alone, cells treated
with hydrolysates + LPS were compared to cells alone + LPS. Significance p<0.05 *, p<0.01

** p<0.001 *** all relative to untreateccells (no hydrolysate).
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4.2.4Cytokine secretion otindifferentiated CD4+T cellstreated with boarfish
protein hydrolysates.
Boarfish protein hydrolysates were screened on undifferentia®®@# T cellsand their

effects on cytokine secretioanalys@. UndifferentiatedCD4 T cellsvere isolated as
beforeusing anEasySepMouse CD4T cellEnrichment Kiaindtreated with hydrolysates
at a dose of 1 mgnL.Secretion of cytokines €17, 1-2, 14, IL6, 11-:13,L C bBnd 1=

10)was then assessed usinglEA (R&Duose).

Figure 4.9ndFigure 4.1Ghows secretion oi-17, 112, 11-2, -6, .m0 ¥ L CH0by | Y R
undifferentiated CD4T cells treated with boarfish hydrolysates enzymatically digested for

1 hour, hydrolysates H1, H5, H9, H13 and WPB1did notalter anycytokinesecretion.

H5 decreased levels of1l7 (p<0.01) and increased4l(p<0.001) and C [p<«0.001). H9
increased levels of 417 (p<0.05) and decreasdd C fp«0.001). H13 increased-4L
production (p<0.05). WPC17 increased TL(p<0.05) and decreasé&dC [p«0.001)and

IL-10 (p<0.05). Ndwydrolysate from this panel was chosen for further screening.

Figure 4.1landFigure 4.13hows secretion oi-17, 112, I-:2, 16, kMo = L CH0 | Yy R

by undifferentiated CD4T celldreated with boarfish hydrolysates enzymatically digested
for 2 hours, hydrolysatesi2, H6, H10, H14 and WPC18. H2 increas&d (2<0.001) and
decreased H2 (p<0.01). H6 reduced levels ofllL (p<0.01) and increased production of
IL-4 (p<0.01) andFN (p<0.01). H10 increased1lZ (p<0.01) and reduced-A(p<0.01).
H14 decreased L7 (p<0.01) and increased-4L(p<0.01). WPC 18 decreasee? IL
(p<0.001)and. Cb ! O LBbi6 sighificanily altered cytokine secretionufdifferentiated
CD4T cellgdifferently to WPC18 and is a potential candidate for furteereeningThis
hydrolysate waslso identifiedin Section4.2.3to be brought forward for further

screening due tdts ability to alter the cytokine secretion of BMDCs.

Figure 4.13andFigue 4.14 shows secretion oi-17, 112, I1-2, 116, 1l:13, IFN | VI® L [
by undifferentiated CD4T cells treated with boarfish hydrolysates enzymatically digested
for 3hours, hydrolysatesi3, H7, H11, H1&d WPC1943 had no effect on cytokine
secretion. H7 decreased-1I7 (p<0.05) and increased2L(p<0.001). H1 reduced H2
(p<0.01). H15 increased2.(p<0.001). WPC19 reduced levels 6 (p<0.01) and L0
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(p<0.05).H7significantly altered cytokine secretion 6D4T cellgIL-17)differently

to WPC1%nd is a potential candidate for furthecreeningn a Th17 subset.

Figure 4.1%andFigure 4.16hows secretion oi-17, 11-2, I-2, IL6,IbtmMm0 = L CH40 Fy R |
by undifferentiated CD4T cells treated with boarfish hydrolysates enzymatically digested

for 3hours, hydrolysatesl4, H8, H12, H16 and WPC20. H4 reduced levels-f IL
(p<0.05)whilst increasing levels of 4L (p<0.05). H8 increased levels ofLiL (p<0.05)

whilst it decreased I (p<0.01). H12 decreaseddl(p<0.001) and 16 (p<0.01) and

increased levels of 4L (p<0.001). H16 increasedll (p<0.01) whilst it decreased2L

(p<0.00), 16 (p<0.01) andL C (p<0.001). WPC 20 decreased2ll(p<0.05), H6

(p<0.001) and HLO (p<0.05). Nohydrolysate from this panel was chosen for further

screening.
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Figure 4.9 Effect of Boarfish 1 hour hydrolysates on cytokine secretion of
undifferentiated CD4T-cells.CD4 T-cells were isolated from the spleens of Balb/c mice
using EasySep CDdolation (Stemcell). Cells were plated at 1 cEls / mL on a 96 well
plate. Cells were stimulated with plate bound a@D3 (5rg/mL) plus antCD28 (%rg/mL)
then treated with hydrolysates (1 mg/mL) and incubated for 72 hours. Secretiofl@f IL
IL-2, 11-4 and IE6 was measured using ELISA (R&D Duosetiw@peANOVA with a Post
test Newman Keuls was used to assess differences between groups. Sigaifis@r05 *,

p<0.01 **, p<0.001 *** all relative to cells alone.
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Figure 4.10 Effect of Boarfish 1 hour hydrolysates on cytokine secretion of
undifferentiated CD4T-cells.CD4 T-cells were isolated from the spleens of Balb/c mice
using EasySep CDdolation (Stemcell). Cells were plated at 1 %cEls / mL on a 96 well

plate. Cells were stimulated with plate bound a3 (5rg/mL) plus antCD28 (%rg/mL)

then treated with hydrolysates (1 mg/mL) and incubated for 72 hours. Secretiofl8f IL
IFNgand I:10 was measured using ELISA (R&D Duosetin@n@NOVA with a Post test
Newman Keuls was used to assess differences between groups. Significance p<0.05 *,

p<0.01 **, p<0.001 *** all relative to cells alone.
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Figure 4.11 Effect of Boarfist2 hour hydrolysates on cytokine secretion of
undifferentiated CD4T-cells.CD4 T-cells were isolated from the spleens of Balb/c mice
using EasySep CDdolation (Stemcell). Cells were plated at 1 %cEls / mL on a 96 well

plate. Cells were stimulatbwith plate bound antCD3 (%1g/mL) plus antiCD28 ($rg/mL)

then treated with hydrolysates (1 mg/mL) and incubated for 72 hours. Secretiofl@f IL

IL-2, Il-4 and 16 was measured using ELISA (R&D Duoset). Oneway ANOVA with a Post
test Newman Keuls vgaused to assess differences between groups. Significance p<0.05 *,

p<0.01 **, p<0.001 *** all relative to cells alone.
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Figure 4.12 Effect of Boarfish 2 hour hydrolysates on cytokine secretion of
undifferentiated CD4T-cells.CD4 T-cells were isolged from the spleens of Balb/c mice
using EasySep CDdolation (Stemcell). Cells were plated at 1 %cEls / mL on a 96 well
plate. Cells were stimulated with plate bound a@D3 ($1g/mL) plus antiCD28 ($rg/mL)

then treated with hydrolysates (1 mgL) and incubated for 72 hours. Secretion 618,
IFNgand [:10 was measured using ELISA (R&D Duosetinan@NOVA with a Post test
Newman Keuls was used to assess differences between groups. Significance p<0.05 *

p<0.01 **, p<0.001 *** all relativeo cells alone.
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Figure 4.13 Effect of Boarfish 3 hour hydrolysates on cytokine secretion of
undifferentiated CD4T-cells.CD4 T-cells were isolated from the spleens of Balb/c mice
using EasySep CDdolation (Stemcell). Cells were plated at 1 %cEls / mL on a 96 well

plate. Cells were stimulated with plate bound a@D3 ($1g/mL) plus antiCD28 ($rg/mL)

then treated with hydrolysates (1 mg/mL) and incubated for 72 hours. Secretiofl@f IL

IL-2, 11-4 and IE6 was measured using ELISA (R&BsBt). Oneway ANOVA with a Post

test Newman Keuls was used to assess differences between groups. Significance p<0.05 *,

p<0.01 **, p<0.001 *** all relative to cells alone.

135







































































































































































































































































































































































































































